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Abstract  

Mt. Everest region in the central Himalaya is one of the most heavily glacierized parts of 
the Himalaya that is characterized by large debris-covered glaciers and many glacial lakes. 
The glaciers and ice are important sources of fresh water and play vital role in modulating 
the climate and the hydrological process. Previous studies from different parts of the 
Himalaya and around the world have revealed climate change at regional and global-scale 
and in general, shrinking of glaciers and ice caps. Climate change is thus, expected to 
impact in many ways to Cryosphere, hydrological process, and human livelihood. 
Temperature is often suggested to be increasing and considered as the main driver of 
change, however, in the higher elevations where the glaciers exist, climatic data are rarely 
available and limiting the climate related interpretation. This study is therefore conducted 
with the aim of linking variation of glaciers, glacial lakes, and river flow to local climatic 
trends in the higher elevations of Mt. Everest region. The study uses a comprehensive 
multi-temporal data from different sources: satellite observations, ground hydro-
meteorological stations, and regular gridded and reanalysis climate data from the regional 
and global products (1960s to 2013). 

First, using the weather data from ground stations, gridded, and reanalysis products, the 
climatic trends and climate variability are evaluated. From 1979 to 2013, temperature has 
increased by 0.052 °C a-1, while the precipitation has shown an increasing tendency in 
1960s to early 1990s and significantly decreasing afterward. During 1994–2013 period, at 
an elevation of ~ 5000 m, minimum temperature (0.072 ± 0.011 °C a-1) has increased 
more than maximum temperature (0.009 ± 0.012 °C a-1), with an average temperature 
increase of 0.044 ± 0.008 °C a-1 in the last two decades. The increases in the temperature 
are observed during the pre- and post-monsoon months, favouring melting ice close to 
the glacier terminus. At the same elevation, precipitation has significantly decreased         
(-9.3 ± 1.8 mm a-1) for all months, corresponding to a loss of 47 % during the monsoon.  

Second, the glacier changes are studied within the Sagarmatha (Mt. Everest) National Park 
(SNP; glacier area: ~ 400 km2) between 1962 and 2011, using multi-temporal optical 
satellite imagery, assisted by topographic maps. During the period, glaciers have 
experienced a surface area loss of 13.0 ± 3.1 %, an average terminus retreat of 403 ± 9 m, 
a Snow-Line Altitude (SLA) upward shifting of 182 ± 22 m, and an increasing of debris- 
covered area by 17.6 ± 3.1 %. An accelerated rate of glacier shrinkage is observed after 
the 1990s, which is caused not only due to increased temperature, but also as a result of a 
significant decreasing precipitation over the last decades. Moreover, selected glaciers have 
indicated a significant decreasing glacier flow velocities from the 1990s to recent year and 
a significant loss of glacier thickness (0.73 ± 0.63 m a-1) in the last decade.  



Abstract 

 
iii 

Third, a complete mapping and characterization of a total of 624 glacial lakes with surface 
area of 7.43 km2 (±18 %) are conducted in the SNP, with particular focus on conditions 
related to the formation of lakes using 2008 satellite imagery. Further, evolutions of glacial 
lakes are examined using the satellite imagery and topographic maps between 1963 and 
2013. Three types of glacial lakes (supra, pro, and unconnected) present in the SNP have their 
distinctive potential to explain the glaciological and climatic conditions. Results show that 
the slope of the glacier where lakes are located influence the supraglacial lake formation. 
Furthermore, the slope to glacier upstream favours the formation of the supraglacial 
lakes, as a boundary condition. The formation of proglacial lakes is related to the growing 
and coalescing of the supraglacial lakes. The unconnected lakes are evaluated as a useful 
indicator of precipitation trend. During the study period (1960s–2011), both number and 
surface area of supraglacial lakes has continuously increased (number +109.7 %; area 
+13.3 %) with an accelerated rate in the last decade due to increase in the glacier melting. 
Proglacial lakes are more or less constant in both numbers and size, except Imja Lake that 
have exceptionally increased, while the surface area of unconnected lakes has increased 
from 1960s–1990s (+4.3 %) and decreased from early 1990s afterward (-10.9 %). The 
thesis has shown that the accelerated rate of glacier shrinkage and the decreasing of the 
unconnected lakes in the last decades are associated to decreasing precipitation. 
Supraglacial lakes behaviour confirms the acceleration of the negative mass balance of 
glaciers due to the reduced ice velocities caused by decreased precipitation.  

Finally, the hydrological dynamics of the Dudh Koshi river examined by stochastic 
frequency analysis, physically-based hydrological models, and multilinear regression using 
river discharge data and climate data. The analysis suggests that the Dudh Koshi river 
discharge is mainly dependent on precipitation from 1960s to 2000s, however a non-
stationarity in the river discharge is observed since the early 2000s, indicating increased 
discharge, not justifiable by the observed weakening monsoon. The study concludes by 
underlining that an accelerated glacier melting as observed through the glacier change 
analysis affects an increasing of the discharge. 
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1 
General Introduction  

1.1 Motivation 

The Himalayan glaciers and ice, also referred the Asian water tower, are receiving 
increased attention due to their role in the hydrological process and climate system 
(Immerzeel et al., 2010; Kaser et al., 2010). They contribute to 10 major river system in 
central and southern Asian and are important sources of water resources for about 1.4 
billion (20 %) of the world population (Immerzeel et. al., 2010). It provides water to 
downstream population for agriculture, hydropower, and household consumption 
(Viviroli et al., 2011). The controversies concerning the possibly faster glacial shrinkage in 
the Himalaya than in any other parts of the world (Cogley et al., 2010; Bagla, 2009) have 
focused global attention on the necessity for a more comprehensive study in this region. 
The uncertainties are mainly attributable to a lack of measurements, both of glaciers and 
of climate forcing agents (Bolch et al., 2012).  

Rivers originating in the high mountains of the Himalaya are among the most meltwater-
dependent river systems on the earth (Yao et al., 2012; Schaner et al., 2012), however 
across the Himalayan river basins, there are a large variation in the contribution of glaciers 
and snowmelt to the total runoff (Gardelle et al., 2013), which is poorly quantified. The 
lack of understanding of the hydrological regimes of High Asia’s rivers is one of the main 
sources of uncertainty in assessing the regional hydrological impacts of climate change  
(Lutz et al., 2014). 

The climate in this part of the Himalayas is characterized by the south Asian monsoon 
system, causing a bulk of precipitation to occur during June–September (Tartari et al., 
2002). Climates, in particular, temperature and precipitation are both drivers of the glacier 
and snow melting, but the actual behaviour of these variables in the high elevations is not 
existing (Beniston, 2003 Rangwala and Miller, 2012). The changes in the temperature and 
precipitation have been foreseen to change the hydrological regime.  Agreements can be 
seen on a projected future temperature rise in global as well as regional-scale, e.g. the 
Himalaya  (IPCC, 2013), while the trend of the summer monsoon precipitation change is 
still unclear. Some studies showed an increasing of the river runoff due to increased 
precipitation and glacier melt despite the continuing decreasing of the glaciers in the 
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twenty-first century in glacierized basins (Immerzeel et al., 2012; Immerzeel et al., 2013; 
Lutz et al., 2014), however the global climate models fail to capture the monsoon in this 
region (Kang et al., 2002) and the regional models do not agree each others about the 
precipitation change in the Himalaya (Ashfaq et al., 2009; Kumar et al., 2006). Ashfaq et 
al. (2009) show a monsoon onset delaying and strong reduction in the monsoon 
precipitation in the 21st century. Some other studies suggest the reduction in the summer 
monsoon precipitation due to impacts of aerosols on precipitation (Bollasina et al., 2011; 
Ramanathan et al., 2005). Few studies based on ground station data (with the datasets 
mainly from lower elevations) indicate that the temperature is increasing since early 1970s 
in the Nepal Himalaya (Shrestha et al., 1999; Kattel and Yao, 2013) and precipitation are 
decreasing due to weakening of south Asian monsoon (Sharma et al., 2000; Yao et al., 
2012; Palazzi et al., 2013).  

Moreover, there are still many challenges related to find the fine-scale variability in climate 
and glacier variations, and potential impacts to river flow due to high uncertainty 
associated with the complex topographic settings, spatially heterogeneous climatic 
behaviour, and the rarely available dataset (Bookhagen and Burbank, 2010). The shrinkage 
of the glacier and snow cover is expected to have detrimental impacts on the water 
availability in river systems in the glacierized basin in the mountains. However, due to 
limited studies, the reliable and sufficient data are still missing in the Himalaya.  

The needs for a fine-scale investigation are particularly evident on the south slope of Mt. 
Everest, which encompasses the highest elevation range and is one of the most heavily 
glacierized parts of the Himalaya. The glaciers here are characterized by abundant debris 
coverage (Fujii and Higuchi, 1977; Scherler et al., 2011), an effect that has often been 
neglected in predictions of future water availability. Furthermore, this region is 
characterized by a large number of glacial lakes (Gardelle et al., 2011). Some of moraine-
dammed glacial lakes are rapidly expanding by accumulating large quantities of water. 
Such lakes are susceptible to catastrophic outburst floods, called Glacial Lake Outburst 
Floods (GLOFs; e.g., Richardson and Reynolds, 2000; Bajracharya and Mool, 2009; Benn 
et al., 2012) with potential consequent loss of human lives and properties in the 
downstream valley. There were already some devastating GLOFs events in Mt. Everest 
region in past, for example, Nare (1977), Dig Tsho (1985), Tam Pokhari (1998) (Fushimi 
et al., 1985; Yamada and Sharma, 1993; Bajracharya et al., 2007).  

We realized that an integrated knowledge on climatic, glaciologic, and hydrologic 
components (Fig. 1 & 3) at fine-scale are inevitable for understanding their complete 
behaviour and future water availability in this region. For this reason, this thesis takes 
advantage of available data from ground stations, gridded, and reanalysis climate 
products, and satellite observations for exploring the nexus between evolving state of the 
climate, glaciers, lakes, and river flow in a medium-scale glacierized basin. A general 
outline of this study, with methods and datasets for analysis of different components, is 
presented in Figure 1. 
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Figure 1. Schematic diagram indicating all research components: Climatic, glaciologic, and 
hydrologic in a unidirectional conceptual framework. 

1.2 Aim and Objectives 

This study is focused on linking the glacio-hydrological response to climate variability in 
the monsoon-dominated glacierized basin in the south slope of Mt. Everest region, with 
the aim understanding the behaviour of the hydrological process and future water 
availability. 

The main objective of the study is achieved by addressing these specific two objectives:  

a) Driver: To evaluate the climatic trends (temperature and precipitation) and their 
variability; 

b) Impact: To enumerate how the climate variations streamlining the state of glaciers, 
evolution of the glacier lakes, and river discharge system (hydrological process). 

To address these objectives, this research identifies several key questions, in specific, 
represented in the following questions:  

1) How do the climate variables (temperature and precipitation) behave at local 
scale?   

2) What are the status, trend and morphometric behaviour of glaciers since 1960s to 
recent time?  

3) How do the glacier lakes evolving since the 1960s to recent time?  
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4) Which climate variable play vital role in glacier and lake variation and the severity 
of impacts on them?  

5) How do the changes in glacier melt runoff influences the river discharge?  

1.3 Study Area 

1.3.1 Geographical Settings 

 

 
   

Figure 2. Location of the reference study site: Mt. Everest region in Nepal Himalaya. (a) 
The study site in a map of the Himalaya range. The abbreviations EH, CH, WH, and TP 
represent the eastern Himalaya, central Himalaya, western Himalaya, and Tibetan Plateau, 
respectively (suffixes –N and –S indicate the northern and southern slopes); Inset is a plot 
for the Koshi basin (KO) indicating the Sagarmatha (Mt. Everest) National Park (SNP) and 
the Dudh Koshi (DK) river basin; (b) The focused map of the DK basin (in reference to 
670 discharge station, the outlet), locating the SNP, glaciers and lakes in 2011; (c) 3D 
perspective view of the SNP as seen from the Landsat 8 OLI image of 10 October 2013.  

This study is focused on Mt. Everet region, in particular, in the Sagarmatha (Mt. Everest) 
National Park (SNP; 27.75° to 28.11° N; 85.98° to 86.51° E; Fig. 2). Covering an area of 
1148 km2, the SNP is the highest protected mountain area in the world. Nestled in the 
upper Dudh Koshi river basin (area: 3717 km2), the SNP is situated in the Northeast of 
Nepal, corresponding to the southern slope of central Himalaya. Placing the SNP in 
central interest, this study also takes different geographic domains as reference sites – the 
Dudh Koshi river basin, the Koshi river basin (covering both north and south of the Mt. 
Everest), and whole central Himalaya – for different research components (Fig. 2 & 3) 
and referred them frequently in this thesis. Further, references are taken from some other 

(a) 

(c) 

(b) 
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parts of the Himalaya for comparison. The glaciers and lakes variation were studied, in 
particular, within the SNP; the climatic analysis performed for the SNP, the Koshi basin, 
and the central Himalaya; and the hydrological analysis was conducted at the Dudh Koshi 
and other basins within the Koshi basin.    

 

Figure 3. Different components covered in this study. All photographs are taken from the 
Sagarmatha National Park (SNP) in the central Himalaya. 

1.3.2 Glacio-Hydrology  

The Dudh Koshi river originating through melting of snow and glacier ice in the high 
mountains in the SNP and flowing towards the south, is one of the main tributaries of the 
Koshi river that contributes to Ganges river. This region is one of the heavily glacierized 
parts of the Himalaya. Bajracharya and Mool (2009) indicated that there are 278 glaciers in 
the Dudh Koshi basin, with 40 glaciers accounting for most of the glacierized area (70 %) 
and all of these being valley-type. Land cover classification shows that almost one-third of 
the territory characterized by glaciers and ice cover (Salerno et al., 2008; Tartari et al., 
2008), while less than 10 % of the park area is forested (Bajracharya et al., 2010). Most of 
the large glaciers are debris-covered type (i.e., d-type), with their ablation zone almost 
entirely covered by surface debris (Fujii and Higuchi, 1977; Scherler et al., 2011). Several 
debris-covered glaciers have stagnant ice at their terminus that is potential to develop 
widespread melting ponds and build up moraine-dammed lakes (Bolch et al., 2008; 
Quincey et al., 2009).  

The southern side of the Mt. Everest is the region that is most characterized by glacial 
lakes (Gardelle et al., 2011). They are very vulnerable to climate change and some of 
them, like Nare, Dig Tsho, Tam Pokhari have already experienced GLOFs in 1977, 1985, 
and 1998 respectively (Fushimi et al., 1985; Yamada and Sharma, 1993; Bajracharya et al., 
2007). All glacial lakes plotted by Tartari et al. (2008) on the 1992 topographic map for 

!
!

Climate(

Glacier(–(ice(

Lake(

River(flow(

Hy
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the northeastern sector of Everest region indicates the distribution of the glacial lakes 
between 4460 m and 5560 m in altitude, with the maximum frequency of altitude 
distribution falling between 5100 m and 5300 m.  

1.3.3 Climatic Characteristics 

  

 

Figure 4. Climatic characteristics of Mt. Everest region. (a) Directions of the wind during 
monsoons and the mid-latitude westerlies; EH, CH, and WH represent the eastern, central, 
and western Himalaya, respectively; the map prepared based on concept from Ichiyanagi et 
al. (2007). (b) Mean monthly cumulative precipitation subdivided into snowfall and rainfall 
and minimum, maximum, and mean temperature at 5050 m asl. (reference period 1994–
2013); The bars represent the 1σ (standard deviation); Figure from Article I. 

The South Asian monsoon and the mid-latitude westerlies control the climate of Mt. 
Everest region. Furthermore, a significant interannual climatic variability associated with 
El Nino Southern Oscillation can be observed in the region (Owen and Benn, 2005; 
Ichiyanagi et al., 2007). The relative importance of the South Asian monsoon and the 
mid-latitude westerlies varies along the Himalaya (Benn and Owen, 1998). The prevailing 

(a) 

(b) 



1. General Introduction 
 

7 
 

direction of the monsoon is South-North and Southwest-Northeast (e.g., Rao, 1976; 
Ichiyanagi et al., 2007; Fig. 4a). The monsoon is strong on the eastern and southern 
slopes of the Himalaya resulting maximum precipitation during summer, while the mid-
latitude westerlies deliver heavy snowfalls during winter in western and northern 
Himalaya (Benn and Owen, 1998).  

The data records from the Automatic Weather Stations (AWSs) at the Pyramid 
Observatory Laboratory (27.96 N, 86.81 E; elevation 5050 m asl.) in the SNP from 1994 
to 2013 (Fig. 4b, from Article I) show an annual mean temperature of -2.4 ± 0.5°C and a 
total annual precipitation of 449 ± 75 mm a-1, with about 90 % of the annual precipitation 
amount recorded during the summer months (June–September) during the monsoon and 
very minimal during winter by mid-latitude westerly wind. Thus, the glaciers in this region 
are identified as summer–accumulation type, fed mainly by the monsoon precipitation 
(Ageta and Fujita, 1996; Tartari et al., 2002; Fig. 4b). The temperature decreases with 
altitude (5.9 °C km-1) and the precipitation increases (1160 mm km-1) until ~ 2600 m and 
decreases afterwards, along the Dudh Koshi valley.  
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2 
Climatic Trend and Climate Variability 

2.1 Introduction 

Uncertainties related to glaciers shrinkage in the Himalaya are mainly attributable to the 
lack of measurements on both the glaciers and the climatic forcing agents (e.g., Bolch et 
al., 2012). This is associated with the remote location of glaciers, the rugged terrain, and a 
complex political situation; all of these make physical access to the glaciers difficult (Bolch 
et al., 2012). Long-term measurements of climatic parameters at high elevation area are 
challenging due to their remoteness and difficulty in accessing them, combined with the 
complications of operating AWSs at these altitudes, (Vuille, 2011). Nearly all, global and 
regional climate models report increased sensitivity to warming at high elevations (e.g., 
Rangwala and Miller, 2012), while observations are less clear (Pepin and Lundqist, 2008). 
Moreover, changes in the timing or amount of precipitation are much more ambiguous 
and difficult to detect, and there is no clear evidence of significant changes in total 
precipitation patterns in most mountain regions (Vuille, 2011).  

Existing few studies in the central Himalaya, mainly studying at lower elevation, have 
shown spatially non-uniform, but in general increasing temperature trend since 1970s 
(Shrestha et al., 1999; Kattel and Yao, 2013) and decreasing precipitation trend due to 
weakening of the South Asian monsoon (Sharma et al., 2000; Yao et al., 2012; Palazzi et 
al., 2013). In the higher elevations where the glaciers are located, the meteorological 
measurements rarely exist. For this reason, to interpret the glacier behaviour in term of 
climate has a considerable knowledge gap and thus, possible climatic impacts on the 
glaciers and ice melting have very high uncertainty. The longest time series from central 
Himalaya at above 5000 m (Mt. Everest region) is only around 20 years (after 1994 to 
until now) and only rarely stations available above 3000 m. In this regard, before 
interpreting any climatic impacts on the glaciers and hydrological process, it is essential to 
have a better understanding of the situation on a fine-scale.  

The need of a detailed investigation is utmost importance in the southern slope of Mt. 
Everest due to concentration of large number of glaciers, presence of the widest 
altitudinal range on the earth, and lack of climatic data in the higher elevations. Moreover, 
various glacier studies (e.g., Salerno et al., 2008; Bolch et al., 2008a & 2011; Nuimura et 
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al., 2012; Nie et al., 2010), including our recent study (Article II), shows that the glaciers in 
this region are shrinking considerably in past decades. To date, there is no continuous 
meteorological time series able to clarify the causes of this shrinkage in the region.  

This chapter, therefore, provides a complete assessment of climatic trends in term of 
temperature and precipitation in Mt. Everest region for understanding their roles in 
modulating glaciers, lakes, and river runoff, using the most recently available dataset from 
ground stations, gridded, and reanalysis products.  

2.2 Data and Methods  

2.2.1 Ground Stations Data 

Temperature and precipitation data from 8 AWSs from a network of Pyramid 
Observatory Laboratory were used. These stations are in operation from an elevation of 
2660 m (Lukla) to 7986 m (South Col) in the Dudh Koshi valley. Further, temperature 
and precipitation data of all stations in the Koshi basin (South) are used acquiring from 
the Department of Hydrology and Meteorology (DHM), Nepal. All those stations are 
located at around 100 m to 2650 m elevation. Among these data, we used 10 stations data 
for temperature and 19 stations data for precipitation considering the length of the series 
and the percentage of missing daily data. The stations having > 10 % missing data were 
discarded from the analysis. In addition, data from two more stations – Dingri (4302 m) 
and Nylam (3811 m) from the Koshi basin (North) – are used, obtaining from the 
Chinese Academy of Science (CAS). Details on these data are provided in Article I. 

2.2.2 Gridded and Reanalysis Data 

This thesis attempts to explore the climate trends and variability in the time extent as 
possible as early 1960s from recent years. A long-term climate data from ground stations 
at high elevations are unavailable in this part of the Himalaya. Due to lack of long data 
series, recently available gridded and reanalysis data are used for extrapolating climate. 
The “gridded data” refer to those data that are simply produced from an interpolation of 
data from the dense networks of ground-based stations to regular grids that could be at 
regional or global-level (e.g., Fan and van den Dool, 2008; Yatagai et al., 2012; Harris et 
al., 2014). The “reanalysis data” are those data that are produced through assimilation of 
observation data from multiple sources with an unvarying assimilation system (Rood and 
Bosilovich, 2010; Dee et al., 2014). During reanalysis, observation data are ingested at 
regular interval (6-12 hours) to the unvarying data assimilation system. Such reanalysis 
datasets are produced for a variety of applications (e.g., climate variability, process studies; 
Rood and Bosilovich, 2010).  
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In this thesis, the processed station series of monthly mean surface air temperature and 
total precipitation are compared with the corresponding series derived from the global 
and regional gridded and reanalysis datasets. We used the CRU TS (Climate Research Unit 
- Time Series), APHRODITE (Asian Precipitation–Highly Resolved Observational Data 
Integration Towards Evaluation of Water Resources), GHCN–CAM (the Global 
Historical Climatology Centre, the Climate Anomaly Monitoring System), GPCC (Global 
Precipitation Climatology Centre), NCEP–CFS (National Centers for Environmental 
Prediction- Climate Forecast System), and ERA-Interim reanalysis of the European 
Centre for Medium- Range Weather Forecasts (ECMWF). In this way, four gridded 
(CRU, GPCC, GHCN–CAM, APHRODITE) and two reanalysis (ERA-Interim, NCEP–
CFS) data products for temperature and precipitation were used. The datasets used in the 
current study are briefly described in Table 1.   

2.2.3 Trend and Associated Significance Analysis 

Using data from 8 AWSs in a network of Pyramid Observatory stations, we reconstructed 
daily temperature (minimum, maximum, and mean) and precipitation series (Article I) for 
the last twenty years (1994–2013) at 5050 m asl., hereafter referred as “reconstructed 
Pyramid series”. The trends of climate variables, temperature and precipitation, for both 
reconstructed Pyramid series and other climatic series, were performed using the Sen’s 
slope estimator (SS, Sen, 1968) and the associated significance computed by non-
parametric Mann Kendall coefficient (Kendall, 1975). These statistics are considered a 
robust to detect trends in a series. The annual and monthly trends of temperature and 
precipitation were analysed for the reconstructed series for 1994–2013.  

2.2.4 Downscaling of the Cimate Data 

The spatial resolutions of the gridded and reanalysis data are coarse (more than 0.25°  
resolution) compared to our selected region of interest. Various downscaling techniques 
are available to convert global and regional climate outputs into local level, making them 
useful for hydrological impact studies (e.g., Hewitson and Crane, 1996; Fowler et al., 
2007). The two approaches exist for downscaling of data, dynamical downscaling and 
statistical downscaling, exist for downscaling (Guyennon et al., 2013). The statistical 
downscaling is the most common method that uses statistical links between the larger and 
observed local scale weather (Frìas et al., 2006). In this study, we used a monthly quantile 
mapping for statistical downscaling of the gridded and reanalysis data at local scale 
(Guyennnon et al., 2013).  

In order to evaluate the downscaling performance, we made the monthly quantile 
comparison. The downscaled climate series was used to extrapolate and evaluate climatic 
trends in the past, when the station data from the station. Further, these downscaled 
series was used for hydrological analysis in Chapter 5.  
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2.3 Summary of Article I 

Weak precipitation, warm winters and springs impact glaciers of south 
slopes of Mt. Everest (central Himalaya) in the last two decades  
(1994–2013)  

Given the paucity of observations, a great deal of uncertainty remains concerning climate 
changes at very high altitudes. In this respect, studies on recent climate trends from the 
Himalayan range are limited, and even completely absent at high elevation. In this study, 
we explored the small-scale climate variability of the south slopes of Mt. Everest by 
analysing the minimum, maximum, and mean air temperature and precipitation time 
series available from ground weather station data. Here we did not apply any gridded and 
reanalysis data. The study concentrated to the longest possible period (1994–2013) from 
the ground station data for high elevation (~5000 m). The ultimate goal of the study is to 
link the observed climate change patterns at high elevation with the glacier responses over 
the last twenty years, during which a more rapid glacier shrinkage was observed (Article II) 
in this region.  

We reconstructed the minimum, maximum, and mean temperature and precipitation time 
series from seven AWSs located at elevations from 2660 to 5600 m a.s.l. over the last 20 
years (1994–2013). A simple regression analysis based on quantile mapping (e.g., Déqué, 
2007; Themeßl et al., 2012) and a multiple imputation technique (Schneider, 2001) were 
applied for reconstruction of the series for the location of Pyramid station. Then, we 
analysed these reconstructed series to explore the temperature and precipitation trend by 
Mann-Kendall test (Kendall, 1975) and Sen’s slope (Sen, 1968). We compared this 
analysis with all existing weather stations located on both sides of the Himalaya range in 
Koshi basin. 

Overall, at an elevation of ~ 5000 m, we observe that the main and most significant 
increase of temperature is concentrated outside of the monsoon period. The increasing 
trends were observed in both minimum and maximum annual air temperatures at higher 
elevations. The minimum temperature (0.072 ± 0.011 °C a-1, p < 0.001) has increased far 
more than the maximum temperature (0.009 ± 0.012 °C a-1, p > 0.1). The mean 
temperature increased by 0.044 ± 0.008 °C a-1, p < 0.05. Temperature trends from the 
stations in the south and north of the Koshi basin confirms these trends. The minimum 
temperature is quite stationary and maximum temperature has significantly increased in 
the south, while in north both the temperatures have increased. In contrary, the 
maximum temperature trend at higher elevation are quite stationary. The 0 °C isotherm 
line of the maximum temperature has shifted significantly during the months- April, 
November, and December while no significant increase in the minimum temperature 
(that can influence glacier melt) is observed (Fig. 20).  
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The previous studies from the Himalaya have asserted likelihood of the South Asian 
monsoon weakening (e.g., Yao et al., 2012; Palazzi et al., 2013; Wagnon et al., 2013). We 
have confirmed the decreasing precipitation in this part of the Himalaya since early 1990s 
through the ground station data. We found a substantial precipitation decreasing (9.3 ± 
1.8 mm a-1, p < 0.01 during the monsoon). The annual rate of decrease at higher 
elevations is similar to that at lower altitudes on the southern side of the Koshi Basin, but 
the drier conditions of this remote environment make the fractional loss here much more 
consistent (47 % during the monsoon period).  

This study contributes to a change perspective related to the climatic driver (temperature 
vs precipitation) led the glacier responses in the last 20 years. The main implications are 
the following: 1) the observed negative mass balances of glaciers in this region can be 
ascribed more to less accumulation due to weaker precipitation than to an increase of 
melting processes; 2) The melting processes have been favoured just during the winter 
and spring months and just close to the glaciers terminus; 3) A decreasing of the 
probability of snowfall is interesting significantly just the glaciers ablation zones (10 %,    
p < 0.05), but the phenomenon has a magnitude decidedly lower than the observed 
decrease of precipitation; 4) The less accumulation could be the cause of the observed 
lower glacier flow velocity and the current stagnation condition of tongues which in turn 
could have triggered melting processes under the debris glacier coverage leading to the 
formation of numerous supraglacial and proglacial lakes that have characterized the 
region in the last decades. Without demonstrating the causes that could have led to the 
climate change pattern observed at high elevation, we conclude by listing the recent 
literature on hypotheses that accord with our observations.  

2.4 Gridded and Reanalysis Data 

2.4.1 Comparison with Ground Station Data  

In order to evaluate the gridded and reanalysis climatic data, first we compared 
reconstructed Pyramid data with them (Table 2 & 3). Figure 5 presents main gridded and 
reanalysis products and some selected ground observations of temperature and 
precipitation in the Dudh Koshi (670) and Tamor river (690) basins (Fig. 23). Two 
periods (before 1994 and after 1994) have been identified to make homogeneous 
comparison of precipitation (Table 2), while the lack of local long-term temperature 
observation does only allow comparison for recent decades (Table 3). Priority has been 
given to the Pyramid reconstruction in setting recent period (1994-2010) as it is both the 
only dataset available at high altitude and the only data set not involve in the overall 
gridded and reanalysis production.  
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Figure 5. Comparison of main gridded and reanalysis products and some selected ground 
observations on available length of data for (a) precipitation and (b) temperature. 

In Table 2, the gridded and reanalysis data are compared with the station time series, the 
reconstructed Pyramid and Chaurikharka, for the 1994-2010 and the 1961-1993 periods 
for precipitation. The comparisons indicate the highest values of R2 for GPCC both for 
the location of the Pyramid and Chaurikharka station (R2 = 0.52 and 0.97, respectively), 
suggesting that the GPCC represents the precipitation trend better than other series.  It 
further indicates that the precipitation has increased from 1961 to 1993 by 6.1 mm a-1, 
while from 1994 to 2010, the precipitation decreased by the same rate (6.1 mm a-1).   
Table 3 presents a comparison between the different gridded and reanalysis series with 
the reconstructed Pyramid series for minimum, maximum, and mean temperature. The 
trends from temperature series of all products strongly suggest an increasing of the 
temperature in 1994-2013, further indicating that ERA-Interim represent temperature 
trend relatively better than other series (R2 = 0.91).  

Table 2. Mean bias, coefficient of determination (R2), and trends in term of Sen’s slope 
(SS) computed for precipitation from the gridded and reanalysis data, compared with the 
observed station data (OBS) at Pyramid (5050 m) and at Chaurikhark (2660 m) for two 
periods: 1994–2010 and 1961–1993.  

Precipitation     OBS ERA CFS GPCC CRU APH 

670 
(1994–2010) 

Pyramid 
Mean bias 

 
+1428 +1949 +1182 +1149 +258 

Annual R2 
 

0.33 0.04 0.52 0.34 0.43 

SS  -16.0 -18.7 +24.8 -6.1 +2.3 +1.2 

Chaurikhark 
Mean bias 

 
+100 -1699 -469 -501 -685 

Annual R2 
 

0.18 0.37 0.97 0.43 0.68 

SS  -7.9 -10.7 +0.4 -6.1 +2.3 +0.7 

670 
(1961–1993) 

Chaurikhark 
Mean bias 

 
-155 -1826 -511 -539 -657 

Annual R2 
 

0.04 0.59 0.78 0.46 0.16 
SS  +1.0 +15.6 +4.0 +6.1 -4.9 +3.9 

 

a 

b 
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Table 3. Mean bias, coefficient of determination (R2), and trends in term of Sen’s slope 
(SS) computed for minimum, maximum, and mean termperature from the gridded and 
reanalysis data compared with the observed station data (OBS) at Pyramid (5050 m) in 
1994–2010 period. 

(a) Min temperature 
 

Max temperature 
  OBS ERA CFS 

 
OBS ERA CFS 

Mean bias 
 

+6.6 -5.0 
  

+3.7 -1.4 
Annual R2 

 
0.87 0.72 

  
0.83 0.70 

SS  +0.084 +0.067 +0.150 
 

+0.050 +0.040 +0.087 

 

(b)   Mean temperature   
  OBS ERA CFS GHCN CRU APH 
Mean bias 

 
+7.7 -2.5 +10.0 +12.4 -0.2 

Annual R2 
 

0.91 0.81 0.85 0.89 0.84 
SS  +0.065 +0.063 +0.122 +0.075 +0.055 +0.051 

 

Figure 6 compares the different gridded and reanalysis series with the reconstructed 
Pyramid temperature and precipitation series (1994–2013) in terms of standardized 
anomalies. Gridded and reanalysis series were normalized (by their mean and standard 
deviation) over the 1960–1990 period and reported on the left axis, while Pyramid 
reconstruction has been normalized over the whole available period and is reported on 
the right axis. Plotting anomalies instead of absolute values, we are able to compare large-
scale products (ranging from 0.25° to 0.75° resolution) and local data despite high 
elevation variability. In fact, the gridded and reanalysis cannot be representative of the 
local topography, in particular, for high relief areas such as the SNP, avoiding comparison 
of 2 m meteorological variables in term of both mean and variance.  

Considering the past two decades, most of the products reproduce the observed abrupt 
precipitation reduction occurring in the mid-2000 as well as the temperature increase 
acceleration in the early 2000. Since the 1960s, all products, except CFS and Aphrodite, 
agree on a significant continuous increase temperature accelerating during the past 
decade. We can also note that the two products starting before 1960 present, decreasing 
temperature until the mid 1960, even if, no ground observation can support these data in 
the region. Concerning precipitation since 1960s all products (except, CFS and ERA-
Interim starting in the late 1970s) shows a global stationarity (characterized by the 
numerous changing point indicated by the crossing progressive and retrograde sequential 
Kendall's tau coefficients) and a recent reduction. 
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Figure 6. To be continued in next page.  
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Figure 6. Comparison of the temperature (T) and precipitation (P) annual variability and 
associated non-stationarity between main gridded and reanalysis products and the Pyramid 
reconstruction. For each product, the upper plot present annual standardized anomalies 
(blue lines, left axis) compared with the Pyramid reconstruction anomalies (red line, right 
axis), while the lower plot reports the progressive (black line) and retrograde (grey line) 
sequential Kendall's tau coefficient of the gridded and reanalysis products starting in the 
1960 when available.  

The comparison of different gridded and reanalysis data for temperature and precipitation 
indicates that the ERA-Interim data does well reproduce the observe trend seasonality for 
temperature for both the Pyramid and the Koshi basin, while GPCC better reproduce 
precipitation trend seasonality (Fig. 7). ERA-Interim well reproduce most of the mean 
and minimum temperature trend seasonality and amplitude observed at Pyramid during 
the past two decades, as the relatively stationary during the warmer month (monsoon) and 
the warming during the pre-monsoon period until April, but underestimates the post 
mooson trend in particular, in November and December. Moreover, the observed relative 
lower trends in maximum temperature than mean and minimum are well reproduced, 
even if slightly anticipated during the pre-mooson.  
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Figure 7. Polar plots of Monthly Sen’s slope (SS) for mean, maximum, and minimum 
temperature (Tmean, Tmax, and Tmin, respectively), and precipitation (Prec) from 
reconstructed Pyramid series and the closest ERA-Interim (for temperature) and GPCC 
(for precipitation) nodes over the past two decades (1994–2013).  

Tmean

Tmax

Tmin

PYRAMID ERA interim

Prec

GPCCPYRAMID

ERA$Interim
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2.4.2 Downscaling and Evaluation of Temperature Data 

The gridded and reanalysis data have a coarse grid resolution (ranging from 0.25 to 0.75°). 
As a result, they have bias over our study area (Table 3) and unable to represent directly 
local scale characteristics and such series cannot be applied for quantitative analysis, for 
instance, glacier melt computation. Thus, ERA-Interim and APHRODITE temperature 
series are statistically downscaled over the Dudh Koshi basin (670) using the monthly 
quantile mapping (e.g., Guyennon et al., 2013). The downscaling results for ERA-Interim 
temperature (Minimum, Maximum, and Mean) are presented for the period 1994-2013 
(Fig. 8). Each downscaled time series are compared in term of monthly quantiles for 
validation.  

 (a) Minimum temperature  

 
(b) Maximum temperature  

 

Figure 8. To be continued in next page. 
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(c) Mean temperature 

 

(d) Reconstructed Pyramid and ERA-Interim 

 

Figure 8. Downscaling of ERA-Interim temperature for Dudhkoshi (670). Monthly 
quantile comparison of the downscaled ERA-Interim time series with the reconstructed 
daily mean tempearature series of Pyramid: (a) Minimum Temperature; (b) Maximum 
Temperature; and (c) Mean Temperature; Months are reported as 1 (January) to 12 
(December); (d) Reconstructed daily mean temperature series of Pyramid and the ERA-
Interim. 

2.4.3 Temperature and Precipitation Trends and Variabilities  

Table 4. Temperature trends for ERA-Interim and APHRODITE (APH). Significance 
levels: ° p = 0.1; * p = 0.05; ** p = 0.01;  *** p = 0.001.  

Period ERA min ERA max ERA mean APH mean PYRAMID 
1961-1978    0.088*  
1979-1993 0.029 0.000 0.028 -0.051  
1994-2013 0.053* 0.033° 0.052*  0.044* 
1994-2007    0.070*  
1979-2013 0.029** 0.031** 0.052***   
1961-2007    0.016*  
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Figure 9. Temperature trends computed from reconstructed Pyramid, ERA-Interim, and 
APHRODITE.  

The ERA-Interim (minimum, maximum, and mean) and APHRODITE (mean) 
temperature both show and increased temperature in all periods, except by 
APHRODITE in 1979–1993. The ERA-Interim as demonstrated earlier is a 
representative than other for temperature in this region, indicates a significant increasing 
of mean temperature 0.052 °C a-1 in 1994–2013, close to the value of Pyramid 
reconstruction 0.044 °Ca-1 in 1994–2013. This further shows that the mean temperature 
increased by 0.052 °C between 1979–2013, exactly same as in 1994–2013, suggesting that 
there was no difference in the temperature increase rate during the analysed period, while 
APHRODITE show an increase of mean temperature of 0.016 °C a-1 (0.736 °C) in 1961–
2007, but with varying rates over time (Table 4; Fig. 9).  

 
Figure 10. Interannual variation of August temperature for reconstructed Pyramid, ERA-
Interim (ERAint), and APHRODITE after 1985 (APHpost85).  

Except for APHRODITE, the rates of increase are often higher in the last decades 
compared to the previous. The APHRODITE shows an increase of the 0.088 °C a-1 in 
1961–1978, which is dubious due to the data sources used for producing APHRODITE 
grids before 1980s. The APRHODITE data show the highest temperature records during 
August before 1985 (Fig. 10) when it shows substantially high temperature. In general, in 
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our region of interest, the analysis suggests an increasing trend of temperature over the 
whole analysis period, but for precipitation trend, we find an increasing trend until the 
beginning of 1990s and significantly decreasing trend that afterwards. 

 
Figure 11. Spatial trend (Sen’s slope) observed from the ERA-Interim temperature and 
GPCC precipitation. The ERA-Interim shows a global increase in temperature, higher in 
the North Slope compared to the South. The GPCC precipitation shows a decreasing trend 
in the South and stationarity in the North Slope.  

In Figure 11, the spatial pattern of temperature and precipitation trends for two periods, 
1962–1993 and 1994–2013, are presented for ERA-Interim and GPCC, respectively. The 
figure implies that temperature has increased for the first period (1962–1993) significantly 
on the northwestern part of the central Himalaya (Nepal) and beyond towards the 
Tibetan plateau. In both periods, temperature has continued to increase in Mt. Everest 
region. The increasing trend of temperature is slightly higher in the second period 
compared to first. The annual precipitation exhibited no any trend in the first period, 
although the tendency was toward slightly increasing annual precipitation in the southern 
part of the Himalayan ridge. In the second period, annual precipitation exhibited strongly 
decreasing spatial trend in the south of the Himalayan ridge. In particular, in Mt. Everest 
region, the figure clearly indicates an increasing precipitation trend in the first period and 
decreasing trend in the second period.  

In this chapter, we presented the recent climate trends and variability without dealing with 
the issue of possible causes of the change – natural or human-induced – in the Mt. 
Everest region. Continuously, increasing of annual temperature from the 1960s and 
slightly increasing precipitation from 1960s to 1990s and decreasing precipitation after 
1990s are confirmed, however, due to the spatial representativeness, some discrepancies 
exist between different gridded and reanalysis climate data products. We conclude by 
underlining that the observed changes in the climate, temperature and precipitation, is 
expected to have significant impacts on the glaciers and hydrological processes that is 
essential to explore further.  
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3 
Recent Variation of Glaciers  

3.1 Introduction  

Glaciers are good indicators of ongoing climate change in high mountains. Any changes 
in the climate system are, thus, reflected into the glacier geometry (Kuhn, 1981; 
Oerlemans, 1994). Climate influences glaciers, most directly by changing the net inflow or 
outflow of mass– the mass balance. The changes in the climate system are expected to 
pose considerable threat to the glaciers (Kuhn, 1981; Beniston, 2003; Cuffey and 
Paterson, 2010). 

The Himalaya glaciers are becoming of a key interest since last decade due to uncertainties 
about their status and the role they play in the water resources (Kaser et al., 2010; 
Immerzeel et al., 2010). The retreat of these glaciers could reduce the availability of water, 
but yet, we are still unable to quantify how much glacier variation is available in the 
Himalaya and at local-small scales with acceptable accuracy. A very few studies exist on 
the historical glacier variations in the Himalaya due to inaccessibility and the harsh 
weather conditions that limits the extensive field activities. After the release of the 4th 
assessment report of the IPCC in 2007, there were notable disagreements about the status 
of the Himalayan glacier shrinkage (Cogley et al., 2010; Bagla, 2009), but to some extend, 
progress has been achieved to improve the knowledge on them by involvements and 
interests of the global scientific community on their study (IPCC, 2013). Most of those 
studies are based on the remote sensing approach (Racoviteanu et al., 2008; Bolch et al., 
2012; Yao et al., 2012) that offers an opportunity to cover a large area and a number of 
glaciers in a time efficient way. The glacier studies used a variety of remote sensing data 
that included topographic maps, aerial photography, satellite imagery, laser altimetry, and 
limited field-based measurements.  

An increasing number of studies based on data from remote sensing and in situ 
observations suggest that the glacier shrinkage has been prevailing over the Himalaya in 
the past decades (e.g., Fujita and Nuimura, 2011; Bolch et al., 2012; Yao et al., 2012; Kääb 
et al., 2012; Gardelle et al., 2013). It has raised a major concern over their impact on 
hydrological process and water supplies to about 1.4 billion people in Asia (Immerzeel 
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et al., 2010). Furthermore, it is also expected to have concern for their impact on the 
global sea level rise (Jacob et al., 2012; Gardner et al., 2013).  

In central Himalaya, in particular, in Mt. Everest region the glacier studies had begun in 
the 1960s (Müller 1959), but until early 2000s, there were only a few studies existing. 
Müller (1970) reported an inventory of glaciers in Mt. Everest region, which can be 
considered as a pioneering work in this field. The work was undertaken using map of the 
late 1950s on 1:50,000 scale (Schneider, 1967). After this work, Fujii and Higuchi (1977) 
elaborated further using the base inventory of Müller (1970). In 2001, the International 
Center for Integrated Mountain Development (ICIMOD; Mool et al., 2001) constructed a 
glacier inventory for whole Nepal, and thus also for SNP using multi-source data (satellite 
images, aerial photographs and maps). However, the inventory too, proved unsuitable as a 
basis of area comparison due to the multiplicity of their data sources and thus, cannot be 
attributed to a precise historical period.  

In last decades, some studies have been carried out concerning the change detection, 
particularly, using remote sensing techniques, on glaciers properties in terms of elevation 
change (Bolch et al., 2011; Nuimura et al., 2012; Gardelle et al., 2013), flow velocity 
(Scherler et al., 2008; Bolch et al., 2008b; Quincey et al., 2009; Peters et al., 2010), and 
glacier surface area (Surf) and terminus (e.g., Salerno et al., 2008; Bolch et al., 2008a; Nie 
et al., 2010). In particular, Bolch et al. (2011) studied the mass change for 10 glaciers in 
the south of Mt. Everest and found that the glaciers have exhibited significant mass loss 
of 0.32 ± 0.08 m a-1

 
w.e. for 1970–2007 and 0.79 ± 0.52 m a-1 w.e. for 2002–2007. 

However, Gardelle et al. (2013) found less mass loss (0.41 ± 0.21 m a-1 w.e.) for 1999–
2011.  

Salerno et al. (2008), using the topographic maps of the late 1950s and early 1990s, 
prepared the glacier inventory and computed the glacier surface area change (∆Surf) in the 
SNP. They adopted the glacier codes proposed by the ICIMOD for tracing the glaciers 
extension at the end of the 1950s and early 1990s based on the Khumbu–Himal map 
(scale 1:50,000, Schneider, 1967), published in 1978 and the current Official Nepali map 
(scale 1:50,000, Survey Department of His Majesty's Government of Nepal, 1997), 
respectively. They reported 4.9 % surface area loss from 403.9 to 384.6 km2. Their study 
further asserted that the large glacier facing south had experienced the increase in the 
glacier accumulation area. Some other studies based on field measurements have 
confirmed in this region that shrinkage of individual glaciers considerably since the 1970s 
(Higuchi et al., 1980; Yamada et al., 1992; Kodota et al., 1993; Fujita et al., 2001; Wagnon 
et al., 2013). 

Therefore, with an effort to improve the knowledge on the glaciers status, we investigated 
variations of the glaciers since the 1960s to recent year in the SNP using optical satellite 
imagery and topographic maps. 
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3.2 Data and Methods  

The minutiae on datasets and the methods implemented for the glacier study in Mt. 
Everest region is presented in Article II and III. 

3.3 Summary of Article II 

Tracing glacier changes since the 1960s on the south slope of Mt. 
Everest (central Southern Himalaya) using optical satellite imagery 

Even though there are few previous studies existing on the glacier variations in the Mt. 
Everest region, none of them has considered a long time period and addressed sufficiently 
large geographic area for characterizing the basin’s glaciers. Bolch et al. (2008a), for 
selected glaciers, and Salerno et al. (2008), using topographic maps of 1950s and 1990s, 
has analysed the surface area change (∆Surf).  

In this paper, we have provide a comprehensive picture of the glacier changes by 
examining the different glacier variables on the southern slope of Mt. Everest from 1962 
to 2011 considering five intermediate periods. We considered the 1960s as a beginning 
time for this study because data are mainly available from that time and most of the 
studies have indicated that climate change sensations was started from that time and thus, 
the glaciers are subject to change under such situation. We further evaluated the climatic 
and topographic control to the changes. The multi-temporal optical satellite imagery from 
different sensors (declassified Corona KH-4/KH-4B, Landsat MSS/TM/ETM/OLI, 
ALOS AVINIR 2, all available topographic maps, and the ASTER GDEM ver. 2 (30 m 
spatial resolution) were used to analyse the glacier changes. The most recent and 
established glacier analysis tools and techniques were applied for the glacier change study. 
The glacier change variables, 1) surface area (Surf), b) terminus, c) Snow-Line Altitude 
(SLA), and d) debris-covered area were investigated.   

The investigated glaciers cover ~400 km2 and present among the largest debris coverage 
(32 %) and the highest elevations (5720 m) of the world. We found an overall surface area 
loss of 13.0 ± 3.1 % (median 0.42 ± 0.06 % a-1 ), an upward shift of 182 ± 22 m (3.7 ± 
0.5 m a-1) in Snow-Line Altitude (SLA), a terminus retreat of 403 ± 9 m (median 6.1 ± 
0.2 m a-1), and an increase of 17.6 ± 3.1 % (median 0.20 ± 0.06 % a-1 ) in debris coverage 
between 1962 and 2011. The recession process of glaciers has been relentlessly 
continuous over the past 50 years (e.g., Fig. 12 & 13). Moreover, we observed that (i) 
glaciers with increased debris cover have experienced a reduced termini retreat. (ii) 
negative mass balances (i.e., upward shift of SLA) induce increases of debris coverage; 
(iii) slight, but statistically insignificant acceleration of the surface area loss since early 
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1990s; but a significant loss for the largest glaciers (> 10 km2) that have accumulation 
zones at higher elevations and along the preferable South–North direction of the 
monsoon; (iv) a significant changes in SLA. Moreover, the largest glaciers present median 
upward shifts of the SLA that is nearly double than that of the smallest. To evaluate the 
role of climate drivers in the glacier response, we used a simple ELA-climate model 
(Kuhn, 1981). Using this model we estimated that for the observed 182 m upward shift of 
SLA in the 1962–2011 period, a temperature increase of 1.1 °C, or a precipitation 
decrease of 543 mm, or a solar radiation radiation increase of 1.8 MJ m-2 d-1 is required. 
Reviewing the previous studies on the temperature, precipitation, and solar radiation 
trends, we argued that the reported temperature increase in the period cannot justify the 
upward shift of SLA, but instead, the reported precipitation decrease in the last decades 
could have contributed in the SLA shift. Thus, we cocluded that Mt. Everest glaciers are 
shrinking continuously, not only due to warming temperatures, but also as a result of 
weakening Asian monsoons registered over the last few decades. 

In the paper, we compared our findings on glacier surface and terminus changes with 
other studies in the high mountain Asia. The shrinkage of the glaciers in south of Mt. 
Everest is less than that western and eastern Himalaya, and southern and eastern Tibetan 
Plateau. The glacier’s positions in higher elevations have likely reduced the impact of 
warming on these glaciers, but have not been excluded from a relentlessly continuous and 
slow recession process over the past 50 years. 

3.4 Summary of Article III 

Increased Imja Lake expansion as response to reduced Imja Glacier 
flow velocity (Mt. Everest region, Nepal) 

In this paper, taking the reference for Imja Glacier and Imja Lake, we seek the nexus 
between contemporary variation of glacier properties and the lakes surface evolution. We 
selected Imja as case study considering that Imja Lake is one of the most potentially 
dangerous proglacial lakes (Yamada, 1998; Bajracharya et al., 2007; Fujita et al., 2009) and 
only lake that has shown a unique characteristic by continuous growth since early 1960s in 
the SNP (Somos-Valenzuela et al., 2014). We link increased Imja Tsho (Lake) with 
changes in Imja Glacier (area: ~25 km2) under the effect of climate change.  

The multi-temporal satellite imagery from different sensors (declassified Corona KH-
4/KH-4B, Landsat MSS/TM/ETM/OLI, ALOS AVINIR 2, all available topographic 
maps, and the ASTER GDEM ver. 2 (30 m spatial resolution) were used to analyse the 
Imja Glacier and Imja Lake. Besides, these data, we used reconstructed Pyramid climate 
data (Article I). In additional to glacier change variables used in Article II, we further more 
studied (a) glacier elevation (thickness) change for 2001–2014 using ASTER stereo 
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scences (Paul and Haeberli, 2008; Bolch et al., 2011) and (b) flow velocity for 1992–2013 
using Landsat scences (Kääb and Vollmer, 2000; Paul and others, 2013). For Imja Lake, 
detailed inter-annual and intra-annual surface area variations are examined. Furthermore, 
the temporal evolutions of supraglacial lakes on Imja Glacier were investigated.  

Between 1962 and 2013, Imja Lake has expanded from 0.029 ± 0.010 km2 to 1.352 ± 
0.054 km2 (0.026 ± 0.001 km2 a-1). Overall, surface area of Imja Glacier has decrease by 
12.1 % (28.1 ± 0.5 km2 to 24.7 ± 0.6 km2) between 1962 and 2013, with an accelerated 
shrinkage after 1992 (0.04 ± 0.03 km2 a-1 in 1962–1992 period, while 0.11 ± 0.05 km2 a-1 
in 1992–2013 period). Due to growth of Imja Lake, the glacier terminus has retreated 
more than 2200 m (~ 44 m a-1). Despite the glacier terminus retreat and surface area loss, 
the glaciers have experienced the thickness loss and decreasing flow velocities. The 
evaluated glacier ablation areas indicate very low flow velocity or stagnant. The flow 
velocity of the glacier has decreased in the last period, compared to the previous period. 
The average glacier flow velocity was 37 ± 30 m a-1 in 1992–93; 31 ± 15 m a-1 in 2000–01, 
and 21 ± 15 m a-1 in 2013-14, indicating a reduction in the glacier velocity. An average 
glacier elevation change of -1.59 ± 0.71 m a-1 observed for 2001–14 period with a rate of -
1.78 ± 0.80 m a-1 in 2008–14 and -1.40 ± 0.63 m a-1 in 2001–08 (Fig. 12).  

The decreasing glacier flow velocity could be related to negative mass balance of the 
glacier. We underline that the decrease in velocity is mainly associated with reduced 
accumulation due to significantly decreasing precipitation in the last decades and 
increased ablation due to increasing of maximum temperature that effectively impact the 
glacier during the post-monsoon months. The decreasing glacier flow velocities and the 
increasing mass losses induce the formation and subsequent expansion of glacial lakes 
under a favourable topography as a boundary condition. 

 

Figure 12. Elevation changes for the glaciers in 2001–2008. 
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3.5 Some More on Glacier Changes  

3.5.1 Glacier Surface Area Change and Elevation  

Despite the study presented in the foregoing two sections, some other glacier analysis 
results are the present in the following section.  

 

Figure 13. Glacier terminus position change: An example of a small-sized glacier (picture 
taken during a field work in September 2014). The tentative position of terminus is marked 
based on evaluation with Corona KH-4 image of 15 December 1962. The glaciers in this 
region have retreated in an average by ~ 400 m in the last 50 years (Artcle II).  

Accumulation Area Ratio of glaciers had decreased from 0.66 to 0.58 between 1962 and 
2011. Based on the slopes change along the glaciers’ length, the glaciers in this region are 
characterized by two glacier zones: the lower glacier zone with gentle slope (Down_area), 
corresponding nearly to debris-covered ablation part, and upper glacier part with steep 
slopes (Up_area), corresponding nearly to accumulation area. The Up_areas of glaciers 
have decreased at an accelerated rate in the last two decades (Fig. 14). 

Figure 15 presents the glacier ∆Surf of the SNP by elevation for two periods: 1962-1992 
and 1992-2011. The comparison between them stresses an opposite trend: for 1962-1992, 
the main surface area reductions are below 5850 m, while there is an increasing surface 
area at higher elevation. For 1992-2011, a clearly decreasing of glacier surface area 
observed at all elevations. The decreasing glacier ∆Surf only in the lower elevation before 
1990s and also along the higher elevation after 1990s, could be explained by the observed 
temperature and precipitation behaviours during those periods. In the first period (1962-
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1992), the glacier area loss in the lower elevation could be a result of an increasing 
temperature, while an increasing precipitation favoured glaciers above 5850 m. In the 
second period (1992-2011), although loss of Surf in lower elevation was continued due to 
increasing temperature, a significant decreasing precipitation could have resulted the 
decreasing Surf in the higher elevations (above 5850 m). Exactly the same behaviour has 
been observed in individual case study of Imja Glacier (Article III). In conclusion, before 
1990s, the glacier Surf has decreased mainly due to temperature, but after 1990s, the 
precipitation has augmented Surf loss impacting the accumulation area.  

 

Figure 14. Accumulation and Debris-covered ablation zone. (a) Changes of upper and 
lower glacier zones (separated by slope change point); (b) Ngozumpa glacier: showing the 
accumulation and debris-covered ablation areas. 

 

Figure 15. Glacier surface area changes (∆Surf) by elevation in two periods: 1962–1992 and 
1992–2011. 
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Here, we have to remember the response time of the glaciers, but unfortunately we don’t 
have a known response time of the Himalayan glaciers yet investigated. The changes in 
climate, temperature and precipitation, influence the balance of the glaciers on a year-to-
year basin, and ultimately determine glacier area through ice flow dynamics (Bahr et al., 
1998; Cuffey and Paterson, 2010). The major changes in the glaciers in our case study 
were around the snow-line and in accumulation zone, in particular in the area above the 
abrupt slope change point of glaciers (Fig. 14). We assume that the glacier in these zones 
quickly response to the climate perturbations.  

3.5.2 Glacier Change and Climate Nexus 

The role of climate to shrinking glaciers has been issue of crucial interest to understand 
the future of glaciers. Following the main objective of exploring the nexus between the 
different components, we have examined and discussed the possible climatic drivers and 
the glacier shrinkage in specific details in Article I, II, and III.  

In Article I possible connections are discussed between the observed shrinkage of glaciers,  
(Article II), the observed temperature increases, and precipitation decrease has been 
discussed. In the Article II, possible realationship between the SLA, a proxy for providing 
indications of local climate variability has been discussed. Climatic variables, such as 
temperature, precipitation, and solar radiation (e.g., Kuhn, 1981, Cuffey and Paterson, 
2010), and the local topographic settings (e.g., Scherler et al., 2011; Pedersen and Egholm, 
2013) influence the distribution of glaciers and their variations. The deviation in the 
individual glacier characteristics and variation can be attributed to the topographic 
control, while the general trend of shrinking glaciers implies the climatic impacts on the 
glaciers. In Article III, we discussed on the decreasing of glacier flow velocities as a result 
of decreased precipitation and increased ablation as a result of increased maximum 
temperature, triggered to the subsequent expansion of glacial lakes. In summary, we have 
observed an increasing temperature mainly during the pre-monsoon and winter months 
and increasing tendency of precipitation from 1960s to early 1990s and substantially 
decreasing afterward. On the other hand, the glaciers were shrinking continuously from 
1960s to recent years, with an accelerated rate after 1990s. In this regards, the glaciers in 
the Mt. Everest region is not only impacted due to increasing temperature, but also as a 
result of the significant decreasing precipitation observed over the last few decades. 

In this chapter, we presented the recent glacier variation in the SNP. The studies of 
different glacier properties in the Mt. Everest region suggest a worsening condition of the 
glaciers status in the past decades. We underline that it is further expected to continue 
these glacier shrinkage trends, if the observed past climatic trends would prevail in the 
future unless an abrupt change in climate occurs. Such shrinkage of glaciers in the region 
and over the Himalaya may have both climatic and hydrological implications.  
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4 
Recent Evolution of Glacial Lakes  

4.1 Introduction 

Studies of abundance, size distribution, and changes of glacial lakes play a significant role 
in assessing the glacier and snow melt, biogeochemical cycles, and ongoing climate change 
(Shijin and Tao, 2014). Three types of glacial lakes can be distinguished, according to 
Ageta et al. (2000), in Mt. Everest region. They are (a) Supraglacial lakes, which develop 
on the surface of the glacier, (b) Proglacial lakes, which are moraine-dammed lakes and 
are in contact with glacier front, and (c) Unconnected glacial lakes, which are not directly 
connected with glaciers, but may have a glacier located in their basin (Fig. 16). Gardelle et 
al. (2011), considering supraglacial and proglacial lakes, noted that the southern side of 
Mt. Everest is the region that is most characterized by glacial lakes in the Himalaya. Little 
is known about the condition of formation, distribution, and evolution of these three 
types of glacial lakes in this region, even though they are considered as a suitable indicator 
for evaluating the impact of climate change at high elevation (Richardson and Reynolds, 
2000; Benn et al., 2001). 

Previous studies in Mt. Everest region addressed the evolution of lakes (Tartari et al., 
2008; Gardelle et al., 2011; Lamsal et al., 2011; Somos-Valenzuela et al., 2014), their 
potential GLOF hazard or risk (Yamada, 1998; Bolch et al., 2008b; Bajracharya and Mool, 
2009; Watanabe et al., 2009; Benn et al., 2012), and condition of formation (Benn et al., 
2001; Fujita et al., 2009; Sakai et al., 2010) using field and remote sensing methods. Tartari 
et al. (2008) provided a complete review of the limnological studies carried out in Mt. 
Everest region. After the first pioneering work by Löffler (1969) in the 1960s, other 
studies focused on these lake environments only after the late 1980s. The research 
activities were initially addressed on the hydro-geochemical characterization of the lakes 
over a wide spatial extent (Tartari et al., 1998; Bortolami, 1998; Smiraglia, 1998). In seven 
expeditions conducted between 1989 and 1997, 48 lakes were visited (Tartari et al., 1998), 
leading to the identification of many temporary water bodies.  

A first cartographic study was carried out to compile a lake cadastre using the Mount 
Everest map (scale 1:50,000, National Geographic Society, Washington D.C., 1988), 
which represented the lakes morphology of the Northeastern sector of the SNP in 
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December 1984 (Tartari et al., 1998). This initial cadastre was after 10 years integrated for 
the same territory with the Official Nepali map (scale 1:50,000, Survey Department of His 
Majesty's Government of Nepal, 1997) dated December 1992 (Tartari et al., 2008). 
Including this study of Tartari et al. (2008), some other studies revealed that areas of 
proglacial lakes increased on the south slopes of Mt. Everest (central Himalaya) since the 
early 1960s (Tartari et al., 2008; Bolch et al., 2008b; Bajracharya and Mool, 2009; Gardelle 
et al., 2011). Gardelle et al. (2011) found that strong increasing of lake surface area in this 
region (33 % in 1990 to 2009).  

Studies have indicated that the current moraine-dammed or ice-dammed lakes are the 
consequences of coalesce and the growth of supraglacial lakes (Sakai et al., 2000; Fujita et 
al., 2009; Watanabe et al., 2009; Thompson et al., 2012). These growths of lakes pose a 
potential threat of the GLOFs (Reynolds, 2000; Richardson and Reynolds, 2000; 
Bajracharya et al., 2007; Benn et al., 2012) with the potential consequent loss of human 
life and property in the downstream valley. One of such proglacial lakes in Mt. Everest 
region, Imja Tsho (lake; hereafter referred as ‘Imja Lake’), that evolved and in the 
continuing growth since the early 1960s, has been of great research interest due to its 
potential GLOF risk (e.g., Yamada, 1998; Mool et al., 2001; Bajracharya et al., 2007; Fujita 
et al., 2009).  

   

Figure 16. Three types of glacial lakes: (a) Supraglacial, (b) Proglacial, and (c) 
Unconnected lakes in the Sagarmatha National Park (SNP), as seen from Landsat 8 OLI 
image of 10 October 2013. 

Considering these issues, in this study, we studied the distribution, condition of 
formation, and evolution of glacier lakes for the last 50 years, based on the satellite data 
and available topographic maps.  

 

a b c 
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4.2 Data and Methods 

The same datasets (satellite imagery from different sensors and topographic maps) as in 
the glacier study were used for lake mapping and their change detection in Mt. Everest 
region. Using these data, we were able to analyse the temporal evolution of unconnected, 
supraglacial, and proglacier lakes between 1960s and 2013. The ASTER GDEM ver. 2 
was used for extracting morphometric information on lakes parameters.  

The mapping of glacier lakes was conducted with both manual and semi-automatic 
methods. In Article IV, the manual method was used for lake delineation, while in 
subsequent analysis, semi-automatic method was used. In the semi-automatic method, the 
lake outlines were identified first, using the Normalized Difference Water Index (NDWI; 
[NIR - BLUE]/[NIR + BLUE], originally proposed by McFeeters (1996) and successfully 
applied by Bolch et al. (2008b) in our study region, then, applied manual post-correction 
for shadowed area and ice parts. When the NDWI method was not appropriate (like in, 
topographic map and panchromatic images), the lake boundaries were manually digitized.  

We computed lake morphometric characteristics and surface area variation of lakes. In 
each analysis, a particular emphasize was provided for introducing the uncertainties of the 
measurements.  

4.3 Summary of Article IV 

Glacial lake distribution in the Mount Everest region: Uncertainty of 
measurement and conditions of formation 

Glacial lakes show better, visible, and quick response to climate, making it possible to 
map long-term impact of climate change on glaciers and water resources. Following to 
previous work by Tartari et al. (2008), in this article, we made a complete mapping of the 
glacial lakes using a medium-high resolution ALOS imagery (October 2008) within the 
Sagarmatha (Mt. Everest) National Park (SNP). Supraglacial lakes were excluded in 
Tartari et al. (2008) cadastres because they were not deemed ecological relevant, in light of 
their rapid evolution and recent formation. In fact, such water bodies can be better 
defined as ice-melt ponds rather than fully-fledged lakes. Contrary to previous study, 
considering the accelerated process of deglaciation in the last decades, in this new cadastre 
(LCN 2008), we regarded it right to take a census also of supraglacial lakes and group 
them together according to the glacier they belong to.  

In this paper, the attention was focused on the condition of formation of lakes, the 
greatest evidence of climate change impact at high altitude characterized by debris-
covered glaciers. Such analyses are essential in studies of the impact of recent climate 
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change, and therefore the uncertainty of measurements is discussed with the aim of 
creating a reference study for use when glaciers and lakes are delineated using remote 
sensing imagery. A total of 29 glaciers (size > 1 km2) with a surface area of 356.2 (±2 %) 
km2 and 624 lakes of 7.43 (±18 %) km2 surface areas were delineated. We examined in 
depth the underlining capability of the satellite imagery to properly characterize 64 % of 
lakes (error < 15 %) in terms of surface, whereas, concerning glaciers, this sensor allows 
correctly characterizing the whole resource (±2 %).  

Regarding the formation process of supraglacial lakes, our findings confirm that the slope 
of the glacier where lakes are located is primarily responsible for the low flow velocity of 
this zone. Otherwise, this study is novel in its identification of a further boundary 
condition. The slope of the glacier upstream is able to influence both the low flow 
velocity and the high ablation rates at the glacier terminus. In fact, the imbalance between 
the two glacier zones generates the down- slope passage of debris, snow and ice. We 
found the slope of the glacier upstream to be inversely correlated with the relevant total 
surface of the lakes downstream. The multiple regression model developed in this study, 
considering the slopes of the two glacier areas distinctly, have been able to predict 90 % 
of the supraglacial lake surfaces. Concerning the surfaces of lakes not directly connected 
with glaciers (unconnected glacial lakes), we found they are correlated with the 
dimensions of their drainage basin, whereas no correlation was found with the glacier 
cover in the basin. Considering that the evaporation/precipitation ratio at these altitudes 
is approximately 0.34, the evolution of these lakes appears to be a helpful sign for 
detecting the precipitation trend of these high-altitude regions. In this paper, we further 
pointed out that changes in the flow velocities are one possible trigger for the formation 
of glacial lakes. 

4.4 Temporal Evolution of Glacial Lakes  

Table 5. Lake evolution in the 1963–2011 period.  

Lake type Number  Surface area (km2)  
 1963 1992 2011  1963 1992 2011 Uncertainty 
Supraglacial 216 252 453  1.373 1.344 1.555 ±45 % 
Proglacial 19 17 18  0.305 1.882 2.043 ±7 % 
Unconnected 102 126 155  4.394 4.153 4.131 ±14 % 
Total 337 395 626  6.047 7.378 7.789 ±18 % 
Note: Proglacial and Unconnected lake changes are presented until 2013 in the text.  

Overall, the surface area of glacial lakes in the SNP has increased by 1.742 km2 (28.9 %) 
from a total area of 6.047 km2 in 1963 to 7.789 km2 in 2011 (Table 5). Moreover, the 
numbers of lake are enormously increased from 337 to 626 (by 86 %). The new lakes 
have appeared at higher elevations (42 m higher than the lakes in the 1960s) following the 
glaciers retreat.  
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4.4.1 Supraglacial Lake  

The debris-covered ablation part of glaciers in the Mt. Everest region holds many 
supraglacial lakes. Such lakes are very small in size, but numerous. Both numbers and 
surface areas of supraglacial lakes have increased (109.7 % and 13.3 %, respectively) in the 
SNP during the 1960s to 2011 (Table 5; Fig. 17). Due to their very small sizes, the 
associated uncertainties are large  (±45 %). Such supraglacial lakes are ephemeral and very 
unstable in space and time as they can suddenly drain when they reach the sub-glacial 
drainage system (Benn et al., 2001). However, total surface area of the lakes was more or 
less stationary until 2000, but then after has increased rapidly.  

 

Figure 17. Temporal surface area change of supraglacial lakes in the Sagarmatha National 
Park (SNP) from 1963 to 2011. 

 

Figure 18. An example of glacier mass loss: Supra-glacier lake in Lobuje Glacier. (a) July 
2012 and (b) September 2014, indicating substantial mass loss of debris-covered ice. 
Glaciers are extensively losing mass in last few years, particularly those glacier which have 
lakes on their surface. The evolutions of lakes on surface of glaciers are increasing the loss 
of glaciers ice mass, primarily by ice calving. 

The increasing of the lakes in the last decade can be associated to the glacier flow 
velocities decrease, as we presented in Article III, caused by reduced precipitation and 
increased ablation of glacier ice. The reduced precipitation induces and increased ablation 
of the glacier ice lowers ice velocities and trigger evolution of such lakes. Furthermore, as 
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a feedback, evolutions of the supraglacial lakes on the surface make glacier susceptible to 
enhanced mass loss (Fig. 18).  

4.4.2 Proglacial Lake  

The surface area of the proglacial lakes has remained quite stationary, except Imja Lake. 
(Fig. 19a). For a group of lakes that were proglacial in the past (before 1990s) and became 
Unconnected lakes recently, we observed that their surface area have decreased 
continuously (Fig. 19b). The lakes that are appeared as proglacial lakes recently have 
increased in their surface area (Fig., 19c). Small number of lakes were becoming 
unconnected (leaving the glacier) and a similar number of small lakes became the 
proglacial lake, without changing the total surface area. Just four proglacial lakes, except 
Imja Lake, in the last 50 years continued to be proglacial lakes independently to the glacial 
they belong. They increased in the first period (1963–1992) and then remain constant 
(Fig. 19d). 

 

Figure 19. Temporal trends of proglacial lakes in the SNP from 1963 to 2013. (a) A 
comparison between Imja Lake and other proglacial lakes for their surface area change. 
Surface area change for (b) the lakes that were proglacial before 2000s and no more 
proglacial now, (c) recent new proglacial lakes those were not present in past, and (d) the 
lakes that remained always proglacial lake.   

Imja was the only proglacial lake that has increased continuously from 0.029 ± 0.010 km2 
in 1963 to 1.352 ± 0.054 km2 in 2013. No significant changes in the surface areas for 
other proglacial lakes were found. As a case study to Imja Lake, we demonstrated that 
continuous increasing of the lake is associated with decreasing flow velocities of Imja 
Glacier and increased elevation of zero degree isotherms of Maximum temperature 
(Article III in details). Flow velocities of Imja Glacier have significantly decreased from 
1992 to 2013. The isotherm line has crossed the current location of Imja Lake (Fig. 20).  
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Figure 20. The 0 °C isotherms of November maximum temperature (MaxT) in the 1994 
and 2013. Inset map is focused for Imja Lake and Imja Glacier.  

In this thesis, with a case study of Imja Lake and Imja Glacier, we analysed and indicated 
that glaciers velocities and mass loss controls the glacial lake evolution, however, to find 
reasons for the differential behaviour of other proglacial lakes in relation to mass loss and 
velocity changes, we emphasize a need for further evaluation of conditions at other 
different situations. 

4.4.3 Unconnected Lake  

The surface area of unconnected lakes has increased from 1960s to 1990s (4.3 %) and 
decreased (10.9 %) of the surface area from 1990s to 2013 (Table 5; Fig. 21a) with an 
overall decreasing by 7.2 % (from 4.395 to 4.080 km2). This observation is in line with 
slightly increased precipitation until the beginning of 1990s and a significantly reduced 
precipitation then after. 

The surface areas of the unconnected lakes are strongly dependent on their basin area (R 
= 0.70; p < 0.001; Fig. 21b). There are no correlations with the glacier surface area (Fig. 
21c). In Figure 21d, the glacier surface areas are plotted against the lake area. It indicates 
that the lake surfaces are slightly correlated with the glacier area (R = 0.46), but it is due 
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to autocorrelation, because the glacier surface is a function of the basin (R = 0.65; Fig. 
21e). We demonstrate in Figure 21d that there are no correlation between the ratios, 
Lake/Basin area and Glacier area/Basin area (R = 0.02). Thus, considering that the 
evaporation/precipitation ratio at these altitudes is approximately 0.34, we underline that 
the evolution of such lakes acts as an indicator of precipitation trend of these high-
altitude regions.    

 

 

Figure 21. Unconnected lakes. (a) Temporal trend of average surface area in 1963–2013 
period; (b–e) Relationships between lake surface area, their basin surface area, and glacier 
area in the basin, indicating that Unconnected lake act as an indicator of precipitation trend 
at high-altitude. 

In this chapter, we described the recent evolution of three types of glacial lakes in the 
SNP. We conclude by underlining that the three types of lakes are capable of representing 
the unique condition of glaciers and climate variations in the region. Unconnected lakes 
have been observed a good indicator of the precipitation change in the region. 
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LCN '13 LCN '11 LCN '08 LCN '00 LCN '92 LCN '63 Min_elev Max_elev Mean_elev Slope Aspect Min_elev Max_elev Mean_elev Slope Aspect 2013 2011 2008 2000 1992 1962 Min_elev Max_elev Mean_elev Slope Aspect
Khumbu 1 1 1 1 1 Absent 0.00267 -2.57349 0.00393 0.26996 5377 5398 5387.50000 1 0.679 0.679 -0.168 4.079 4.079 0.730 0.730 -0.137 3.884 3.884 no 5351 6554 5799 39 139 5353.000 6873.000 5945.030 41.094 130.236 0.28438 -0.54610095 0.418672917 0.431 0.4350 0.534 0.42 0.485 5351 5869 5498 33 147
Khumbu 2 2 2 2 2 Absent 0.01162 -1.93479 0.01619 0.45417 5393 5409 5400.60000 2 0.718 0.718 -0.144 4.853 4.853 0.672 0.672 -0.173 4.541 4.541 no 5393 7057 6015 39 149 5393.000 7076.000 5938.630 35.993 153.402 0.40085 -0.39701811 0.558417949 0.519 0.5130 0.513 0.55 0.507 5393 6552 5539 27 172
Khumbu 3 3 3 3 3 3 0.10046 -0.99801 0.04971 1.40382 5261 5318 5282.42000 3 2.021 2.021 0.306 6.398 6.398 1.887 1.887 0.276 5.983 5.983 no 5248 7098 5694 35 155 5248.000 7102.000 5721.290 35.146 154.338 0.60297 -0.2197043 0.298355083 1.222 1.6310 1.632 1.42 1.203 5248 6703 5703 40 164
Khumbu 4 4 4 4 4 4 0.01287 -1.89042 0.00613 0.45272 5285 5312 5299.67000 4 0.078 2.099 0.322 1.364 7.761 0.060 1.947 0.289 1.282 7.265 yes 3 5225 7098 5588 28 164 5249.188 7036.157 5705.657 34.310 155.185 0.60297 -0.2197043 0.287275178 0.059 0.0590 0.040 0.00 0.011 5225 6703 5702 29 164
Khumbu 5 5 5 5 5 5 0.00846 -2.07263 0.01138 0.37580 5345 5356 5352.10000 5 0.419 0.744 -0.129 2.945 5.810 0.432 0.681 -0.167 3.628 6.809 yes 6 5337 6087 5581 30 197 5349.039 6048.961 5598.240 31.820 197.048 0.256 -0.59176003 0.344218083 1.281 1.6900 1.672 1.42 1.214 5337 5816 5482 26 205
Khumbu 6 6 6 6 6 6 0.00358 -2.44612 0.01101 0.22937 5399 5406 5403.00000 6 0.325 0.325 -0.488 2.866 2.866 0.249 0.249 -0.604 3.181 3.181 no 5397 5974 5557 29 208 5389.000 6009.000 5585.880 30.147 196.783 0.06823 -1.16602463 0.209852153 1.348 1.7480 1.752 1.49 1.319 5397 5653 5495 26 216
Khumbu 8 8 8 8 8 8 0.00632 -2.19928 0.00787 0.46523 5166 5172 5168.78000 8 0.803 0.803 -0.095 4.043 4.043 0.571 0.571 -0.243 3.787 3.787 no 5148 5564 5298 19 161 5148.000 5540.000 5288.600 18.362 161.528 5148 5564 5298 19 161
Khumbu 9 9 9 9 9 9 0.00490 -2.30980 0.00709 0.29275 5202 5228 5214.40000 9 0.691 0.691 -0.161 3.829 3.829 0.663 0.663 -0.178 4.021 4.021 no 5197 5892 5463 35 120 5204.000 5900.000 5502.910 35.808 116.883 0.08834 -1.05384261 0.12786586 0.115 0.1130 0.124 0.12 0.097 5191 5720 5397 37 119
Khumbu 10 10 10 10 10 10 0.01526 -1.81645 0.01492 0.54018 5018 5086 5042.16000 10 0.332 1.023 0.010 2.478 6.307 0.319 0.982 -0.008 3.373 7.394 yes 9 5018 5892 5389 35 123 5143.635 5740.974 5400.063 35.075 122.395 0.08834 -1.05384261 0.086367977 0.115 0.1130 0.124 0.12 0.097 5018 5720 5334 36 123
Khumbu 11 11 11 11 11 11 0.01648 -1.78304 0.01330 0.51644 5029 5058 5049.74000 11 1.239 1.239 0.093 4.675 4.675 1.246 1.246 0.095 4.536 4.536 no 5026 5949 5356 27 223 5023.000 5596.000 5252.320 24.486 229.423 0.04069 -1.39051231 0.032845002 0.147 0.1490 0.154 0.13 0.167 5026 5678 5257 25 226
Khumbu 14 14 14 14 14 Absent 0.00176 -2.75449 0.00484 0.15485 4889 4895 4892.00000 14 0.364 0.364 -0.439 2.993 2.993 0.299 0.299 -0.524 3.424 3.424 no 4882 5563 5087 31 159 4875.000 5629.000 5186.650 32.189 151.705 0.00602 -2.22040351 0.016556844 0.007 0.0070 0.013 0.02 0.003 4882 5524 5081 32 160
Khumbu 15 15 15 15 15 15 0.00091 -3.04096 0.00523 0.11979 5163 5163 5163.00000 15 0.174 0.174 -0.760 2.164 2.164 0.148 0.148 -0.830 2.344 2.344 no 5169 5614 5359 29 191 5161.000 5623.000 5352.390 29.938 192.932 0.00659 -2.18111459 0.03790145 0.084 0.0840 0.057 0.08 0.085 5169 5492 5287 24 193
Khumbu 16 16 16 16 16 16 0.00914 -2.03905 0.00822 0.58749 4936 4956 4947.55000 16 1.112 1.112 0.046 4.467 4.467 1.061 1.061 0.026 4.441 4.441 no 4932 5760 5312 35 263 4926.000 5752.000 5236.520 33.838 255.507 0.013 0.0130 0.024 0.007 4933 5763 5314 36 264
Pheriche 17 17 17 17 17 Absent 0.00145 -2.83863 0.00313 0.15716 5438 5441 5439.00000 17 0.198 0.464 -0.334 2.556 5.075 0.219 0.513 -0.290 2.824 5.252 yes 155 5439 5685 5556 21 165 5445.880 5679.245 5565.959 24.321 175.385 0.08098 -1.09162223 0.17457362 0.091 0.0910 0.111 0.10 0.211 5427 5722 5539 22 168
Pheriche 18 18 18 18 18 18 0.00342 -2.46597 0.03118 0.22781 5460 5470 5463.67000 18 0.110 0.110 -0.960 1.305 1.305 0.129 0.129 -0.889 1.642 1.642 no 5446 5659 5547 28 202 5439.000 5659.000 5531.230 27.725 208.275 5446 5659 5547 28 202
Pheriche 19 19 19 19 19 Absent 0.00395 -2.40340 0.00747 0.24337 5420 5430 5424.00000 19 0.065 0.529 -0.277 1.317 6.393 0.047 0.560 -0.252 1.422 6.674 yes 17, 155 5427 5722 5556 21 161 5442.452 5654.131 5551.438 23.017 177.201 0.07523 -1.12360894 0.142237074 0.179 0.179 0.22 0.19 0.421 5427 5722 5530 21 169
Pheriche 20 20 20 20 20 Absent 0.00288 -2.54061 0.00349 0.20449 5412 5428 5418.33000 20 0.060 0.826 -0.083 1.099 9.539 0.098 0.356 -0.449 1.841 3.775 yes 17, 19, 21, 155 5404 5650 5446 16 130 5435.450 5655.853 5538.266 23.930 171.595 0.07523 -1.12360894 0.09111774 0.049 5404 5650 5490 22 127
Pheriche 21 21 21 21 21 21 0.02508 -1.60067 0.10586 0.59598 5427 5500 5447.48000 21 0.237 0.237 -0.625 2.048 2.048 0.258 0.258 -0.588 1.934 1.934 no 5427 5650 5507 25 125 5427.000 5694.000 5527.810 27.099 158.320 0.049 5427 5650 5507 25 124
Khumbu 24 24 24 24 24 24 0.53381 -0.27261 0.02323 3.82709 4466 4545 4494.76000 24 9.742 22.976 1.361 18.902 61.490 15.428 22.583 1.354 27.661 57.476 yes 66, 67, 68, 70, 1006, 1005, 149, 150, 151, 1032 4466 6100 5126 28 161 4704.798 5947.500 5131.757 28.400 161.634 2.26517 0.355100801 0.098590508 1.634 1.6570 2.537 2.08 3.029 4466 6100 5036 28 163
Khumbu 28 28 28 Absent 28 Absent 0.00096 -3.01773 0.07649 0.11592 5046 5046 5046.00000 28 0.013 0.013 -1.901 0.510 0.510 0.023 0.970 -0.013 0.677 4.873 yes 2627 5035 6387 5351 34 103 5046.000 5066.000 5055.810 10.776 266.917 0.524 0.5000 0.571 0.58 0.462 5035 6189 5411 41 87
Thyanboche 29 29 29 29 29 29 0.03036 -1.51770 0.09989 0.88383 5151 5175 5163.24000 29 0.304 0.304 -0.517 2.104 2.104 0.297 0.297 -0.527 2.049 2.049 no 5142 5987 5334 31 128 5151.000 5652.000 5315.270 33.290 122.013 0.002 5151 5563 5262 30 130
Thyanboche Absent 30 30 Absent 30 30 30 0.330 0.330 -0.482 3.116 3.116 0.306 0.306 -0.515 3.242 3.242 no 5071 5953 5331 31 119 5081.000 6050.000 5417.090 34.052 123.669 0.036 0.00 0.028 5077 5918 5345 33 116
Pheriche 31 31 31 31 31 31 0.03224 -1.49160 0.00604 1.38251 4634 4692 4671.47000 31 5.334 5.334 0.727 9.388 9.388 5.398 5.398 0.732 10.814 10.814 no 4634 6664 5133 31 197 4634.000 6570.000 5087.360 30.599 197.108 2.42138 0.384062951 0.453948855 2.154 2.1400 2.200 2.17 2.280 4634 6671 5145 32 185
Pheriche 32 32 32 32 32 Absent 0.00248 -2.60555 0.02741 0.19591 4666 4673 4669.67000 32 0.090 0.090 -1.043 1.648 1.648 0.131 5.529 0.743 1.694 12.508 yes 31 4634 6618 5122 31 197 4641.000 4696.000 4670.500 12.621 208.351 2.154 2.1400 2.200 2.17 2.280 4634 6671 5127 31 186
Thyanboche 33 33 33 33 33 33 0.00171 -2.76700 0.00206 0.16038 4454 4465 4460.33000 33 0.829 0.829 -0.081 5.276 5.276 0.877 0.877 -0.057 5.117 5.117 no 4460 5266 4812 24 238 4446.000 5273.000 4806.270 24.567 235.893 4460 5266 4812 24 238
Thyanboche Absent 34 34 Absent 34 Absent 34 0.751 0.751 -0.124 4.326 4.326 0.671 0.671 -0.173 4.339 4.339 no 4959 5724 5252 24 237 4888.000 5577.000 5169.960 25.148 244.006 4959 5724 5252 24 237
Khumbu 35 35 35 35 35 Absent 0.00584 -2.23359 0.00730 0.31991 5349 5356 5352.86000 35 0.800 0.800 -0.097 3.997 3.997 0.726 0.726 -0.139 4.075 4.075 no 5344 6498 5743 36 136 5346.000 6526.000 5864.740 38.850 132.813 0.3813 -0.41873319 0.476623487 0.459 0.4530 0.454 0.44 0.489 5344 5584 5419 22 137
Pheriche 37 37 37 37 37 37 0.01314 -1.88140 0.02675 0.48717 5417 5459 5432.40000 37 0.491 0.491 -0.309 2.718 2.718 0.500 0.500 -0.301 2.873 2.873 no 5411 5804 5562 30 111 5417.000 5804.000 5607.660 31.079 125.191 0.08756 -1.05769425 0.178257293 0.071 0.0710 0.066 0.05 0.084 5411 5804 5581 31 118
Pheriche 38 38 38 38 38 38 0.01364 -1.86519 0.02226 0.53572 5428 5449 5440.82000 38 0.122 0.613 -0.213 1.696 4.413 0.183 0.683 -0.165 2.003 4.876 yes 37 5409 5764 5543 28 118 5415.810 5773.846 5578.891 29.060 131.800 0.08756 -1.05769425 0.142894432 0.071 0.0710 0.066 0.05 0.084 5401 5804 5542 28 125
Pheriche 40 40 40 40 40 40 0.01602 -1.79534 0.00553 0.70692 5170 5203 5185.80000 40 2.340 2.899 0.462 8.178 11.352 0.412 0.412 -0.385 2.956 2.956 yes 2001 5170 5799 5412 25 132 5203.752 5779.327 5436.330 25.115 134.081 0.01437 -1.84254323 0.004956404 5170 5799 5412 25 132
Pheriche 41 41 41 41 41 Absent 0.00179 -2.74715 0.01322 0.17413 5158 5166 5162.00000 41 0.135 0.135 -0.868 1.803 1.803 0.329 0.329 -0.483 2.564 2.564 no 5170 5649 5366 27 227 5134.000 5468.000 5268.560 24.227 280.200 5170 5649 5366 27 227
Pheriche Absent 42 42 42 42 42 42 0.174 3.941 0.596 1.933 23.745 0.232 4.204 0.624 2.719 7.938 yes 43, 44, 1014, 2004, 2005 5062 6014 5469 28 274 5030.106 5872.721 5382.170 26.630 264.348 2.55991 0.408224697 0.64963985 3.01 3.268 3.333 4.288 3.868 4899 6194 5244 25 214
Pheriche 43 43 43 43 43 Absent 0.04976 -1.30312 0.02369 1.12864 5115 5178 5131.60000 43 1.150 2.101 0.322 4.548 9.853 1.058 1.058 0.024 4.444 4.444 yes 2004 5112 6183 5547 34 265 5046.778 6068.494 5468.829 30.572 271.367 1.61402 0.207908912 0.768260181 0.741 0.7710 0.813 0.91 0.953 5112 6183 5324 29 228
Pheriche 44 44 44 44 44 Absent 0.00890 -2.05061 0.01028 0.37807 5039 5053 5044.82000 44 0.866 0.866 -0.062 5.898 5.898 1.916 2.385 0.377 3.226 6.248 no 5045 6097 5506 27 282 5029.000 6056.000 5459.080 25.589 275.394 0.64874 -0.18792932 0.749036879 2.269 2.4970 2.520 2.83 2.807 5037 6194 5243 24 256
Pheriche Absent 53 53 53 53 Absent 53 0.541 0.541 -0.267 2.781 2.781 0.404 0.404 -0.394 2.607 2.607 no 4957 5480 5175 31 172 4974.000 5438.000 5159.710 31.510 189.464 4957 5480 5175 31 172
Pheriche 54 54 54 54 54 54 0.10825 -0.96557 0.07186 1.22091 4970 5046 4997.31000 54 1.506 1.506 0.178 4.539 4.539 1.222 1.222 0.087 4.344 4.344 no 4970 6171 5392 40 184 4970.000 6137.000 5327.460 38.508 183.891 0.54362 -0.26470457 0.360884614 0.651 0.7220 0.642 0.23 0.626 4970 6165 5173 31 169
Pheriche 55 55 55 55 55 55 0.00367 -2.43533 0.01466 0.24901 5267 5285 5276.00000 55 0.250 0.250 -0.601 2.147 2.147 0.226 0.226 -0.646 2.092 2.092 no 5211 6010 5384 30 101 5232.000 5708.000 5436.770 38.664 129.122 0.000 0.004 5211 5688 5354 30 103
Pheriche Absent 62 62 62 62 62 62 0.891 0.891 -0.050 4.065 4.065 0.026 0.799 -0.097 0.870 4.670 yes 2064 5227 6318 5705 36 276 5181.000 6203.000 5517.470 34.001 280.488 0.37441 -0.42665256 0.420054951 0.467 0.2970 0.450 0.52 0.579 5176 5807 5409 31 287
Khumbu 66 66 66 66 66 66 0.00514 -2.28904 0.02326 0.28817 5033 5046 5038.14000 66 0.221 0.221 -0.656 2.035 2.035 0.094 0.094 -1.026 1.297 1.297 no 5029 5147 5072 18 190 5027.000 5201.000 5099.740 16.896 200.485 5029 5147 5072 18 190
Khumbu 67 67 67 67 67 67 0.03046 -1.51627 0.02030 0.66159 4994 5035 5008.43000 67 0.301 1.500 0.176 3.067 7.792 0.291 1.427 0.154 3.435 8.383 yes 68 4991 5863 5326 31 225 4998.995 5733.682 5307.363 31.674 225.755 0.37977 -0.42047935 0.253147529 0.443 0.4430 0.630 0.52 0.566 4991 5724 5184 29 240
Khumbu 68 68 68 68 68 68 0.02689 -1.57041 0.02242 0.69670 5006 5021 5011.61000 68 1.199 1.199 0.079 4.726 4.726 1.136 1.136 0.055 4.948 4.948 no 5002 5863 5402 35 231 5001.000 5863.000 5372.730 34.890 232.215 0.37977 -0.42047935 0.316629572 0.443 0.4430 0.630 0.52 0.566 5002 5724 5241 34 255
Khumbu 70 70 70 70 70 Absent 0.00229 -2.64016 0.01872 0.17631 4819 4823 4822.00000 70 0.122 0.122 -0.912 1.498 1.498 0.123 0.123 -0.910 1.583 1.583 no 4813 4893 4843 9 185 4813.000 4911.000 4845.570 9.770 196.012 4813 4893 4843 9 185
Ngojumba 71 71 71 71 71 71 0.08285 -1.08171 0.06518 1.38992 4942 5001 4964.66000 71 1.271 1.271 0.104 5.179 5.179 1.282 1.282 0.108 5.824 5.824 no 4942 5724 5199 28 258 4942.000 5576.000 5182.410 28.211 258.004 0.35358 -0.45151231 0.278162788 0.326 0.3540 0.357 0.45 0.368 4942 5724 5171 29 244
Thyanboche 72 72 72 72 72 72 0.00230 -2.63827 0.00928 0.18122 4696 4714 4705.00000 72 0.248 0.248 -0.606 2.081 2.081 0.137 0.137 -0.864 1.488 1.488 no 4652 4994 4830 27 127 4690.000 5016.000 4881.750 27.506 139.066 4652 4994 4830 27 127
Ngojumba Absent 73 73 73 73 Absent 73 1.021 17.090 1.233 5.422 39.814 1.755 42.121 1.624 7.839 126.470 yes74, 75,76, 77, 78, 80, 114, 115, 116, 127, 131, 132, 134, 2026, 2027, 2028, 2029, 2030, 2032, 2035 4663 5947 5067 27 133 4751.604 5771.739 5107.905 25.442 138.282 1.33658 0.125994958 0.078208783 4.886 4.1800 4.843 5.45 5.180 4653 5974 5111 25 142
Ngojumba 74 74 74 74 74 74 0.16977 -0.77014 0.01057 1.84464 4668 4743 4703.17000 74 3.446 16.069 1.206 10.137 34.392 3.263 40.366 1.606 10.750 118.631 yes75,76, 77, 78, 80, 114, 115, 116, 127, 131, 132, 134, 2026, 2027, 2028, 2029, 2030, 2032, 2035 4668 5990 5114 25 139 4757.869 5809.785 5124.040 25.357 138.502 1.33658 0.125994958 0.083178435 4.705 4.0350 4.713 5.45 5.173 4668 5974 5120 25 143
Ngojumba 75 75 75 75 75 75 0.42190 -0.37479 0.03342 2.99472 4711 4787 4748.43000 75 10.491 12.623 1.101 14.205 24.255 10.146 37.103 1.569 15.944 107.881 yes76, 77, 78, 80, 114, 115, 116, 127, 131, 132, 134, 2026, 2027, 2028, 2029, 2030, 2032, 2035 4711 5903 5176 25 142 4782.677 5768.230 5127.494 24.682 141.484 1.13783 0.05607738 0.090140867 4.679 3.9690 4.679 5.38 4.618 4711 5814 5125 25 145
Ngojumba 76 76 76 76 76 76 0.56197 -0.25029 0.04141 3.36982 4800 4865 4829.81000 76 8.667 13.570 1.133 17.825 46.717 10.018 26.958 1.431 21.713 91.937 yes 77, 78, 80, 114, 115, 116, 127, 131, 132, 134, 1033, 2026, 2027, 2028, 2029, 2030, 2032, 2036 4753 5903 5202 25 141 4929.613 5653.239 5174.839 24.538 140.091 1.13331 0.054348721 0.083517737 4.001 3.2520 3.906 4.18 3.232 4753 5781 5157 25 145
Ngojumba 77 77 77 77 77 77 0.14878 -0.82746 0.01728 1.77229 4920 4983 4948.43000 77 2.092 8.610 0.935 7.123 25.743 2.038 8.473 0.928 7.354 26.246 yes 116, 117, 2032, 2035 4950 5700 5187 26 151 5023.140 5711.907 5265.912 25.643 141.628 0.59921 -0.22242095 0.069598528 0.077 0.0400 0.073 0.00 0.062 4920 5706 5179 26 154
Ngojumba 78 78 78 78 78 Absent 0.02388 -1.62197 0.02342 0.61265 5117 5153 5131.41000 78 1.020 1.020 0.008 4.550 4.550 1.166 1.166 0.067 5.777 5.777 no 5106 5789 5389 34 113 5113.000 5781.000 5386.970 34.137 107.737 0.29053 -0.53680902 0.284903103 0.437 0.4190 0.372 0.12 0.061 5105 5781 5438 38 125
Ngojumba 80 80 80 80 80 80 0.01645 -1.78383 0.05666 0.58387 5224 5263 5235.88000 80 0.290 0.290 -0.537 2.085 2.085 0.298 0.298 -0.526 2.341 2.341 no 5224 5700 5389 29 196 5224.000 5700.000 5379.070 32.285 204.998 0.00113 -2.94692156 0.003892422 0.002 0.0010 0.009 0.05 0.006 5224 5700 5388 33 214
Ngojumba 81 81 81 81 81 81 0.01877 -1.72654 0.01174 0.59468 4839 4863 4853.65000 81 1.598 1.598 0.204 4.905 4.905 1.549 1.549 0.190 4.984 4.984 no 4799 6010 5271 34 239 4833.000 5822.000 5224.910 33.818 234.137 0.0100 0.002 0.173 4817 5850 5235 34 240
Ngojumba 82 82 82 82 82 82 0.15477 -0.81031 0.05357 2.09871 5034 5116 5069.62000 82 1.760 2.889 0.461 7.020 11.329 1.165 3.315 0.520 7.611 16.952 yes 83, 120 5082 5748 5328 25 236 5051.981 5650.308 5275.874 24.004 215.950 0.42921 -0.36733017 0.148562598 0.820 0.8790 1.126 1.81 1.566 5034 6003 5301 24 247
Ngojumba 83 83 83 83 83 83 0.00599 -2.22257 0.00530 0.30553 5087 5114 5098.86000 83 1.129 1.129 0.053 4.309 4.309 1.288 1.288 0.110 5.013 5.013 no 5081 5821 5406 27 274 5080.000 5710.000 5343.990 25.455 272.943 0.42921 -0.36733017 0.380057648 0.543 0.5680 0.545 0.98 0.800 5084 5816 5328 25 266
Ngojumba 84 84 84 84 84 84 0.14781 -0.83030 0.10379 1.53773 5311 5358 5339.77000 84 0.531 1.424 0.154 3.278 7.276 0.500 1.276 0.106 3.276 7.267 yes 119 5329 6029 5525 24 129 5329.953 5868.070 5534.271 24.491 124.968 0.16938 -0.77113787 0.118930915 0.344 0.3440 0.322 0.40 0.425 5308 5988 5443 21 132
Ngojumba 86 86 86 86 86 86 0.00463 -2.33442 0.08252 0.25139 5126 5137 5130.40000 86 0.056 0.056 -1.251 1.023 1.023 0.104 4.388 0.642 2.179 28.889 yes 87, 89, 118, 2033, 2037 5190 5572 5360 20 132 5126.000 5168.000 5149.770 11.193 156.837 0.722 0.7350 0.779 1.43 0.927 5109 5586 5283 20 146
Ngojumba 87 87 87 87 87 87 0.01797 -1.74545 0.30769 0.49116 5136 5163 5151.95000 87 0.058 0.058 -1.234 1.153 1.153 0.065 4.284 0.632 1.259 26.710 yes 89, 118, 2033, 2037 5190 5569 5358 19 134 5133.000 5163.000 5147.550 10.461 216.339 0.722 0.7350 0.779 1.43 0.927 5109 5586 5288 20 146
Ngojumba 89 89 89 89 89 89 0.00786 -2.10458 0.05225 0.33915 5380 5395 5385.63000 89 0.150 0.150 -0.823 1.568 1.568 0.137 0.137 -0.864 1.541 1.541 no 5379 5512 5414 18 148 5379.000 5526.000 5427.620 18.952 136.052 5379 5512 5414 18 148
Lunak 91 91 91 91 91 Absent 0.00354 -2.45100 0.00741 0.21902 5207 5212 5209.67000 91 0.477 0.477 -0.321 2.948 2.948 0.498 0.498 -0.303 3.077 3.077 no 5206 5617 5361 28 149 5206.000 5619.000 5336.240 26.295 157.163 0.09 0.211 5206 5618 5346 27 157
Lunak 92 92 92 92 92 92 0.00135 -2.86967 0.00461 0.13704 5171 5173 5172.00000 92 0.293 0.293 -0.533 2.065 2.065 0.320 0.320 -0.495 2.298 2.298 no 5157 5668 5360 28 85 5169.000 5512.000 5310.740 26.039 95.997 0.04 0.103 5150 5662 5361 29 85
Chhule 93 93 93 93 93 93 0.00517 -2.28651 0.00779 0.29951 5244 5258 5250.33000 93 0.663 0.663 -0.178 3.191 3.191 0.691 0.691 -0.160 3.288 3.288 no 5239 5566 5350 23 116 5240.000 5564.000 5363.320 22.919 116.247 0.01113 -1.95350484 0.016775605 0.014 0.0580 0.003 0.00 5238 5576 5351 23 113
Chhule 94 94 94 94 94 94 0.00479 -2.31966 0.00636 0.28329 5153 5159 5156.00000 94 0.753 0.753 -0.123 4.612 4.612 0.529 0.529 -0.276 3.340 3.340 no 5144 5522 5350 27 88 5144.000 5746.000 5428.570 23.485 100.426 0.40987 -0.38735387 0.544140671 0.172 0.0800 0.229 0.18 5144 5522 5318 28 94
Chhule 95 95 95 95 95 95 0.00377 -2.42366 0.00296 0.23055 5091 5097 5093.75000 95 0.522 1.275 0.105 2.949 7.560 0.416 0.946 -0.024 2.885 6.225 yes 94 5121 5500 5297 26 131 5122.316 5649.854 5350.848 25.212 127.525 0.40987 -0.38735387 0.321516229 0.172 0.0800 0.229 0.18 5091 5522 5270 27 142
Chhule 96 96 96 96 96 96 0.01156 -1.93704 0.01883 0.41328 5072 5089 5080.33000 96 0.614 0.614 -0.212 3.391 3.391 0.587 0.587 -0.231 3.911 3.911 no 5074 5502 5273 24 109 5084.000 5502.000 5292.720 25.001 104.952 5074 5502 5273 24 109
Chhule 97 97 97 97 97 97 0.00452 -2.34486 0.00851 0.26179 5270 5290 5278.33000 97 0.531 0.531 -0.275 2.870 2.870 0.560 0.560 -0.252 2.984 2.984 no 5264 5506 5384 21 189 5265.000 5506.000 5385.870 21.781 186.248 5264 5506 5384 21 189
Lunak 98 98 98 98 98 98 0.02073 -1.68340 0.06055 0.59142 5219 5258 5237.96000 98 0.342 0.342 -0.466 2.451 2.451 0.841 0.841 -0.075 3.865 3.865 no 5219 5494 5313 19 136 5219.000 5478.000 5293.130 20.440 119.711 0.074 5219 5489 5310 19 135
Lunak 99 99 99 99 99 99 0.01142 -1.94233 0.01241 0.44407 5291 5327 5306.00000 99 0.921 0.921 -0.036 3.663 3.663 0.976 0.976 -0.011 3.869 3.869 no 5290 6198 5578 34 167 5290.000 6198.000 5593.410 35.183 172.633 0.17738 -0.75109535 0.19269583 0.173 0.0670 0.231 0.36 0.206 5290 6166 5509 32 163
Chhule 101 101 101 101 101 101 0.04952 -1.30522 0.02767 1.07461 5128 5175 5150.15000 101 1.789 1.789 0.253 5.577 5.577 1.429 1.429 0.155 4.826 4.826 no 5128 6142 5524 35 90 5128.000 6270.000 5575.560 34.611 95.867 0.73033 -0.13648086 0.408134905 0.710 0.7530 0.754 0.49 1.068 5128 6173 5630 40 91
Chhule 102 102 102 102 102 102 0.01272 -1.89551 0.00666 0.42415 5130 5138 5134.50000 102 0.119 1.909 0.281 1.809 7.386 0.282 1.711 0.233 2.763 7.589 yes 101 5128 6006 5466 32 97 5128.125 6203.357 5549.049 33.186 99.900 0.73033 -0.13648086 0.382619622 0.746 0.7630 0.795 0.54 1.156 5127 6173 5510 33 104
Chhule Absent 103 103 103 103 103 103 0.212 0.212 -0.673 2.262 2.262 0.232 0.232 -0.635 2.602 2.602 no 4958 5320 5098 29 108 5015.000 5320.000 5134.610 31.029 68.053 0.014 5010 5320 5116 29 79
Chhule 104 104 104 104 104 Absent 0.00238 -2.62342 0.00126 0.18043 5104 5117 5109.67000 104 0.905 1.893 0.277 4.899 10.987 0.684 1.699 0.230 4.118 10.216 yes 105, 106 5194 5533 5324 24 212 5165.380 5543.154 5300.767 23.091 207.677 5100 5552 5316 24 214
Chhule 105 105 105 105 105 105 0.01301 -1.88572 0.01317 0.56905 5181 5227 5204.88000 105 0.543 0.988 -0.005 3.220 6.089 0.542 1.015 0.007 3.283 6.098 yes 106 5229 5531 5365 26 207 5227.137 5535.047 5358.535 25.387 209.464 5174 5552 5367 25 207
Chhule Absent 106 106 106 106 106 106 0.445 0.445 -0.352 2.868 2.868 0.474 0.474 -0.325 2.815 2.815 no 5292 5507 5400 23 198 5292.000 5529.000 5395.430 23.187 198.912 5292 5507 5400 23 198
Lunak 110 110 110 110 110 110 0.02637 -1.57889 0.01739 0.65668 5130 5164 5151.85000 110 1.517 1.517 0.181 5.631 5.631 1.409 1.409 0.149 6.037 6.037 no 5118 5908 5392 28 208 5130.000 5889.000 5387.340 28.596 208.236 0.56338 -0.24919857 0.371439817 0.605 0.7720 0.556 0.96 1.109 5130 5808 5380 32 225
Lunak 111 111 111 111 111 Absent 0.01790 -1.74715 0.03176 0.53415 5310 5327 5318.22000 111 0.564 0.564 -0.249 4.128 4.128 0.541 0.703 -0.153 4.021 6.780 yes 112, 2031 5365 5598 5453 21 224 5306.000 5802.000 5427.670 18.565 212.441 0.0334 -1.47625353 0.0592582 0.059 0.1910 0.426 0.38 0.311 5309 5800 5466 21 222
Lunak Absent 112 112 112 112 Absent 112 0.079 0.079 -1.101 1.505 1.505 0.076 0.076 -1.119 1.257 1.257 no 5419 5743 5546 28 226 5415.000 5712.000 5561.020 26.895 222.642 0.0510 0.032 0.02 0.011 5423 5712 5555 31 247
Lunak 113 113 113 113 113 113 0.00831 -2.08040 0.02680 0.37687 5054 5062 5058.63000 113 0.310 0.310 -0.509 2.421 2.421 0.778 0.778 -0.109 4.052 4.052 no 4912 5614 5143 25 216 5049.000 5683.000 5228.480 36.957 275.629 0.189 0.1840 0.222 0.42 0.246 5049 5780 5317 38 284
Ngojumba 114 114 114 114 114 Absent 0.04818 -1.31713 0.03984 0.99237 5169 5208 5186.20000 114 1.209 1.209 0.083 4.701 4.701 1.284 1.284 0.109 6.063 6.063 no 5168 5908 5447 26 123 5168.000 5886.000 5441.320 25.866 119.595 0.42431 -0.37231673 0.350896789 0.742 0.6010 0.726 0.82 0.824 5169 5727 5358 27 126
Ngojumba 115 115 115 115 115 115 0.02038 -1.69080 0.04106 0.55890 5250 5302 5272.75000 115 0.496 0.496 -0.304 3.162 3.162 0.637 0.637 -0.196 3.380 3.380 no 5211 5687 5437 23 164 5232.000 5652.000 5470.150 23.802 166.845 0.20746 -0.68306563 0.417984076 0.306 0.1910 0.314 0.32 0.364 5217 5569 5340 24 180
Ngojumba 118 118 118 118 118 118 0.14388 -0.84200 0.04348 3.37573 5136 5187 5152.23000 118 1.776 3.309 0.520 7.430 21.448 2.024 4.173 0.620 10.041 24.311 yes 85, 89, 2033, 2034 5170 5582 5333 19 135 5186.006 5559.895 5338.504 19.397 133.034 0.90318 -0.04422569 0.272946967 0.722 0.7350 0.779 1.43 0.927 5131 5586 5292 21 145
Ngojumba 119 119 119 119 119 Absent 0.02520 -1.59860 0.02821 0.62799 5343 5360 5352.97000 119 0.893 0.893 -0.049 3.998 3.998 0.776 0.776 -0.110 3.991 3.991 no 5343 6029 5621 28 127 5343.000 6047.000 5628.850 28.813 119.497 0.16938 -0.77113787 0.18961293 0.344 0.3440 0.322 0.39 0.425 5343 5988 5526 25 131
Ngojumba 120 120 120 120 120 120 0.02434 -1.61368 0.02889 0.75132 5201 5252 5222.13000 120 0.842 0.842 -0.074 4.106 4.106 0.862 0.862 -0.065 4.328 4.328 no 5201 6013 5454 31 281 5201.000 6000.000 5425.130 30.717 280.774 0.27793 -0.55606457 0.329907045 0.277 0.3110 0.581 0.64 0.552 5201 6003 5471 32 265
Thyanmoche 121 121 121 121 121 121 0.02461 -1.60889 0.00964 0.60860 5144 5184 5160.67000 121 2.554 2.554 0.407 6.750 6.750 2.515 2.515 0.401 6.595 6.595 no 5144 6182 5566 28 121 5144.000 6182.000 5617.240 28.326 123.356 1.37618 0.138675242 0.53881076 1.503 1.4840 1.606 1.63 1.499 5144 6136 5545 34 114
Thyanmoche 122 122 122 122 122 Absent 0.01041 -1.98255 0.00675 0.46485 5084 5096 5090.75000 122 1.542 1.542 0.188 5.570 5.570 1.636 1.636 0.214 5.814 5.814 no 5074 6011 5497 27 145 5074.000 6001.000 5497.580 27.525 145.382 0.90451 -0.04358663 0.58654625 1.089 0.9500 1.298 1.25 1.275 5074 5995 5378 34 136
Thyanmoche 123 123 123 123 123 123 0.01692 -1.77160 0.00372 0.48221 5020 5046 5033.53000 123 0.451 4.547 0.658 3.531 15.852 0.623 2.473 0.393 4.927 14.005 yes 121,122, 124, 125, 126 5070 5796 5395 26 154 5107.078 6042.422 5533.393 27.412 130.903 2.33557 0.368392888 0.513674592 1.143 0.9580 1.334 1.32 1.589 5009 5995 5269 27 159
Thyanmoche 124 124 124 124 124 124 0.00406 -2.39147 0.01442 0.27022 5227 5251 5240.33000 124 0.281 0.281 -0.551 2.259 2.259 0.156 0.156 -0.806 1.832 1.832 no 5222 5398 5290 17 194 5091.000 5392.000 5236.750 23.648 213.098 0.011 0.008 0.03 0.068 5222 5386 5288 17 200
Thyanmoche 125 125 125 125 125 125 0.00201 -2.69680 0.03830 0.17247 5213 5228 5219.75000 125 0.052 0.052 -1.280 1.162 1.162 0.046 0.046 -1.342 0.913 0.913 no 5209 5269 5233 19 136 5218.000 5310.000 5263.040 17.904 164.232 5209 5269 5233 19 136
Thyanmoche 126 126 126 126 126 126 0.00305 -2.51570 0.18666 0.20939 5208 5221 5213.50000 126 0.016 0.016 -1.787 0.517 0.517 0.012 0.012 -1.932 0.519 0.519 no 5182 5227 5204 16 126 5203.000 5244.000 5225.190 17.747 133.848 5182 5227 5204 16 126
Ngojumba 127 127 127 127 127 127 0.00224 -2.64975 0.00247 0.17492 5172 5181 5176.00000 127 0.909 0.909 -0.042 4.012 4.012 0.701 0.701 -0.155 4.196 4.196 no 5163 5524 5284 22 182 5111.000 5663.000 5276.030 24.158 193.713 5163 5524 5284 22 182
Thyanmoche 128 128a 128a 128a 128a 128a 0.02800 -1.55284 0.00646 0.97409 4858 4904 4882.63000 128a 2.758 4.332 0.637 7.149 14.202 2.468 3.919 0.593 6.875 14.469 yes 129, 130 4969 5555 5216 24 169 4954.792 5542.010 5194.084 23.963 182.782 0.030 0.0000 0.077 0.59 0.010 4858 5557 5167 24 182
Thyanmoche 128 128b 128b 128b 128b 128b 128b 0.362 4.281 0.632 3.677 18.146 yes 128a, 129, 130 5019 5557 5238 24 164 0.030 0.0000 0.077 0.59 0.010 5019 5557 5237 24 164
Thyanmoche 129 129 129 129 129 129 0.06248 -1.20426 0.03970 1.02748 5090 5129 5113.95000 129 1.327 1.574 0.197 4.927 7.053 1.246 1.451 0.162 5.337 7.594 yes 130 5113 5649 5328 25 154 5124.429 5556.049 5320.732 24.859 190.765 0.01226 -1.91150953 0.007790352 0.029 0.0000 0.045 0.43 0.008 5088 5658 5301 25 197
Thyanmoche 130 130 130 130 130 130 0.00638 -2.19518 0.02582 0.31315 5326 5369 5343.00000 130 0.247 0.247 -0.607 2.127 2.127 0.205 0.205 -0.688 2.257 2.257 no 5320 5655 5450 28 172 5320.000 5712.000 5497.420 28.734 167.567 0.001 0.032 0.16 0.002 5320 5658 5450 27 171
Ngojumba 131 131 131 131 131 Absent 0.03638 -1.43914 0.03225 0.84786 5139 5175 5156.00000 131 1.128 1.128 0.052 4.435 4.435 1.160 1.160 0.065 5.169 5.169 no 5137 5779 5377 25 109 5138.000 5789.000 5406.350 26.409 98.208 0.33116 -0.47996213 0.29360943 0.416 0.4060 0.422 0.39 0.492 5137 5779 5349 25 106
Ngojumba 132 132 132 132 132 132 0.01485 -1.82827 0.01978 0.49651 5135 5155 5147.82000 132 0.751 0.751 -0.125 3.542 3.542 0.665 1.825 0.261 4.198 9.367 yes 131 5136 5684 5347 25 126 5135.000 5490.000 5292.910 23.490 159.234 0.416 0.4060 0.422 0.39 0.492 5135 5779 5316 24 131
Thyanmoche Absent 133 133 Absent 133 Absent 133 2.052 2.052 0.312 6.715 6.715 2.088 2.088 0.320 6.918 6.918 no 4706 5799 5148 30 243 4724.000 5728.000 5125.290 32.910 265.730 0.27069 -0.56752779 0.131930763 0.269 0.2470 0.410 0.15 0.294 4731 5769 5127 34 266
Ngojumba 134 134 134 134 134 134 0.00433 -2.36351 0.01709 0.24984 5131 5152 5143.40000 134 0.253 0.253 -0.596 2.072 2.072 0.256 0.256 -0.591 2.170 2.170 no 5125 5450 5276 29 184 5125.000 5433.000 5254.560 26.783 176.535 5125 5450 5276 29 184
Thyanmoche 135 135 135 135 135 135 0.00112 -2.95078 0.00903 0.13998 4773 4773 4773.00000 135 0.124 0.124 -0.906 1.403 1.403 0.216 0.216 -0.665 1.777 1.777 no 4747 4892 4820 16 184 4759.000 4890.000 4843.540 17.002 155.677 4747 4892 4820 16 184
Thyanmoche 136 136 136 136 136 136 0.39205 -0.40666 0.06111 3.00608 4348 4409 4368.20000 136 6.416 6.416 0.807 11.274 11.274 8.263 8.263 0.917 12.716 12.716 no 4348 6798 5378 38 112 4348.000 6816.000 5361.660 39.230 113.764 2.41459 0.382843398 0.376366651 2.696 2.6440 3.228 3.65 5.346 4348 6782 5235 36 124
Thyanmoche 137 137 137 137 137 137 0.01584 -1.80024 0.02400 0.45818 4466 4491 4473.53000 137 0.660 0.660 -0.180 3.381 3.381 0.342 0.342 -0.466 2.598 2.598 no 4456 5269 4714 30 83 4458.000 5212.000 4759.890 30.399 72.360 4456 5269 4714 30 83
Thame_khola 138 138 138 138 138 138 0.03657 -1.43688 0.00502 0.94918 4737 4776 4752.55000 138 3.258 7.279 0.862 12.590 37.404 5.205 7.971 0.902 13.558 26.730 yes 139, 2015, 2035, 2063, 3009 5010 6330 5537 37 148 4861.813 6389.845 5533.117 36.061 146.197 2.91092 0.46403027 0.399902256 2.940 2.5920 4.799 4.46 4.734 4731 6819 5503 38 160
Thame_khola 139 139 139 139 139 139 0.04026 -1.39513 0.06941 0.79898 4749 4787 4762.49000 139 0.580 0.580 -0.237 3.784 3.784 0.953 0.953 -0.021 4.275 4.275 no 4749 5677 5101 34 105 4741.000 5594.000 5011.720 29.571 75.375 0.00759 -2.11975822 0.013085327 0.036 0.0280 0.070 0.03 0.249 4749 5655 5072 34 104
Thame_khola 140 140 140 140 140 140 0.04732 -1.32496 0.01269 1.04765 4779 4817 4797.76000 140 3.729 3.729 0.572 8.852 8.852 3.160 3.160 0.500 8.819 8.819 no 4778 6613 5551 36 89 4772.000 6582.000 5505.780 35.386 95.863 1.4984 0.175627764 0.401821832 1.412 1.5090 1.620 2.41 2.428 4775 6592 5673 41 85
Ngojumba 141 141 141 141 141 141 0.02258 -1.64628 0.01664 0.65399 5316 5343 5326.40000 141 1.154 1.357 0.133 5.146 7.204 1.314 1.314 0.119 5.277 5.277 yes 3013 5315 5988 5496 27 153 5328.020 5866.952 5508.806 26.788 152.122 0.03893 -1.4097156 0.028687858 0.067 0.0140 0.305 0.33 0.467 5310 5858 5484 27 152
Ngojumba 142 142 142 142 142 142 0.00527 -2.27819 0.00191 0.27080 5167 5200 5182.00000 142 1.399 2.756 0.440 5.367 12.571 1.324 1.324 0.122 5.219 5.219 yes 141, 3013 5157 5827 5407 28 202 5244.762 5845.657 5458.560 26.749 174.993 0.27146 -0.56629416 0.098498511 0.198 0.2350 0.257 0.40 0.769 5157 5827 5400 28 193
Ngojumba Absent 143 143 Absent 143 143 143 0.917 3.673 0.565 4.090 16.661 0.952 2.277 0.357 4.404 9.623 yes 141, 142, 3013 5132 5780 5336 26 200 5207.859 5813.026 5404.498 26.234 181.127 0.27146 -0.56629416 0.07389908 0.198 0.2460 0.266 0.44 0.975 5097 5827 5321 26 194
Khumche_himal 144 144 144 144 144 Absent 0.01224 -1.91222 0.00239 0.45481 4885 4919 4899.25000 144 5.068 5.121 0.709 10.101 16.184 7.467 7.467 0.873 12.756 12.756 yes 3006 4885 5868 5300 27 159 4990.627 5838.157 5309.754 27.585 160.593 1.78277 0.251095317 0.34814353 1.715 1.6360 2.025 2.19 2.032 4885 5868 5251 30 170
Ngojumba Absent 145 145 145 145 145 145 0.317 2.626 0.419 2.712 13.091 4.353 11.470 1.060 10.765 12.765 yes 71, 141, 142, 143, 146, 2014, 3013 5017 5697 5233 24 198 4907.626 5538.363 5133.685 27.384 242.124 0.35358 -0.45151231 0.134629993 0.595 0.6340 0.948 1.24 1.846 4858 5858 5209 24 199
Khumbu 150 150 150 150 150 150 0.02508 -1.60067 0.02364 0.88271 5073 5123 5101.00000 150 1.061 1.061 0.026 4.119 4.119 0.992 0.992 -0.003 4.728 4.728 no 5073 6090 5504 39 212 5073.000 6088.000 5491.250 37.502 207.984 0.538 0.50 0.437 5073 6100 5510 39 211
Khumbu 151 151 151 151 151 151 0.00291 -2.53611 0.04785 0.21814 5050 5052 5050.67000 151 0.061 0.061 -1.216 1.172 1.172 0.099 0.099 -1.004 1.483 1.483 no 5039 5337 5152 29 264 5036.000 5197.000 5098.240 21.801 250.408 5039 5337 5152 29 264
Khumbu Absent 152 152 152 152 Absent 152 0.211 1.205 0.081 3.100 6.935 0.210 1.165 0.066 2.457 6.940 yes 1213 4913 5560 5139 31 143 4913.687 5691.687 5193.711 31.710 136.058 0.00627 -2.20273246 0.00520173 0.015 0.0150 0.103 0.02 4887 5657 5132 31 142
Khumbu Absent 154 154 154 154 Absent 154 0.184 0.184 -0.736 1.753 1.753 0.186 0.186 -0.731 2.139 2.139 no 5044 5191 5128 19 205 5059.000 5232.000 5141.100 19.683 184.247 0.0000 0.000 0.015 5055 5196 5131 19 208
Pheriche 155 155 155 155 155 Absent 0.00034 -3.46852 0.00128 0.07058 5470 5470 5470.00000 155 0.265 0.265 -0.576 2.519 2.519 0.294 0.294 -0.532 2.428 2.428 no 5448 5722 5601 23 159 5457.000 5728.000 5619.290 28.168 181.668 0.07523 -1.12360894 0.283368062 0.088 0.0880 0.109 0.09 0.210 5460 5722 5589 26 167
Ngojumba Absent 156 156 156 156 Absent 156 0.372 0.372 -0.430 2.399 2.399 0.351 0.351 -0.455 2.195 2.195 no 5094 5311 5195 28 134 5107.000 5436.000 5255.510 27.765 161.901 5094 5311 5195 28 134
Thyanboche 157 157 157 157 157 157 0.00377 -2.42366 0.01299 0.22838 5164 5169 5166.00000 157 0.290 0.290 -0.537 2.442 2.442 0.458 0.998 -0.001 3.177 5.976 yes 2008 5177 6036 5550 38 172 5173.000 5671.000 5327.810 27.565 162.073 0.328 0.2870 0.506 0.25 0.402 5151 5957 5347 33 167
Thyanboche Absent 158 158 Absent 158 Absent 158 0.040 0.040 -1.394 1.131 1.131 0.035 0.706 -0.151 0.984 5.323 yes 34 4956 5688 5237 24 239 4857.000 4931.000 4888.750 18.084 270.200 4956 5688 5237 24 239
Pheriche 161 161 161 161 161 161 1.23899 0.09307 0.02811 5.67708 4980 5136 5009.41000 161 40.816 44.082 1.644 43.281 57.922 yes 55, 63, 62, 51, 54 4988.525 7851.413 5649.696 31.456 196.648 22.97135 1.361186519 0.521099847

Ngojumba 1007 1007 1007 1007 1007 1007 0.01902 -1.72079 0.00917 0.61241 4873 4904 4884.56000 1007 2.073 2.073 0.317 6.227 6.227 2.240 2.240 0.350 6.665 6.665 no 4872 6287 5436 37 256 4851.000 6229.000 5341.720 36.355 266.827 0.00239 -2.6216021 0.006 0.93 1.299 4873 6287 5457 37 258
Pheriche 1014 1014 1014 1014 1014 1014 0.00199 -2.70115 0.00059 0.18578 4954 4955 4954.50000 1014 0.383 3.350 0.525 3.005 18.756 0.529 3.972 0.599 3.527 5.219 yes 43, 44, 2004, 2005 5057 5979 5449 27 274 5028.714 5956.462 5413.561 27.619 265.515 2.2629 0.354665362 0.675482458 3.010 3.2680 3.333 4.11 3.868 4942 6194 5198 24 241
Chhule 1028 1028 1028 1028 Absent 1028 0.00432 -2.36452 0.02364 0.29007 5055 5059 5057.25000 1028 0.183 0.183 -0.738 2.339 2.339 0.710 2.346 0.370 6.863 16.376 yes 93, 94, 95 5136 5523 5288 24 114 5031.000 5364.000 5118.730 25.922 168.509 0.358 0.2180 0.461 0.36 0.000 5035 5576 5263 24 127
Lunak 1030 1030 1030 1030 Absent 1030 0.02571 -1.58990 0.01345 0.86741 5112 5140 5132.23000 1030 4.407 1.912 0.281 12.776 16.904 2.474 2.474 0.393 7.241 7.241 yes 111 4973 5804 5328 22 198 5126.021 5793.134 5358.391 21.529 196.851 0.08655 -1.06273293 0.045270194 0.051 0.4370 0.530 1.22 0.901 5108 5743 5348 24 230
Khumbu Absent 1032 1032 1032 1032 1032 1032 1.348 1.348 0.130 4.789 4.789 1.218 1.218 0.085 4.839 4.839 no 5083 5940 5393 34 227 5024.000 6020.000 5376.230 33.293 222.417 0.00301 -2.5214335 0.002232575 0.012 0.0120 0.108 0.15 0.526 5085 5940 5397 34 226
Khumbu 1213 1213 1213 1213 1213 Absent 0.00379 -2.42136 0.00381 0.22471 4920 4925 4922.33000 1213 0.994 0.994 -0.003 3.834 3.834 0.955 0.955 -0.020 4.483 4.483 no 4920 5665 5183 33 134 4920.000 5809.000 5245.730 34.387 129.697 0.00627 -2.20273246 0.006307848 0.015 0.0150 0.103 0.02 4920 5657 5174 34 133
Pheriche 2001 2001 2001 2001 Absent Absent 0.00620 -2.20761 0.01109 0.31996 5352 5389 5367.86000 2001 0.559 0.559 -0.252 3.174 3.174 0.226 0.226 -0.646 2.291 2.291 no 5346 5761 5498 25 108 5345.000 5697.000 5523.460 28.293 105.269 0.00968 -2.01412464 0.017311114 0.108 5349 5659 5503 32 92
Pheriche 2002 2002 2002 2002 Absent Absent 0.03210 -1.49349 1.10697 5004 5019 5011.22000 2002
Pheriche 2003 (in 161)2003 (in 161) 2003 2003 Absent Absent 2003
Pheriche 2004 2004 2004 2004 Absent Absent 0.00488 -2.31158 0.00513 0.31425 5086 5097 5091.20000 2004 0.951 0.951 -0.022 5.305 5.305 0.039 1.097 0.040 1.003 5.447 yes 43 5111 6148 5533 33 263 5032.000 6057.000 5505.780 28.688 285.054 0.84568 -0.07279394 0.889261582 0.741 0.7710 0.815 0.95 0.992 5094 6183 5301 27 227
Pheriche 2005 2005 2005 2005 Absent Absent 0.00500 -2.30103 0.01200 0.26613 5101 5117 5110.29000 2005 0.417 0.417 -0.380 3.056 3.056 0.469 0.469 -0.329 3.022 3.022 no 5125 5601 5363 22 298 5096.000 5561.000 5310.810 22.239 282.627 0.29715 -0.52702427 0.713236057 0.367 0.4400 0.448 0.47 0.468 5129 5302 5206 27 302
Lunak 2007 2007 2007 2007 Absent Absent 0.00074 -3.13077 0.00365 0.10772 5217 5217 5217.00000 2007 0.203 0.203 -0.693 1.760 1.760 0.325 0.325 -0.489 2.461 2.461 no 5206 5483 5329 25 141 5201.000 5444.000 5296.510 26.944 199.016 0.162 5206 5486 5325 25 140
Thyanboche 2008 2008 2008 2008 Absent Absent 0.00521 -2.28316 0.00966 0.27440 5202 5260 5230.71000 2008 0.540 0.540 -0.268 3.065 3.065 0.540 0.540 -0.268 2.799 2.799 no 5199 6433 5783 48 182 5189.000 6442.000 5796.900 46.966 190.879 0.18637 -0.72962399 0.345414357 0.322 0.2840 0.466 0.25 0.362 5196 5957 5507 49 183
Ngojumba 2010 2010 2010 2010 2010 Absent 0.00240 -2.61979 0.00187 0.21264 4893 4900 4896.00000 2010 0.151 1.286 0.109 1.897 8.124 0.084 0.084 -1.076 1.198 1.198 yes 1007 4891 5417 5131 25 234 4852.355 6153.725 5314.202 35.165 263.979 0.04 4881 4996 4922 16 196
Ngojumba Supra 2011 2011 2011 2011 Absent 0.00181 -2.74232 0.16364 4690 4694 4691.67000 2011
Ngojumba Supra 2012 2012 2012 Absent Absent 2012
Ngojumba Supra 2013 2013 2013 Absent Absent 2013
Ngojumba 2014 2014 2014 2014 Absent Absent 0.00311 -2.50724 0.01295 0.23383 5294 5299 5296.25000 2014 0.240 0.240 -0.620 2.056 2.056 0.279 0.279 -0.555 2.046 2.046 no 5089 5537 5294 18 144 5291.000 5481.000 5358.860 19.527 151.127 5291 5463 5343 17 140
Thame_khola 2015 2015 2015 2015 Absent Absent 0.02573 -1.58956 0.02668 0.85136 4898 4970 4924.45000 2015 2.300 0.964 -0.016 10.180 14.410 1.500 2.553 0.407 7.041 11.316 yes 2063 4941 6171 5503 37 110 4902.034 6176.978 5508.681 35.635 109.525 1.66382 0.22110634 1.725087428 1.381 1.1270 1.545 1.59 1.535 4897 6166 5314 39 127
Lunak Supra 2016 2016 Absent Absent Absent 2016
Lunak Supra 2018 2018 2018 2018 Absent 2018
Lunak Supra 2019 2019 2019 2019 Absent 2019
Lunak Supra 2020 2020 Absent Absent Absent 2020
Lunak Supra 2021 2021 Absent Absent Absent 2021
Lunak 2022 2022 2022 2022 Absent Absent 0.00239 -2.62160 0.01147 0.19040 5281 5285 5283.00000 2022 0.208 0.208 -0.681 1.865 1.865 0.266 0.266 -0.575 2.077 2.077 no 5281 5668 545 33 197 5276.000 5671.000 5463.750 32.989 189.353 0.0310 0.122 0.058 5281 5671 5462 33 197
Lunak Absent 2023 2023 2023 Absent Absent 2023 0.142 0.142 -0.848 1.524 1.524 0.102 0.102 -0.993 1.272 1.272 no 5454 5606 5521 29 118 5384.000 5661.000 5482.900 30.666 246.656 0.03295 -1.48214458 0.232044522 0.032 0.024 0.017 5454 5606 5521 27 119
Lunak 2024 2024 2024 2024 Absent Absent 0.00252 -2.59860 0.02344 0.19764 5351 5377 5363.67000 2024 0.107 0.107 -0.969 1.481 1.481 0.092 0.092 -1.038 1.286 1.286 no 5469 5678 5588 30 131 5320.000 5500.000 5403.060 25.146 104.924 0.000 0.0030 0.059 0.045 5345 5477 5407 22 113
Lunak 2025 2025 2025 2025 Absent Absent 0.00108 -2.96658 0.00937 0.12719 5526 5528 5527.00000 2025 0.115 0.115 -0.938 1.250 1.250 0.101 0.101 -0.995 1.251 1.251 no 5605 5660 5633 17 155 5526.000 5698.000 5611.430 27.647 111.133 0.04789 -1.31975516 0.415284505 0.047 0.0020 0.055 0.007 5526 5703 5634 24 153
Ngojumba Absent 2026 2026 2026 Absent Absent 2026 0.157 0.157 -0.804 1.647 1.647 0.025 0.025 -1.600 0.618 0.618 no 5337 5444 5393 17 141 5286.000 5466.000 5367.890 17.647 147.822 0.0035 -2.45593196 0.022280159 0.00 5328 5392 5364 17 158
Ngojumba 2027 2027 2027 2027 Absent Absent 0.00063 -3.20066 0.02141 0.09315 5290 5290 5290.00000 2027 0.029 0.029 -1.531 0.799 0.799 0.029 0.029 -1.544 0.708 0.708 no 5307 5358 5329 19 174 5280.000 5325.000 5297.800 12.804 153.493 5307 5358 5329 19 174
Ngojumba 2028 2028 2028 2028 Absent Absent 0.00189 -2.72354 0.01161 0.16298 5348 5352 5350.00000 2028 0.163 0.163 -0.788 1.750 1.750 0.083 0.083 -1.081 1.241 1.241 no 5433 5611 5506 31 120 5342.000 5685.000 5503.230 27.257 118.625 0.01471 -1.83238733 0.090386831 0.004 0.0000 0.012 0.02 0.083 5342 5563 5437 31 131
Ngojumba 2029 2029 2029 Absent Absent Absent 0.00212 -2.67366 0.00455 0.19969 5231 5242 5234.67000 2029 0.166 0.466 -0.331 1.798 5.279 0.026 0.324 -0.489 0.994 3.335 yes 80, 2028, 2030 5221 5682 5402 28 181 5316.409 5617.725 5466.568 25.716 139.495 0.07304 -1.13643924 0.15663552 0.002 0.0010 0.009 0.05 0.006 5224 5700 5376 32 206
Ngojumba 2030 2030 2030 Absent Absent Absent 0.00326 -2.48678 0.02365 0.22553 5365 5377 5371.00000 2030 0.138 0.138 -0.861 1.732 1.732 0.679 0.679 -0.168 0.552 0.552 no 5422 5555 5477 33 145 5360.000 5687.000 5519.490 28.077 156.573 0.05833 -1.23410802 0.423073205 0.014 0.019 0.03 0.009 5350 5397 5368 17 99
Lunak 2031 2031 2031 2031 Absent Absent 0.00592 -2.22768 0.06158 0.32639 5436 5476 5454.57000 2031 0.096 0.096 -1.017 1.463 1.463 0.086 0.086 -1.066 1.502 1.502 no 5431 5739 5572 29 226 5431.000 5743.000 5583.120 29.967 221.676 0.0170 0.065 0.08 0.045 5431 5746 5583 30 228
Ngojumba Absent 2032 2032 2032 Absent Absent 2032 0.599 0.599 -0.222 3.171 3.171 0.223 0.223 -0.652 2.011 2.011 no 5191 5466 5316 27 200 5187.000 5585.000 5347.310 25.078 151.109 5191 5466 5316 27 200
Ngojumba 2033 2033 2033 2033 2033 Absent 0.02762 -1.55878 0.02585 0.73232 5208 5229 5218.31000 2033 1.069 1.069 0.029 4.830 4.830 0.864 0.864 -0.063 3.744 3.744 no 5215 5583 5433 21 123 5208.000 5604.000 5436.350 18.333 125.070 0.49076 -0.30913084 0.459240457 0.296 0.3600 0.377 0.60 0.537 5215 5583 5423 24 140
Ngojumba 2034 2034 2034 2034 Absent Absent 0.01415 -1.84924 0.05403 0.52591 5297 5346 5323.24000 2034 0.262 0.262 -0.582 2.319 2.319 0.232 0.232 -0.635 2.135 2.135 no 5322 5551 5404 18 100 5300.000 5569.000 5405.440 20.634 122.207 0.10951 -0.96054622 0.418127093 0.133 0.0640 0.150 0.14 0.050 5315 5543 5420 26 99
Thame_khola 2035 2035 2035 2035 Absent Absent 0.00435 -2.36151 0.01070 0.25190 5087 5104 5095.50000 2035 0.406 0.406 -0.391 2.490 2.490 2.591 2.591 0.413 8.805 8.805 no 4962 5709 5213 26 165 5080.000 5552.000 5306.370 29.610 171.937 0.11165 -0.95214127 0.274700627 0.052 0.0400 0.053 0.060 4962 5706 5199 25 160
Ngojumba Absent 2036 2036 Absent Absent Absent 2036 2.368 2.368 0.374 6.452 6.452 2.502 2.502 0.398 6.515 6.515 no 5225 6380 5562 25 122 5218.000 6284.000 5559.010 24.634 122.412 1.71626 0.234583081 0.72478057 1.718 1.4450 1.747 2.32 1.139 5225 5992 5414 20 131
Lunak Supra 2037 2037 Absent Absent 2037
Lunak Supra 2038 2038 2038 Absent Absent 2038
Lunak Supra 2039 Absent Absent Absent 2039
Lunak Supra 2040 Absent Absent Absent 2040
Ngojumba Supra 2041 2041 2041 2041 Absent 2041
Khumbu 2627 2627 2627 2627 2627 2627 0.01147 -1.94044 0.01517 0.57291 5048 5081 5059.77000 2627 0.756 0.756 -0.121 3.872 3.872 0.947 0.947 -0.024 4.196 4.196 no 5035 6429 5360 34 104 5035.000 6178.000 5307.310 34.532 93.650 0.21041 -0.67693362 0.278259198 0.524 0.5000 0.571 0.58 0.462 5035 6189 5430 42 81
Lunak 1089 108/109 108/109 108/109 108/109 108/109 0.04838 -1.31533 0.00560 1.18046 5038 5078 5056.38000 108/109 1.974 8.637 0.936 9.416 34.919 3.832 8.418 0.925 17.009 37.067 yes 108, 109, 110, 111, 112, 1030, 2031 5026 5814 5336 23 206 5102.133 5804.885 5327.525 23.545 207.135 0.65042 -0.18680611 0.075309951 0.748 1.5660 1.658 3.36 2.540 4977 5837 5322 23 208
Chhule Absent Absent Absent Absent Absent 1029 1029 0.203 0.866 -0.062 2.004 5.196 yes 93 5221.969 5516.229 5335.828 21.687 116.852 0.01113 -1.95350484 0.012847263
Khumche_himal Absent Absent Absent Absent Absent 1017 1017 0.286 5.307 0.725 2.729 18.913 yes 144, 3006 4986.974 5823.559 5302.568 27.640 160.079 1.78277 0.251095317 0.33593498
Khumbu Absent 7 7 7 Absent 7 7 0.306 0.306 -0.514 2.406 2.406 0.307 0.307 -0.512 2.545 2.545 no 5257 5575 5399 24 239 5250.000 5526.000 5366.710 21.947 232.210 0.0002 -3.69897 0.000653207 5269 5575 5406 24 240
Khumbu Absent Absent Absent Absent 149 149 149 0.495 4.333 0.637 3.438 14.390 yes 150, 1005 5086.465 6007.627 5479.971 29.035 177.241 0.79222 -0.1011542 0.182819455
Khumbu Absent (supra)Absent Absent Absent 153 Absent 153 0.110 0.110 -0.958 1.310 1.310 5370.000 5557.000 5473.720 35.819 142.209
Khumbu Absent (in 7) Absent Absent Absent Absent 1002 1002 0.306 0.306 -0.514 2.406 2.406
Khumbu Supra Absent Absent Absent Absent 1003 1003
Khumbu Supra Absent Absent Absent Absent 1004 1004
Khumbu Absent Absent Absent Absent Absent 1005 1005 2.777 2.777 0.444 6.833 6.833 5099.000 6102.000 5540.000 28.013 171.391 0.79222 -0.1011542 0.28525051
Khumbu Absent Absent Absent Absent Absent 1006 1006 5.648 5.991 0.778 10.912 14.445 yes 66, 70 4668.175 5639.089 5141.317 26.019 127.569 0.55001 -0.25962941 0.091804757
Khumbu Absent Absent Absent Absent Absent 1011 1011 1.763 1.763 0.246 5.438 5.438 4881.000 5673.000 5240.680 31.851 204.077
Lunak Absent Absent Absent Absent 100 Absent 100 0.298 0.298 -0.526 2.116 2.116 5236.000 5482.000 5329.350 19.490 132.918
Lunak Absent Absent Absent Absent 107 Absent 107 1.070 1.070 0.030 4.186 4.186 4917.000 5603.000 5191.220 27.693 236.468 0.16092 -0.79338998 0.15034885
Lunak Absent (in 1026)Absent Absent Absent Absent 1025 1025 0.726 0.726 -0.139 3.568 3.568
Lunak Absent Absent Absent Absent Absent 1026 1026 0.726 0.726 -0.139 3.568 3.568 5260.000 5787.000 5497.180 29.860 226.360 0.15006 -0.82373506 0.206557257
Lunak Absent Absent Absent Absent Absent 1027 1027 0.327 0.327 -0.485 2.593 2.593 5095.000 5408.000 5206.850 26.751 266.326
Lunak Absent (in 1030)Absent Absent Absent Absent 1031 1031 4.407 4.407 0.644 12.776 12.776
Ngojumba Absent Absent Absent Absent Absent 1016 1016 4.106 4.106 0.613 8.170 8.170 4876.000 6411.000 5409.660 34.300 192.840 1.01828 0.007867214 0.248007207
Ngojumba Absent Absent Absent Absent Absent 1033 1033 0.325 0.325 -0.488 2.657 2.657 4933.000 5457.000 5192.210 29.566 88.517
Ngojumba Absent Absent Absent Absent 85 Absent 85 0.714 0.714 -0.146 5.301 5.301 5195.000 5582.000 5394.180 18.283 107.262 0.30291 -0.51868639 0.424182752
Ngojumba Absent Absent Absent Absent 116 Absent 116 3.930 3.930 0.594 8.412 8.412 5084.000 5798.000 5366.020 26.182 128.985 0.5725 -0.24222451 0.145678225
Ngojumba Absent Absent Absent Absent 117 117 117 1.988 6.517 0.814 7.036 18.619 yes 116, 2032 5056.247 5712.519 5304.792 25.462 142.324 0.5725 -0.24222451 0.087841032
Ngojumba Absent Absent Absent Absent 146 146 146 1.038 2.309 0.363 5.200 10.379 yes 71 4892.759 5630.084 5151.881 29.596 244.134 0.35358 -0.45151231 0.153119338
Pheriche Absent (in 37)Absent Absent Absent Absent 1008 1008 0.491 0.491 -0.309 2.718 2.718
Pheriche Absent Absent Absent Absent Absent 1009 1009 1.046 1.871 0.272 5.494 15.033 yes 17, 19, 20, 21, 155 5304.435 5644.759 5450.445 22.587 166.650 0.08098 -1.09162223 0.043272202
Pheriche Absent Absent Absent Absent Absent 1010 1010 0.680 2.661 0.425 3.446 19.784 1009, 17, 18, 19, 20, 21, 155 5251.880 5584.862 5393.124 23.451 166.959 0.08098 -1.09162223 0.030434048
Pheriche Absent Absent Absent Absent Absent 1012 1012 0.175 0.175 -0.757 2.083 2.083 4961.000 5355.000 5111.310 28.791 222.085
Pheriche Absent Absent Absent Absent Absent 1013 1013 0.681 0.681 -0.167 3.502 3.502 4965.000 5511.000 5187.750 28.247 168.153
Pheriche Absent Absent Absent Absent 36 36 36 0.180 0.180 -0.744 1.627 1.627 5538.000 5790.000 5657.390 28.547 135.435
Pheriche Absent Absent Absent Absent 51 Absent 51 0.586 0.586 -0.232 3.135 3.135 5225.000 6175.000 5688.820 40.345 132.279 0.11534 -0.93802005 0.196919101
Pheriche Absent Absent Absent Absent 63 Absent 63 0.033 0.033 -1.482 0.755 0.755 5136.000 5231.000 5191.710 19.979 277.608
Pheriche Absent Absent Absent Absent 160 160 160 2.600 2.600 0.415 7.299 7.299 4991.000 6059.000 5307.830 29.099 201.262 0.15782 -0.80183796 0.060689446
Thyanboche Absent Absent Absent Absent Absent 1015 1015 0.190 1.020 0.008 2.227 7.735 yes 157, 2008 5174.385 6003.848 5550.783 35.561 177.280 0.18637 -0.72962399 0.182758633
Thyanmoche Absent Absent Absent Absent Absent 1018 1018 0.186 0.186 -0.730 1.729 1.729 5111.000 5427.000 5249.690 28.468 249.892 0.0005 -3.30103 0.002686731
Thyanmoche Absent Absent Absent Absent Absent 1019 1019 0.053 0.053 -1.280 0.930 0.930 4993.000 5155.000 5056.240 25.954 257.579
Thyanmoche 1020 Absent Absent Absent Absent 1020 0.00143 -2.84466 0.00167 0.14894 4395 4395 4395.00000 1020 0.856 0.856 -0.067 4.848 4.848 4386.000 5273.000 4682.950 26.753 128.183
Thyanmoche Absent Absent Absent Absent Absent 1021 1021 0.138 0.138 -0.859 1.630 1.630 4697.000 4864.000 4767.240 19.010 126.955
Thyanmoche Absent Absent Absent Absent Absent 1022 1022 8.002 6.069 0.783 18.929 45.853 yes 121, 122, 123, 124, 1024, 3012 4742.824 6094.779 5288.142 27.224 146.111 4.39581 0.643038913 0.72427158
Thyanmoche Absent Absent Absent Absent Absent 1023 1023 0.311 0.311 -0.507 2.364 2.364 4857.000 5179.000 4993.140 22.076 134.700
Thyanmoche Absent Absent Absent Absent Absent 1024 1024 1.906 2.256 0.353 6.027 8.814 yes 3012 5028.786 5797.670 5408.896 28.663 174.470 0.87465 -0.0581657 0.38775159
Thyanboche 46 Supra Supra Supra Supra Supra 0.01350 -1.86967 0.01324 0.47562 5349 5377 5362.94000 Supra 1.019 1.019 0.008 4.091 4.091 5332.000 6456.000 5693.870 37.034 170.296 0.25541 -0.5927621 0.250536972
Khumbu Supra 2042 2042 Absent Absent Absent 2042
Khumbu Supra 2043 2043 Absent Absent Absent 2043
Khumbu Supra 2044 2044 Absent Absent Absent 0.00103 -2.98716 0.11824 4914 4914 4914.00000 2044 0.213 0.213 -0.672 1.856 1.856 no 5140 6790 5745 40 171 0.015 0.0020 0.197 0.09 0.195 5080 5352 5215 26 159
Khumbu Supra 2045 2045 2045 Absent Absent 0.00105 -2.97881 0.13996 4897 4897 4897.00000 2045
Khumbu Supra 2046 2046 2046 Absent Absent 0.00253 -2.59688 0.20565 4926 4937 4931.25000 2046
Khumbu Supra 2047 Absent Absent Absent 2047
Khumbu Absent 2048 2048 Absent Absent Absent 2048 2.059 2.059 0.314 7.080 7.080 1.826 1.826 0.262 7.189 7.189 no 5080 5800 5410 31 248 5076.000 5895.000 5381.990 32.385 216.276 0.02495 -1.60292945 0.012116412 0.064 0.0670 0.092 0.06 0.844 5077 5927 5404 34 213
Ngojumba Supra 2049 2049 Absent Absent 2049
Ngojumba Supra 2050 2050 Absent Absent 2050
Ngojumba Supra 2051 2051 Absent Absent Absent 0.00415 -2.38195 0.24264 4690 4701 4696.25000 2051
Ngojumba Supra 2052 2052 Absent Absent Absent 0.00108 -2.96658 0.12451 4703 4703 4703.00000 2052
Ngojumba Supra 2053 Absent Absent Absent 2053
Ngojumba Supra 2054 2054 Absent Absent Absent 2054
Ngojumba Supra 2055 Absent Absent Absent 2055
Ngojumba Supra 2056 Absent Absent Absent 2056
Ngojumba Supra 2057 Absent Absent Absent 2057
Ngojumba Supra 2058 Absent Absent Absent 2058
Ngojumba Supra 2059 Absent Absent Absent 2059
Ngojumba Supra 2060 Absent Absent Absent 2060
Lunak Supra 2061 2061 Absent Absent Absent 2061
Chhule 2062 2062 2062 Absent Absent Absent 0.00451 -2.34582 0.00343 0.25209 5271 5282 5275.40000 2062 1.315 1.315 0.119 4.751 4.751 0.776 0.776 -0.110 3.642 3.642 no 5343 6600 5766 41 120 5255.000 6600.000 5744.640 38.218 136.633 0.48251 -0.31649368 0.367012467 0.287 0.2110 0.511 0.40 0.418 5335 6351 5679 42 117
Thame_khola Absent 2063 2063 Absent Absent Absent 2063 0.975 0.975 -0.011 4.230 4.230 1.053 1.053 0.022 4.275 4.275 no 4954 6166 5541 41 108 4954.000 6184.000 5575.450 39.601 103.190 0.54176 -0.26619306 0.555484423 0.535 0.4440 0.558 0.55 0.632 4954 5975 5241 40 120
Pheriche Absent (in 62) 2064 2064 Absent Absent Absent 2064 0.891 0.891 -0.050 4.065 4.065 0.774 0.774 -0.111 3.800 3.800 no 5227 6344 5717 37 277 0.467 0.2970 0.450 0.52 0.566 5218 5807 5424 31 288
Ngojumba Supra 2065 Absent Absent Absent 2065
Ngojumba Supra 2066 Absent Absent Absent 2066
Ngojumba 3000 Absent Absent Absent Absent Absent 0.00581 -2.23582 0.11808 0.29287 5297 5309 5303.29000 3000 0.049 0.049 -1.308 1.042 1.042 5297.000 5399.000 5340.710 24.422 62.594
Thyanmoche 3001 Absent Absent Absent Absent Absent 0.00531 -2.27491 0.00674 0.28757 5039 5048 5043.50000 3001 0.788 0.788 -0.104 3.809 3.809 5047.000 6129.000 5538.360 37.772 81.671 0.21096 -0.67579988 0.267741865
Ngojumba 3002 Absent Absent Absent Absent Absent 0.00250 -2.60206 0.06207 0.20319 5426 5450 5438.00000 3002 0.040 0.040 -1.395 1.119 1.119 5417.000 5496.000 5453.820 19.009 98.031
Ngojumba 3003 Absent Absent Absent Absent Absent 0.00466 -2.33161 0.00181 0.25953 5184 5190 5186.33000 3003 0.216 2.573 0.410 2.510 5.112 yes 3005 5197.126 5945.239 5433.524 29.851 205.071 0.02639 -1.57856061 0.010258378
Ngojumba 3004 Absent Absent Absent Absent Absent 0.00560 -2.25181 0.02009 0.33644 5283 5319 5300.43000 3004 0.279 0.279 -0.555 2.274 2.274 5270.000 5780.000 5512.440 33.336 161.037 0.04186 -1.37820078 0.150196575
Ngojumba 3005 Absent Absent Absent Absent Absent 0.02278 -1.64245 0.08720 0.63249 5222 5262 5244.09000 3005 0.261 0.261 -0.583 2.601 2.601 5208.000 5991.000 5496.030 32.446 208.398 0.02615 -1.58252831 0.100104543
Pheriche 3006 Absent Absent Absent Absent Absent 0.08388 -1.07634 0.03657 1.35583 5224 5283 5245.39000 3006 2.294 2.294 0.361 6.083 6.083 5224.000 6002.000 5481.080 24.653 123.434 1.13867 0.056397879 0.496405587
Chhule 3007 Absent Absent Absent Absent Absent 0.00147 -2.83268 0.02786 0.14824 5031 5033 5032.00000 3007 0.053 0.053 -1.278 0.971 0.971 5010.000 5132.000 5044.920 23.226 130.791
Thame_khola 3008 Absent Absent Absent Absent Absent 0.01707 -1.76777 0.02075 0.52096 5133 5206 5165.26000 3008 0.823 0.823 -0.085 3.890 3.890 5115.000 6064.000 5629.770 39.411 170.951 0.24105 -0.61789286 0.292957455
Thame_khola 3009 Absent Absent Absent Absent Absent 0.00161 -2.79317 0.00143 0.14866 5110 5116 5113.00000 3009 1.130 1.130 0.053 4.131 4.131 5106.000 6491.000 5690.800 42.078 201.555 0.5699 -0.24420134 0.504518556
Pheriche 3010 Absent Absent Absent Absent Absent 0.00061 -3.21467 0.00561 0.10791 5514 5514 5514.00000 3010 0.109 0.109 -0.964 1.338 1.338 5503.000 5652.000 5580.450 31.225 204.997

3011 Absent Absent Absent Absent Absent 0.00209 -2.67985 0.19189 5494 5495 5494.50000
Thyanmoche 3012 Absent Absent Absent Absent Absent 0.04974 -1.30329 0.14207 0.83177 5282 5349 5319.36000 3012 0.350 0.350 -0.456 2.788 2.788 5278.000 5736.000 5470.980 24.881 168.420 0.14296 -0.84478546 0.408338869
Ngojumba 3013 Absent Absent Absent Absent Absent 0.01495 -1.82536 0.07361 0.47240 5412 5452 5425.29000 3013 0.203 0.203 -0.692 2.058 2.058 5402.000 5861.000 5567.820 34.684 188.026 0.01945 -1.71108039 0.095772399

0.71
1963 0.0517 0.0072 0.0072 4.3945 0.46
1992 0.0539 0.0075 0.0075 4.5815
2000 0.0521 0.0073 0.0073 4.4285
2008 0.0498 0.0070 0.0070 4.233
2011 0.0486 0.0068 0.0068 4.131
2013 0.048 0.0067 0.0067 4.08
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Min elev 
2013
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2013

Mean elev 
2013 Basin code subbasin 

area 2013 basin area 2013
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Perimeter 
2013
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2013

subbasin 
area basin subbasin 
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basin 

perimeter linkage Linkage with
Morphological parameters of basin (with glaciers) Morphological parameters of basin (with glaciers)

Glacier area in basin
Morphological parameters of basin (without glaciers)

LCN '13 LCN '11 LCN '08 LCN '00 LCN '92 LCN '63 Min_elev Max_elev Mean_elev Slope Aspect Min_elev Max_elev Mean_elev Slope Aspect 2013 2011 2008 2000 1992 1962 Min_elev Max_elev Mean_elev Slope Aspect
Khumbu 1 1 1 1 1 Absent 0.00267 -2.57349 0.00393 0.26996 5377 5398 5387.50000 1 0.679 0.679 -0.168 4.079 4.079 0.730 0.730 -0.137 3.884 3.884 no 5351 6554 5799 39 139 5353.000 6873.000 5945.030 41.094 130.236 0.28438 -0.54610095 0.418672917 0.431 0.4350 0.534 0.42 0.485 5351 5869 5498 33 147
Khumbu 2 2 2 2 2 Absent 0.01162 -1.93479 0.01619 0.45417 5393 5409 5400.60000 2 0.718 0.718 -0.144 4.853 4.853 0.672 0.672 -0.173 4.541 4.541 no 5393 7057 6015 39 149 5393.000 7076.000 5938.630 35.993 153.402 0.40085 -0.39701811 0.558417949 0.519 0.5130 0.513 0.55 0.507 5393 6552 5539 27 172
Khumbu 3 3 3 3 3 3 0.10046 -0.99801 0.04971 1.40382 5261 5318 5282.42000 3 2.021 2.021 0.306 6.398 6.398 1.887 1.887 0.276 5.983 5.983 no 5248 7098 5694 35 155 5248.000 7102.000 5721.290 35.146 154.338 0.60297 -0.2197043 0.298355083 1.222 1.6310 1.632 1.42 1.203 5248 6703 5703 40 164
Khumbu 4 4 4 4 4 4 0.01287 -1.89042 0.00613 0.45272 5285 5312 5299.67000 4 0.078 2.099 0.322 1.364 7.761 0.060 1.947 0.289 1.282 7.265 yes 3 5225 7098 5588 28 164 5249.188 7036.157 5705.657 34.310 155.185 0.60297 -0.2197043 0.287275178 0.059 0.0590 0.040 0.00 0.011 5225 6703 5702 29 164
Khumbu 5 5 5 5 5 5 0.00846 -2.07263 0.01138 0.37580 5345 5356 5352.10000 5 0.419 0.744 -0.129 2.945 5.810 0.432 0.681 -0.167 3.628 6.809 yes 6 5337 6087 5581 30 197 5349.039 6048.961 5598.240 31.820 197.048 0.256 -0.59176003 0.344218083 1.281 1.6900 1.672 1.42 1.214 5337 5816 5482 26 205
Khumbu 6 6 6 6 6 6 0.00358 -2.44612 0.01101 0.22937 5399 5406 5403.00000 6 0.325 0.325 -0.488 2.866 2.866 0.249 0.249 -0.604 3.181 3.181 no 5397 5974 5557 29 208 5389.000 6009.000 5585.880 30.147 196.783 0.06823 -1.16602463 0.209852153 1.348 1.7480 1.752 1.49 1.319 5397 5653 5495 26 216
Khumbu 8 8 8 8 8 8 0.00632 -2.19928 0.00787 0.46523 5166 5172 5168.78000 8 0.803 0.803 -0.095 4.043 4.043 0.571 0.571 -0.243 3.787 3.787 no 5148 5564 5298 19 161 5148.000 5540.000 5288.600 18.362 161.528 5148 5564 5298 19 161
Khumbu 9 9 9 9 9 9 0.00490 -2.30980 0.00709 0.29275 5202 5228 5214.40000 9 0.691 0.691 -0.161 3.829 3.829 0.663 0.663 -0.178 4.021 4.021 no 5197 5892 5463 35 120 5204.000 5900.000 5502.910 35.808 116.883 0.08834 -1.05384261 0.12786586 0.115 0.1130 0.124 0.12 0.097 5191 5720 5397 37 119
Khumbu 10 10 10 10 10 10 0.01526 -1.81645 0.01492 0.54018 5018 5086 5042.16000 10 0.332 1.023 0.010 2.478 6.307 0.319 0.982 -0.008 3.373 7.394 yes 9 5018 5892 5389 35 123 5143.635 5740.974 5400.063 35.075 122.395 0.08834 -1.05384261 0.086367977 0.115 0.1130 0.124 0.12 0.097 5018 5720 5334 36 123
Khumbu 11 11 11 11 11 11 0.01648 -1.78304 0.01330 0.51644 5029 5058 5049.74000 11 1.239 1.239 0.093 4.675 4.675 1.246 1.246 0.095 4.536 4.536 no 5026 5949 5356 27 223 5023.000 5596.000 5252.320 24.486 229.423 0.04069 -1.39051231 0.032845002 0.147 0.1490 0.154 0.13 0.167 5026 5678 5257 25 226
Khumbu 14 14 14 14 14 Absent 0.00176 -2.75449 0.00484 0.15485 4889 4895 4892.00000 14 0.364 0.364 -0.439 2.993 2.993 0.299 0.299 -0.524 3.424 3.424 no 4882 5563 5087 31 159 4875.000 5629.000 5186.650 32.189 151.705 0.00602 -2.22040351 0.016556844 0.007 0.0070 0.013 0.02 0.003 4882 5524 5081 32 160
Khumbu 15 15 15 15 15 15 0.00091 -3.04096 0.00523 0.11979 5163 5163 5163.00000 15 0.174 0.174 -0.760 2.164 2.164 0.148 0.148 -0.830 2.344 2.344 no 5169 5614 5359 29 191 5161.000 5623.000 5352.390 29.938 192.932 0.00659 -2.18111459 0.03790145 0.084 0.0840 0.057 0.08 0.085 5169 5492 5287 24 193
Khumbu 16 16 16 16 16 16 0.00914 -2.03905 0.00822 0.58749 4936 4956 4947.55000 16 1.112 1.112 0.046 4.467 4.467 1.061 1.061 0.026 4.441 4.441 no 4932 5760 5312 35 263 4926.000 5752.000 5236.520 33.838 255.507 0.013 0.0130 0.024 0.007 4933 5763 5314 36 264
Pheriche 17 17 17 17 17 Absent 0.00145 -2.83863 0.00313 0.15716 5438 5441 5439.00000 17 0.198 0.464 -0.334 2.556 5.075 0.219 0.513 -0.290 2.824 5.252 yes 155 5439 5685 5556 21 165 5445.880 5679.245 5565.959 24.321 175.385 0.08098 -1.09162223 0.17457362 0.091 0.0910 0.111 0.10 0.211 5427 5722 5539 22 168
Pheriche 18 18 18 18 18 18 0.00342 -2.46597 0.03118 0.22781 5460 5470 5463.67000 18 0.110 0.110 -0.960 1.305 1.305 0.129 0.129 -0.889 1.642 1.642 no 5446 5659 5547 28 202 5439.000 5659.000 5531.230 27.725 208.275 5446 5659 5547 28 202
Pheriche 19 19 19 19 19 Absent 0.00395 -2.40340 0.00747 0.24337 5420 5430 5424.00000 19 0.065 0.529 -0.277 1.317 6.393 0.047 0.560 -0.252 1.422 6.674 yes 17, 155 5427 5722 5556 21 161 5442.452 5654.131 5551.438 23.017 177.201 0.07523 -1.12360894 0.142237074 0.179 0.179 0.22 0.19 0.421 5427 5722 5530 21 169
Pheriche 20 20 20 20 20 Absent 0.00288 -2.54061 0.00349 0.20449 5412 5428 5418.33000 20 0.060 0.826 -0.083 1.099 9.539 0.098 0.356 -0.449 1.841 3.775 yes 17, 19, 21, 155 5404 5650 5446 16 130 5435.450 5655.853 5538.266 23.930 171.595 0.07523 -1.12360894 0.09111774 0.049 5404 5650 5490 22 127
Pheriche 21 21 21 21 21 21 0.02508 -1.60067 0.10586 0.59598 5427 5500 5447.48000 21 0.237 0.237 -0.625 2.048 2.048 0.258 0.258 -0.588 1.934 1.934 no 5427 5650 5507 25 125 5427.000 5694.000 5527.810 27.099 158.320 0.049 5427 5650 5507 25 124
Khumbu 24 24 24 24 24 24 0.53381 -0.27261 0.02323 3.82709 4466 4545 4494.76000 24 9.742 22.976 1.361 18.902 61.490 15.428 22.583 1.354 27.661 57.476 yes 66, 67, 68, 70, 1006, 1005, 149, 150, 151, 1032 4466 6100 5126 28 161 4704.798 5947.500 5131.757 28.400 161.634 2.26517 0.355100801 0.098590508 1.634 1.6570 2.537 2.08 3.029 4466 6100 5036 28 163
Khumbu 28 28 28 Absent 28 Absent 0.00096 -3.01773 0.07649 0.11592 5046 5046 5046.00000 28 0.013 0.013 -1.901 0.510 0.510 0.023 0.970 -0.013 0.677 4.873 yes 2627 5035 6387 5351 34 103 5046.000 5066.000 5055.810 10.776 266.917 0.524 0.5000 0.571 0.58 0.462 5035 6189 5411 41 87
Thyanboche 29 29 29 29 29 29 0.03036 -1.51770 0.09989 0.88383 5151 5175 5163.24000 29 0.304 0.304 -0.517 2.104 2.104 0.297 0.297 -0.527 2.049 2.049 no 5142 5987 5334 31 128 5151.000 5652.000 5315.270 33.290 122.013 0.002 5151 5563 5262 30 130
Thyanboche Absent 30 30 Absent 30 30 30 0.330 0.330 -0.482 3.116 3.116 0.306 0.306 -0.515 3.242 3.242 no 5071 5953 5331 31 119 5081.000 6050.000 5417.090 34.052 123.669 0.036 0.00 0.028 5077 5918 5345 33 116
Pheriche 31 31 31 31 31 31 0.03224 -1.49160 0.00604 1.38251 4634 4692 4671.47000 31 5.334 5.334 0.727 9.388 9.388 5.398 5.398 0.732 10.814 10.814 no 4634 6664 5133 31 197 4634.000 6570.000 5087.360 30.599 197.108 2.42138 0.384062951 0.453948855 2.154 2.1400 2.200 2.17 2.280 4634 6671 5145 32 185
Pheriche 32 32 32 32 32 Absent 0.00248 -2.60555 0.02741 0.19591 4666 4673 4669.67000 32 0.090 0.090 -1.043 1.648 1.648 0.131 5.529 0.743 1.694 12.508 yes 31 4634 6618 5122 31 197 4641.000 4696.000 4670.500 12.621 208.351 2.154 2.1400 2.200 2.17 2.280 4634 6671 5127 31 186
Thyanboche 33 33 33 33 33 33 0.00171 -2.76700 0.00206 0.16038 4454 4465 4460.33000 33 0.829 0.829 -0.081 5.276 5.276 0.877 0.877 -0.057 5.117 5.117 no 4460 5266 4812 24 238 4446.000 5273.000 4806.270 24.567 235.893 4460 5266 4812 24 238
Thyanboche Absent 34 34 Absent 34 Absent 34 0.751 0.751 -0.124 4.326 4.326 0.671 0.671 -0.173 4.339 4.339 no 4959 5724 5252 24 237 4888.000 5577.000 5169.960 25.148 244.006 4959 5724 5252 24 237
Khumbu 35 35 35 35 35 Absent 0.00584 -2.23359 0.00730 0.31991 5349 5356 5352.86000 35 0.800 0.800 -0.097 3.997 3.997 0.726 0.726 -0.139 4.075 4.075 no 5344 6498 5743 36 136 5346.000 6526.000 5864.740 38.850 132.813 0.3813 -0.41873319 0.476623487 0.459 0.4530 0.454 0.44 0.489 5344 5584 5419 22 137
Pheriche 37 37 37 37 37 37 0.01314 -1.88140 0.02675 0.48717 5417 5459 5432.40000 37 0.491 0.491 -0.309 2.718 2.718 0.500 0.500 -0.301 2.873 2.873 no 5411 5804 5562 30 111 5417.000 5804.000 5607.660 31.079 125.191 0.08756 -1.05769425 0.178257293 0.071 0.0710 0.066 0.05 0.084 5411 5804 5581 31 118
Pheriche 38 38 38 38 38 38 0.01364 -1.86519 0.02226 0.53572 5428 5449 5440.82000 38 0.122 0.613 -0.213 1.696 4.413 0.183 0.683 -0.165 2.003 4.876 yes 37 5409 5764 5543 28 118 5415.810 5773.846 5578.891 29.060 131.800 0.08756 -1.05769425 0.142894432 0.071 0.0710 0.066 0.05 0.084 5401 5804 5542 28 125
Pheriche 40 40 40 40 40 40 0.01602 -1.79534 0.00553 0.70692 5170 5203 5185.80000 40 2.340 2.899 0.462 8.178 11.352 0.412 0.412 -0.385 2.956 2.956 yes 2001 5170 5799 5412 25 132 5203.752 5779.327 5436.330 25.115 134.081 0.01437 -1.84254323 0.004956404 5170 5799 5412 25 132
Pheriche 41 41 41 41 41 Absent 0.00179 -2.74715 0.01322 0.17413 5158 5166 5162.00000 41 0.135 0.135 -0.868 1.803 1.803 0.329 0.329 -0.483 2.564 2.564 no 5170 5649 5366 27 227 5134.000 5468.000 5268.560 24.227 280.200 5170 5649 5366 27 227
Pheriche Absent 42 42 42 42 42 42 0.174 3.941 0.596 1.933 23.745 0.232 4.204 0.624 2.719 7.938 yes 43, 44, 1014, 2004, 2005 5062 6014 5469 28 274 5030.106 5872.721 5382.170 26.630 264.348 2.55991 0.408224697 0.64963985 3.01 3.268 3.333 4.288 3.868 4899 6194 5244 25 214
Pheriche 43 43 43 43 43 Absent 0.04976 -1.30312 0.02369 1.12864 5115 5178 5131.60000 43 1.150 2.101 0.322 4.548 9.853 1.058 1.058 0.024 4.444 4.444 yes 2004 5112 6183 5547 34 265 5046.778 6068.494 5468.829 30.572 271.367 1.61402 0.207908912 0.768260181 0.741 0.7710 0.813 0.91 0.953 5112 6183 5324 29 228
Pheriche 44 44 44 44 44 Absent 0.00890 -2.05061 0.01028 0.37807 5039 5053 5044.82000 44 0.866 0.866 -0.062 5.898 5.898 1.916 2.385 0.377 3.226 6.248 no 5045 6097 5506 27 282 5029.000 6056.000 5459.080 25.589 275.394 0.64874 -0.18792932 0.749036879 2.269 2.4970 2.520 2.83 2.807 5037 6194 5243 24 256
Pheriche Absent 53 53 53 53 Absent 53 0.541 0.541 -0.267 2.781 2.781 0.404 0.404 -0.394 2.607 2.607 no 4957 5480 5175 31 172 4974.000 5438.000 5159.710 31.510 189.464 4957 5480 5175 31 172
Pheriche 54 54 54 54 54 54 0.10825 -0.96557 0.07186 1.22091 4970 5046 4997.31000 54 1.506 1.506 0.178 4.539 4.539 1.222 1.222 0.087 4.344 4.344 no 4970 6171 5392 40 184 4970.000 6137.000 5327.460 38.508 183.891 0.54362 -0.26470457 0.360884614 0.651 0.7220 0.642 0.23 0.626 4970 6165 5173 31 169
Pheriche 55 55 55 55 55 55 0.00367 -2.43533 0.01466 0.24901 5267 5285 5276.00000 55 0.250 0.250 -0.601 2.147 2.147 0.226 0.226 -0.646 2.092 2.092 no 5211 6010 5384 30 101 5232.000 5708.000 5436.770 38.664 129.122 0.000 0.004 5211 5688 5354 30 103
Pheriche Absent 62 62 62 62 62 62 0.891 0.891 -0.050 4.065 4.065 0.026 0.799 -0.097 0.870 4.670 yes 2064 5227 6318 5705 36 276 5181.000 6203.000 5517.470 34.001 280.488 0.37441 -0.42665256 0.420054951 0.467 0.2970 0.450 0.52 0.579 5176 5807 5409 31 287
Khumbu 66 66 66 66 66 66 0.00514 -2.28904 0.02326 0.28817 5033 5046 5038.14000 66 0.221 0.221 -0.656 2.035 2.035 0.094 0.094 -1.026 1.297 1.297 no 5029 5147 5072 18 190 5027.000 5201.000 5099.740 16.896 200.485 5029 5147 5072 18 190
Khumbu 67 67 67 67 67 67 0.03046 -1.51627 0.02030 0.66159 4994 5035 5008.43000 67 0.301 1.500 0.176 3.067 7.792 0.291 1.427 0.154 3.435 8.383 yes 68 4991 5863 5326 31 225 4998.995 5733.682 5307.363 31.674 225.755 0.37977 -0.42047935 0.253147529 0.443 0.4430 0.630 0.52 0.566 4991 5724 5184 29 240
Khumbu 68 68 68 68 68 68 0.02689 -1.57041 0.02242 0.69670 5006 5021 5011.61000 68 1.199 1.199 0.079 4.726 4.726 1.136 1.136 0.055 4.948 4.948 no 5002 5863 5402 35 231 5001.000 5863.000 5372.730 34.890 232.215 0.37977 -0.42047935 0.316629572 0.443 0.4430 0.630 0.52 0.566 5002 5724 5241 34 255
Khumbu 70 70 70 70 70 Absent 0.00229 -2.64016 0.01872 0.17631 4819 4823 4822.00000 70 0.122 0.122 -0.912 1.498 1.498 0.123 0.123 -0.910 1.583 1.583 no 4813 4893 4843 9 185 4813.000 4911.000 4845.570 9.770 196.012 4813 4893 4843 9 185
Ngojumba 71 71 71 71 71 71 0.08285 -1.08171 0.06518 1.38992 4942 5001 4964.66000 71 1.271 1.271 0.104 5.179 5.179 1.282 1.282 0.108 5.824 5.824 no 4942 5724 5199 28 258 4942.000 5576.000 5182.410 28.211 258.004 0.35358 -0.45151231 0.278162788 0.326 0.3540 0.357 0.45 0.368 4942 5724 5171 29 244
Thyanboche 72 72 72 72 72 72 0.00230 -2.63827 0.00928 0.18122 4696 4714 4705.00000 72 0.248 0.248 -0.606 2.081 2.081 0.137 0.137 -0.864 1.488 1.488 no 4652 4994 4830 27 127 4690.000 5016.000 4881.750 27.506 139.066 4652 4994 4830 27 127
Ngojumba Absent 73 73 73 73 Absent 73 1.021 17.090 1.233 5.422 39.814 1.755 42.121 1.624 7.839 126.470 yes74, 75,76, 77, 78, 80, 114, 115, 116, 127, 131, 132, 134, 2026, 2027, 2028, 2029, 2030, 2032, 2035 4663 5947 5067 27 133 4751.604 5771.739 5107.905 25.442 138.282 1.33658 0.125994958 0.078208783 4.886 4.1800 4.843 5.45 5.180 4653 5974 5111 25 142
Ngojumba 74 74 74 74 74 74 0.16977 -0.77014 0.01057 1.84464 4668 4743 4703.17000 74 3.446 16.069 1.206 10.137 34.392 3.263 40.366 1.606 10.750 118.631 yes75,76, 77, 78, 80, 114, 115, 116, 127, 131, 132, 134, 2026, 2027, 2028, 2029, 2030, 2032, 2035 4668 5990 5114 25 139 4757.869 5809.785 5124.040 25.357 138.502 1.33658 0.125994958 0.083178435 4.705 4.0350 4.713 5.45 5.173 4668 5974 5120 25 143
Ngojumba 75 75 75 75 75 75 0.42190 -0.37479 0.03342 2.99472 4711 4787 4748.43000 75 10.491 12.623 1.101 14.205 24.255 10.146 37.103 1.569 15.944 107.881 yes76, 77, 78, 80, 114, 115, 116, 127, 131, 132, 134, 2026, 2027, 2028, 2029, 2030, 2032, 2035 4711 5903 5176 25 142 4782.677 5768.230 5127.494 24.682 141.484 1.13783 0.05607738 0.090140867 4.679 3.9690 4.679 5.38 4.618 4711 5814 5125 25 145
Ngojumba 76 76 76 76 76 76 0.56197 -0.25029 0.04141 3.36982 4800 4865 4829.81000 76 8.667 13.570 1.133 17.825 46.717 10.018 26.958 1.431 21.713 91.937 yes 77, 78, 80, 114, 115, 116, 127, 131, 132, 134, 1033, 2026, 2027, 2028, 2029, 2030, 2032, 2036 4753 5903 5202 25 141 4929.613 5653.239 5174.839 24.538 140.091 1.13331 0.054348721 0.083517737 4.001 3.2520 3.906 4.18 3.232 4753 5781 5157 25 145
Ngojumba 77 77 77 77 77 77 0.14878 -0.82746 0.01728 1.77229 4920 4983 4948.43000 77 2.092 8.610 0.935 7.123 25.743 2.038 8.473 0.928 7.354 26.246 yes 116, 117, 2032, 2035 4950 5700 5187 26 151 5023.140 5711.907 5265.912 25.643 141.628 0.59921 -0.22242095 0.069598528 0.077 0.0400 0.073 0.00 0.062 4920 5706 5179 26 154
Ngojumba 78 78 78 78 78 Absent 0.02388 -1.62197 0.02342 0.61265 5117 5153 5131.41000 78 1.020 1.020 0.008 4.550 4.550 1.166 1.166 0.067 5.777 5.777 no 5106 5789 5389 34 113 5113.000 5781.000 5386.970 34.137 107.737 0.29053 -0.53680902 0.284903103 0.437 0.4190 0.372 0.12 0.061 5105 5781 5438 38 125
Ngojumba 80 80 80 80 80 80 0.01645 -1.78383 0.05666 0.58387 5224 5263 5235.88000 80 0.290 0.290 -0.537 2.085 2.085 0.298 0.298 -0.526 2.341 2.341 no 5224 5700 5389 29 196 5224.000 5700.000 5379.070 32.285 204.998 0.00113 -2.94692156 0.003892422 0.002 0.0010 0.009 0.05 0.006 5224 5700 5388 33 214
Ngojumba 81 81 81 81 81 81 0.01877 -1.72654 0.01174 0.59468 4839 4863 4853.65000 81 1.598 1.598 0.204 4.905 4.905 1.549 1.549 0.190 4.984 4.984 no 4799 6010 5271 34 239 4833.000 5822.000 5224.910 33.818 234.137 0.0100 0.002 0.173 4817 5850 5235 34 240
Ngojumba 82 82 82 82 82 82 0.15477 -0.81031 0.05357 2.09871 5034 5116 5069.62000 82 1.760 2.889 0.461 7.020 11.329 1.165 3.315 0.520 7.611 16.952 yes 83, 120 5082 5748 5328 25 236 5051.981 5650.308 5275.874 24.004 215.950 0.42921 -0.36733017 0.148562598 0.820 0.8790 1.126 1.81 1.566 5034 6003 5301 24 247
Ngojumba 83 83 83 83 83 83 0.00599 -2.22257 0.00530 0.30553 5087 5114 5098.86000 83 1.129 1.129 0.053 4.309 4.309 1.288 1.288 0.110 5.013 5.013 no 5081 5821 5406 27 274 5080.000 5710.000 5343.990 25.455 272.943 0.42921 -0.36733017 0.380057648 0.543 0.5680 0.545 0.98 0.800 5084 5816 5328 25 266
Ngojumba 84 84 84 84 84 84 0.14781 -0.83030 0.10379 1.53773 5311 5358 5339.77000 84 0.531 1.424 0.154 3.278 7.276 0.500 1.276 0.106 3.276 7.267 yes 119 5329 6029 5525 24 129 5329.953 5868.070 5534.271 24.491 124.968 0.16938 -0.77113787 0.118930915 0.344 0.3440 0.322 0.40 0.425 5308 5988 5443 21 132
Ngojumba 86 86 86 86 86 86 0.00463 -2.33442 0.08252 0.25139 5126 5137 5130.40000 86 0.056 0.056 -1.251 1.023 1.023 0.104 4.388 0.642 2.179 28.889 yes 87, 89, 118, 2033, 2037 5190 5572 5360 20 132 5126.000 5168.000 5149.770 11.193 156.837 0.722 0.7350 0.779 1.43 0.927 5109 5586 5283 20 146
Ngojumba 87 87 87 87 87 87 0.01797 -1.74545 0.30769 0.49116 5136 5163 5151.95000 87 0.058 0.058 -1.234 1.153 1.153 0.065 4.284 0.632 1.259 26.710 yes 89, 118, 2033, 2037 5190 5569 5358 19 134 5133.000 5163.000 5147.550 10.461 216.339 0.722 0.7350 0.779 1.43 0.927 5109 5586 5288 20 146
Ngojumba 89 89 89 89 89 89 0.00786 -2.10458 0.05225 0.33915 5380 5395 5385.63000 89 0.150 0.150 -0.823 1.568 1.568 0.137 0.137 -0.864 1.541 1.541 no 5379 5512 5414 18 148 5379.000 5526.000 5427.620 18.952 136.052 5379 5512 5414 18 148
Lunak 91 91 91 91 91 Absent 0.00354 -2.45100 0.00741 0.21902 5207 5212 5209.67000 91 0.477 0.477 -0.321 2.948 2.948 0.498 0.498 -0.303 3.077 3.077 no 5206 5617 5361 28 149 5206.000 5619.000 5336.240 26.295 157.163 0.09 0.211 5206 5618 5346 27 157
Lunak 92 92 92 92 92 92 0.00135 -2.86967 0.00461 0.13704 5171 5173 5172.00000 92 0.293 0.293 -0.533 2.065 2.065 0.320 0.320 -0.495 2.298 2.298 no 5157 5668 5360 28 85 5169.000 5512.000 5310.740 26.039 95.997 0.04 0.103 5150 5662 5361 29 85
Chhule 93 93 93 93 93 93 0.00517 -2.28651 0.00779 0.29951 5244 5258 5250.33000 93 0.663 0.663 -0.178 3.191 3.191 0.691 0.691 -0.160 3.288 3.288 no 5239 5566 5350 23 116 5240.000 5564.000 5363.320 22.919 116.247 0.01113 -1.95350484 0.016775605 0.014 0.0580 0.003 0.00 5238 5576 5351 23 113
Chhule 94 94 94 94 94 94 0.00479 -2.31966 0.00636 0.28329 5153 5159 5156.00000 94 0.753 0.753 -0.123 4.612 4.612 0.529 0.529 -0.276 3.340 3.340 no 5144 5522 5350 27 88 5144.000 5746.000 5428.570 23.485 100.426 0.40987 -0.38735387 0.544140671 0.172 0.0800 0.229 0.18 5144 5522 5318 28 94
Chhule 95 95 95 95 95 95 0.00377 -2.42366 0.00296 0.23055 5091 5097 5093.75000 95 0.522 1.275 0.105 2.949 7.560 0.416 0.946 -0.024 2.885 6.225 yes 94 5121 5500 5297 26 131 5122.316 5649.854 5350.848 25.212 127.525 0.40987 -0.38735387 0.321516229 0.172 0.0800 0.229 0.18 5091 5522 5270 27 142
Chhule 96 96 96 96 96 96 0.01156 -1.93704 0.01883 0.41328 5072 5089 5080.33000 96 0.614 0.614 -0.212 3.391 3.391 0.587 0.587 -0.231 3.911 3.911 no 5074 5502 5273 24 109 5084.000 5502.000 5292.720 25.001 104.952 5074 5502 5273 24 109
Chhule 97 97 97 97 97 97 0.00452 -2.34486 0.00851 0.26179 5270 5290 5278.33000 97 0.531 0.531 -0.275 2.870 2.870 0.560 0.560 -0.252 2.984 2.984 no 5264 5506 5384 21 189 5265.000 5506.000 5385.870 21.781 186.248 5264 5506 5384 21 189
Lunak 98 98 98 98 98 98 0.02073 -1.68340 0.06055 0.59142 5219 5258 5237.96000 98 0.342 0.342 -0.466 2.451 2.451 0.841 0.841 -0.075 3.865 3.865 no 5219 5494 5313 19 136 5219.000 5478.000 5293.130 20.440 119.711 0.074 5219 5489 5310 19 135
Lunak 99 99 99 99 99 99 0.01142 -1.94233 0.01241 0.44407 5291 5327 5306.00000 99 0.921 0.921 -0.036 3.663 3.663 0.976 0.976 -0.011 3.869 3.869 no 5290 6198 5578 34 167 5290.000 6198.000 5593.410 35.183 172.633 0.17738 -0.75109535 0.19269583 0.173 0.0670 0.231 0.36 0.206 5290 6166 5509 32 163
Chhule 101 101 101 101 101 101 0.04952 -1.30522 0.02767 1.07461 5128 5175 5150.15000 101 1.789 1.789 0.253 5.577 5.577 1.429 1.429 0.155 4.826 4.826 no 5128 6142 5524 35 90 5128.000 6270.000 5575.560 34.611 95.867 0.73033 -0.13648086 0.408134905 0.710 0.7530 0.754 0.49 1.068 5128 6173 5630 40 91
Chhule 102 102 102 102 102 102 0.01272 -1.89551 0.00666 0.42415 5130 5138 5134.50000 102 0.119 1.909 0.281 1.809 7.386 0.282 1.711 0.233 2.763 7.589 yes 101 5128 6006 5466 32 97 5128.125 6203.357 5549.049 33.186 99.900 0.73033 -0.13648086 0.382619622 0.746 0.7630 0.795 0.54 1.156 5127 6173 5510 33 104
Chhule Absent 103 103 103 103 103 103 0.212 0.212 -0.673 2.262 2.262 0.232 0.232 -0.635 2.602 2.602 no 4958 5320 5098 29 108 5015.000 5320.000 5134.610 31.029 68.053 0.014 5010 5320 5116 29 79
Chhule 104 104 104 104 104 Absent 0.00238 -2.62342 0.00126 0.18043 5104 5117 5109.67000 104 0.905 1.893 0.277 4.899 10.987 0.684 1.699 0.230 4.118 10.216 yes 105, 106 5194 5533 5324 24 212 5165.380 5543.154 5300.767 23.091 207.677 5100 5552 5316 24 214
Chhule 105 105 105 105 105 105 0.01301 -1.88572 0.01317 0.56905 5181 5227 5204.88000 105 0.543 0.988 -0.005 3.220 6.089 0.542 1.015 0.007 3.283 6.098 yes 106 5229 5531 5365 26 207 5227.137 5535.047 5358.535 25.387 209.464 5174 5552 5367 25 207
Chhule Absent 106 106 106 106 106 106 0.445 0.445 -0.352 2.868 2.868 0.474 0.474 -0.325 2.815 2.815 no 5292 5507 5400 23 198 5292.000 5529.000 5395.430 23.187 198.912 5292 5507 5400 23 198
Lunak 110 110 110 110 110 110 0.02637 -1.57889 0.01739 0.65668 5130 5164 5151.85000 110 1.517 1.517 0.181 5.631 5.631 1.409 1.409 0.149 6.037 6.037 no 5118 5908 5392 28 208 5130.000 5889.000 5387.340 28.596 208.236 0.56338 -0.24919857 0.371439817 0.605 0.7720 0.556 0.96 1.109 5130 5808 5380 32 225
Lunak 111 111 111 111 111 Absent 0.01790 -1.74715 0.03176 0.53415 5310 5327 5318.22000 111 0.564 0.564 -0.249 4.128 4.128 0.541 0.703 -0.153 4.021 6.780 yes 112, 2031 5365 5598 5453 21 224 5306.000 5802.000 5427.670 18.565 212.441 0.0334 -1.47625353 0.0592582 0.059 0.1910 0.426 0.38 0.311 5309 5800 5466 21 222
Lunak Absent 112 112 112 112 Absent 112 0.079 0.079 -1.101 1.505 1.505 0.076 0.076 -1.119 1.257 1.257 no 5419 5743 5546 28 226 5415.000 5712.000 5561.020 26.895 222.642 0.0510 0.032 0.02 0.011 5423 5712 5555 31 247
Lunak 113 113 113 113 113 113 0.00831 -2.08040 0.02680 0.37687 5054 5062 5058.63000 113 0.310 0.310 -0.509 2.421 2.421 0.778 0.778 -0.109 4.052 4.052 no 4912 5614 5143 25 216 5049.000 5683.000 5228.480 36.957 275.629 0.189 0.1840 0.222 0.42 0.246 5049 5780 5317 38 284
Ngojumba 114 114 114 114 114 Absent 0.04818 -1.31713 0.03984 0.99237 5169 5208 5186.20000 114 1.209 1.209 0.083 4.701 4.701 1.284 1.284 0.109 6.063 6.063 no 5168 5908 5447 26 123 5168.000 5886.000 5441.320 25.866 119.595 0.42431 -0.37231673 0.350896789 0.742 0.6010 0.726 0.82 0.824 5169 5727 5358 27 126
Ngojumba 115 115 115 115 115 115 0.02038 -1.69080 0.04106 0.55890 5250 5302 5272.75000 115 0.496 0.496 -0.304 3.162 3.162 0.637 0.637 -0.196 3.380 3.380 no 5211 5687 5437 23 164 5232.000 5652.000 5470.150 23.802 166.845 0.20746 -0.68306563 0.417984076 0.306 0.1910 0.314 0.32 0.364 5217 5569 5340 24 180
Ngojumba 118 118 118 118 118 118 0.14388 -0.84200 0.04348 3.37573 5136 5187 5152.23000 118 1.776 3.309 0.520 7.430 21.448 2.024 4.173 0.620 10.041 24.311 yes 85, 89, 2033, 2034 5170 5582 5333 19 135 5186.006 5559.895 5338.504 19.397 133.034 0.90318 -0.04422569 0.272946967 0.722 0.7350 0.779 1.43 0.927 5131 5586 5292 21 145
Ngojumba 119 119 119 119 119 Absent 0.02520 -1.59860 0.02821 0.62799 5343 5360 5352.97000 119 0.893 0.893 -0.049 3.998 3.998 0.776 0.776 -0.110 3.991 3.991 no 5343 6029 5621 28 127 5343.000 6047.000 5628.850 28.813 119.497 0.16938 -0.77113787 0.18961293 0.344 0.3440 0.322 0.39 0.425 5343 5988 5526 25 131
Ngojumba 120 120 120 120 120 120 0.02434 -1.61368 0.02889 0.75132 5201 5252 5222.13000 120 0.842 0.842 -0.074 4.106 4.106 0.862 0.862 -0.065 4.328 4.328 no 5201 6013 5454 31 281 5201.000 6000.000 5425.130 30.717 280.774 0.27793 -0.55606457 0.329907045 0.277 0.3110 0.581 0.64 0.552 5201 6003 5471 32 265
Thyanmoche 121 121 121 121 121 121 0.02461 -1.60889 0.00964 0.60860 5144 5184 5160.67000 121 2.554 2.554 0.407 6.750 6.750 2.515 2.515 0.401 6.595 6.595 no 5144 6182 5566 28 121 5144.000 6182.000 5617.240 28.326 123.356 1.37618 0.138675242 0.53881076 1.503 1.4840 1.606 1.63 1.499 5144 6136 5545 34 114
Thyanmoche 122 122 122 122 122 Absent 0.01041 -1.98255 0.00675 0.46485 5084 5096 5090.75000 122 1.542 1.542 0.188 5.570 5.570 1.636 1.636 0.214 5.814 5.814 no 5074 6011 5497 27 145 5074.000 6001.000 5497.580 27.525 145.382 0.90451 -0.04358663 0.58654625 1.089 0.9500 1.298 1.25 1.275 5074 5995 5378 34 136
Thyanmoche 123 123 123 123 123 123 0.01692 -1.77160 0.00372 0.48221 5020 5046 5033.53000 123 0.451 4.547 0.658 3.531 15.852 0.623 2.473 0.393 4.927 14.005 yes 121,122, 124, 125, 126 5070 5796 5395 26 154 5107.078 6042.422 5533.393 27.412 130.903 2.33557 0.368392888 0.513674592 1.143 0.9580 1.334 1.32 1.589 5009 5995 5269 27 159
Thyanmoche 124 124 124 124 124 124 0.00406 -2.39147 0.01442 0.27022 5227 5251 5240.33000 124 0.281 0.281 -0.551 2.259 2.259 0.156 0.156 -0.806 1.832 1.832 no 5222 5398 5290 17 194 5091.000 5392.000 5236.750 23.648 213.098 0.011 0.008 0.03 0.068 5222 5386 5288 17 200
Thyanmoche 125 125 125 125 125 125 0.00201 -2.69680 0.03830 0.17247 5213 5228 5219.75000 125 0.052 0.052 -1.280 1.162 1.162 0.046 0.046 -1.342 0.913 0.913 no 5209 5269 5233 19 136 5218.000 5310.000 5263.040 17.904 164.232 5209 5269 5233 19 136
Thyanmoche 126 126 126 126 126 126 0.00305 -2.51570 0.18666 0.20939 5208 5221 5213.50000 126 0.016 0.016 -1.787 0.517 0.517 0.012 0.012 -1.932 0.519 0.519 no 5182 5227 5204 16 126 5203.000 5244.000 5225.190 17.747 133.848 5182 5227 5204 16 126
Ngojumba 127 127 127 127 127 127 0.00224 -2.64975 0.00247 0.17492 5172 5181 5176.00000 127 0.909 0.909 -0.042 4.012 4.012 0.701 0.701 -0.155 4.196 4.196 no 5163 5524 5284 22 182 5111.000 5663.000 5276.030 24.158 193.713 5163 5524 5284 22 182
Thyanmoche 128 128a 128a 128a 128a 128a 0.02800 -1.55284 0.00646 0.97409 4858 4904 4882.63000 128a 2.758 4.332 0.637 7.149 14.202 2.468 3.919 0.593 6.875 14.469 yes 129, 130 4969 5555 5216 24 169 4954.792 5542.010 5194.084 23.963 182.782 0.030 0.0000 0.077 0.59 0.010 4858 5557 5167 24 182
Thyanmoche 128 128b 128b 128b 128b 128b 128b 0.362 4.281 0.632 3.677 18.146 yes 128a, 129, 130 5019 5557 5238 24 164 0.030 0.0000 0.077 0.59 0.010 5019 5557 5237 24 164
Thyanmoche 129 129 129 129 129 129 0.06248 -1.20426 0.03970 1.02748 5090 5129 5113.95000 129 1.327 1.574 0.197 4.927 7.053 1.246 1.451 0.162 5.337 7.594 yes 130 5113 5649 5328 25 154 5124.429 5556.049 5320.732 24.859 190.765 0.01226 -1.91150953 0.007790352 0.029 0.0000 0.045 0.43 0.008 5088 5658 5301 25 197
Thyanmoche 130 130 130 130 130 130 0.00638 -2.19518 0.02582 0.31315 5326 5369 5343.00000 130 0.247 0.247 -0.607 2.127 2.127 0.205 0.205 -0.688 2.257 2.257 no 5320 5655 5450 28 172 5320.000 5712.000 5497.420 28.734 167.567 0.001 0.032 0.16 0.002 5320 5658 5450 27 171
Ngojumba 131 131 131 131 131 Absent 0.03638 -1.43914 0.03225 0.84786 5139 5175 5156.00000 131 1.128 1.128 0.052 4.435 4.435 1.160 1.160 0.065 5.169 5.169 no 5137 5779 5377 25 109 5138.000 5789.000 5406.350 26.409 98.208 0.33116 -0.47996213 0.29360943 0.416 0.4060 0.422 0.39 0.492 5137 5779 5349 25 106
Ngojumba 132 132 132 132 132 132 0.01485 -1.82827 0.01978 0.49651 5135 5155 5147.82000 132 0.751 0.751 -0.125 3.542 3.542 0.665 1.825 0.261 4.198 9.367 yes 131 5136 5684 5347 25 126 5135.000 5490.000 5292.910 23.490 159.234 0.416 0.4060 0.422 0.39 0.492 5135 5779 5316 24 131
Thyanmoche Absent 133 133 Absent 133 Absent 133 2.052 2.052 0.312 6.715 6.715 2.088 2.088 0.320 6.918 6.918 no 4706 5799 5148 30 243 4724.000 5728.000 5125.290 32.910 265.730 0.27069 -0.56752779 0.131930763 0.269 0.2470 0.410 0.15 0.294 4731 5769 5127 34 266
Ngojumba 134 134 134 134 134 134 0.00433 -2.36351 0.01709 0.24984 5131 5152 5143.40000 134 0.253 0.253 -0.596 2.072 2.072 0.256 0.256 -0.591 2.170 2.170 no 5125 5450 5276 29 184 5125.000 5433.000 5254.560 26.783 176.535 5125 5450 5276 29 184
Thyanmoche 135 135 135 135 135 135 0.00112 -2.95078 0.00903 0.13998 4773 4773 4773.00000 135 0.124 0.124 -0.906 1.403 1.403 0.216 0.216 -0.665 1.777 1.777 no 4747 4892 4820 16 184 4759.000 4890.000 4843.540 17.002 155.677 4747 4892 4820 16 184
Thyanmoche 136 136 136 136 136 136 0.39205 -0.40666 0.06111 3.00608 4348 4409 4368.20000 136 6.416 6.416 0.807 11.274 11.274 8.263 8.263 0.917 12.716 12.716 no 4348 6798 5378 38 112 4348.000 6816.000 5361.660 39.230 113.764 2.41459 0.382843398 0.376366651 2.696 2.6440 3.228 3.65 5.346 4348 6782 5235 36 124
Thyanmoche 137 137 137 137 137 137 0.01584 -1.80024 0.02400 0.45818 4466 4491 4473.53000 137 0.660 0.660 -0.180 3.381 3.381 0.342 0.342 -0.466 2.598 2.598 no 4456 5269 4714 30 83 4458.000 5212.000 4759.890 30.399 72.360 4456 5269 4714 30 83
Thame_khola 138 138 138 138 138 138 0.03657 -1.43688 0.00502 0.94918 4737 4776 4752.55000 138 3.258 7.279 0.862 12.590 37.404 5.205 7.971 0.902 13.558 26.730 yes 139, 2015, 2035, 2063, 3009 5010 6330 5537 37 148 4861.813 6389.845 5533.117 36.061 146.197 2.91092 0.46403027 0.399902256 2.940 2.5920 4.799 4.46 4.734 4731 6819 5503 38 160
Thame_khola 139 139 139 139 139 139 0.04026 -1.39513 0.06941 0.79898 4749 4787 4762.49000 139 0.580 0.580 -0.237 3.784 3.784 0.953 0.953 -0.021 4.275 4.275 no 4749 5677 5101 34 105 4741.000 5594.000 5011.720 29.571 75.375 0.00759 -2.11975822 0.013085327 0.036 0.0280 0.070 0.03 0.249 4749 5655 5072 34 104
Thame_khola 140 140 140 140 140 140 0.04732 -1.32496 0.01269 1.04765 4779 4817 4797.76000 140 3.729 3.729 0.572 8.852 8.852 3.160 3.160 0.500 8.819 8.819 no 4778 6613 5551 36 89 4772.000 6582.000 5505.780 35.386 95.863 1.4984 0.175627764 0.401821832 1.412 1.5090 1.620 2.41 2.428 4775 6592 5673 41 85
Ngojumba 141 141 141 141 141 141 0.02258 -1.64628 0.01664 0.65399 5316 5343 5326.40000 141 1.154 1.357 0.133 5.146 7.204 1.314 1.314 0.119 5.277 5.277 yes 3013 5315 5988 5496 27 153 5328.020 5866.952 5508.806 26.788 152.122 0.03893 -1.4097156 0.028687858 0.067 0.0140 0.305 0.33 0.467 5310 5858 5484 27 152
Ngojumba 142 142 142 142 142 142 0.00527 -2.27819 0.00191 0.27080 5167 5200 5182.00000 142 1.399 2.756 0.440 5.367 12.571 1.324 1.324 0.122 5.219 5.219 yes 141, 3013 5157 5827 5407 28 202 5244.762 5845.657 5458.560 26.749 174.993 0.27146 -0.56629416 0.098498511 0.198 0.2350 0.257 0.40 0.769 5157 5827 5400 28 193
Ngojumba Absent 143 143 Absent 143 143 143 0.917 3.673 0.565 4.090 16.661 0.952 2.277 0.357 4.404 9.623 yes 141, 142, 3013 5132 5780 5336 26 200 5207.859 5813.026 5404.498 26.234 181.127 0.27146 -0.56629416 0.07389908 0.198 0.2460 0.266 0.44 0.975 5097 5827 5321 26 194
Khumche_himal 144 144 144 144 144 Absent 0.01224 -1.91222 0.00239 0.45481 4885 4919 4899.25000 144 5.068 5.121 0.709 10.101 16.184 7.467 7.467 0.873 12.756 12.756 yes 3006 4885 5868 5300 27 159 4990.627 5838.157 5309.754 27.585 160.593 1.78277 0.251095317 0.34814353 1.715 1.6360 2.025 2.19 2.032 4885 5868 5251 30 170
Ngojumba Absent 145 145 145 145 145 145 0.317 2.626 0.419 2.712 13.091 4.353 11.470 1.060 10.765 12.765 yes 71, 141, 142, 143, 146, 2014, 3013 5017 5697 5233 24 198 4907.626 5538.363 5133.685 27.384 242.124 0.35358 -0.45151231 0.134629993 0.595 0.6340 0.948 1.24 1.846 4858 5858 5209 24 199
Khumbu 150 150 150 150 150 150 0.02508 -1.60067 0.02364 0.88271 5073 5123 5101.00000 150 1.061 1.061 0.026 4.119 4.119 0.992 0.992 -0.003 4.728 4.728 no 5073 6090 5504 39 212 5073.000 6088.000 5491.250 37.502 207.984 0.538 0.50 0.437 5073 6100 5510 39 211
Khumbu 151 151 151 151 151 151 0.00291 -2.53611 0.04785 0.21814 5050 5052 5050.67000 151 0.061 0.061 -1.216 1.172 1.172 0.099 0.099 -1.004 1.483 1.483 no 5039 5337 5152 29 264 5036.000 5197.000 5098.240 21.801 250.408 5039 5337 5152 29 264
Khumbu Absent 152 152 152 152 Absent 152 0.211 1.205 0.081 3.100 6.935 0.210 1.165 0.066 2.457 6.940 yes 1213 4913 5560 5139 31 143 4913.687 5691.687 5193.711 31.710 136.058 0.00627 -2.20273246 0.00520173 0.015 0.0150 0.103 0.02 4887 5657 5132 31 142
Khumbu Absent 154 154 154 154 Absent 154 0.184 0.184 -0.736 1.753 1.753 0.186 0.186 -0.731 2.139 2.139 no 5044 5191 5128 19 205 5059.000 5232.000 5141.100 19.683 184.247 0.0000 0.000 0.015 5055 5196 5131 19 208
Pheriche 155 155 155 155 155 Absent 0.00034 -3.46852 0.00128 0.07058 5470 5470 5470.00000 155 0.265 0.265 -0.576 2.519 2.519 0.294 0.294 -0.532 2.428 2.428 no 5448 5722 5601 23 159 5457.000 5728.000 5619.290 28.168 181.668 0.07523 -1.12360894 0.283368062 0.088 0.0880 0.109 0.09 0.210 5460 5722 5589 26 167
Ngojumba Absent 156 156 156 156 Absent 156 0.372 0.372 -0.430 2.399 2.399 0.351 0.351 -0.455 2.195 2.195 no 5094 5311 5195 28 134 5107.000 5436.000 5255.510 27.765 161.901 5094 5311 5195 28 134
Thyanboche 157 157 157 157 157 157 0.00377 -2.42366 0.01299 0.22838 5164 5169 5166.00000 157 0.290 0.290 -0.537 2.442 2.442 0.458 0.998 -0.001 3.177 5.976 yes 2008 5177 6036 5550 38 172 5173.000 5671.000 5327.810 27.565 162.073 0.328 0.2870 0.506 0.25 0.402 5151 5957 5347 33 167
Thyanboche Absent 158 158 Absent 158 Absent 158 0.040 0.040 -1.394 1.131 1.131 0.035 0.706 -0.151 0.984 5.323 yes 34 4956 5688 5237 24 239 4857.000 4931.000 4888.750 18.084 270.200 4956 5688 5237 24 239
Pheriche 161 161 161 161 161 161 1.23899 0.09307 0.02811 5.67708 4980 5136 5009.41000 161 40.816 44.082 1.644 43.281 57.922 yes 55, 63, 62, 51, 54 4988.525 7851.413 5649.696 31.456 196.648 22.97135 1.361186519 0.521099847

Ngojumba 1007 1007 1007 1007 1007 1007 0.01902 -1.72079 0.00917 0.61241 4873 4904 4884.56000 1007 2.073 2.073 0.317 6.227 6.227 2.240 2.240 0.350 6.665 6.665 no 4872 6287 5436 37 256 4851.000 6229.000 5341.720 36.355 266.827 0.00239 -2.6216021 0.006 0.93 1.299 4873 6287 5457 37 258
Pheriche 1014 1014 1014 1014 1014 1014 0.00199 -2.70115 0.00059 0.18578 4954 4955 4954.50000 1014 0.383 3.350 0.525 3.005 18.756 0.529 3.972 0.599 3.527 5.219 yes 43, 44, 2004, 2005 5057 5979 5449 27 274 5028.714 5956.462 5413.561 27.619 265.515 2.2629 0.354665362 0.675482458 3.010 3.2680 3.333 4.11 3.868 4942 6194 5198 24 241
Chhule 1028 1028 1028 1028 Absent 1028 0.00432 -2.36452 0.02364 0.29007 5055 5059 5057.25000 1028 0.183 0.183 -0.738 2.339 2.339 0.710 2.346 0.370 6.863 16.376 yes 93, 94, 95 5136 5523 5288 24 114 5031.000 5364.000 5118.730 25.922 168.509 0.358 0.2180 0.461 0.36 0.000 5035 5576 5263 24 127
Lunak 1030 1030 1030 1030 Absent 1030 0.02571 -1.58990 0.01345 0.86741 5112 5140 5132.23000 1030 4.407 1.912 0.281 12.776 16.904 2.474 2.474 0.393 7.241 7.241 yes 111 4973 5804 5328 22 198 5126.021 5793.134 5358.391 21.529 196.851 0.08655 -1.06273293 0.045270194 0.051 0.4370 0.530 1.22 0.901 5108 5743 5348 24 230
Khumbu Absent 1032 1032 1032 1032 1032 1032 1.348 1.348 0.130 4.789 4.789 1.218 1.218 0.085 4.839 4.839 no 5083 5940 5393 34 227 5024.000 6020.000 5376.230 33.293 222.417 0.00301 -2.5214335 0.002232575 0.012 0.0120 0.108 0.15 0.526 5085 5940 5397 34 226
Khumbu 1213 1213 1213 1213 1213 Absent 0.00379 -2.42136 0.00381 0.22471 4920 4925 4922.33000 1213 0.994 0.994 -0.003 3.834 3.834 0.955 0.955 -0.020 4.483 4.483 no 4920 5665 5183 33 134 4920.000 5809.000 5245.730 34.387 129.697 0.00627 -2.20273246 0.006307848 0.015 0.0150 0.103 0.02 4920 5657 5174 34 133
Pheriche 2001 2001 2001 2001 Absent Absent 0.00620 -2.20761 0.01109 0.31996 5352 5389 5367.86000 2001 0.559 0.559 -0.252 3.174 3.174 0.226 0.226 -0.646 2.291 2.291 no 5346 5761 5498 25 108 5345.000 5697.000 5523.460 28.293 105.269 0.00968 -2.01412464 0.017311114 0.108 5349 5659 5503 32 92
Pheriche 2002 2002 2002 2002 Absent Absent 0.03210 -1.49349 1.10697 5004 5019 5011.22000 2002
Pheriche 2003 (in 161)2003 (in 161) 2003 2003 Absent Absent 2003
Pheriche 2004 2004 2004 2004 Absent Absent 0.00488 -2.31158 0.00513 0.31425 5086 5097 5091.20000 2004 0.951 0.951 -0.022 5.305 5.305 0.039 1.097 0.040 1.003 5.447 yes 43 5111 6148 5533 33 263 5032.000 6057.000 5505.780 28.688 285.054 0.84568 -0.07279394 0.889261582 0.741 0.7710 0.815 0.95 0.992 5094 6183 5301 27 227
Pheriche 2005 2005 2005 2005 Absent Absent 0.00500 -2.30103 0.01200 0.26613 5101 5117 5110.29000 2005 0.417 0.417 -0.380 3.056 3.056 0.469 0.469 -0.329 3.022 3.022 no 5125 5601 5363 22 298 5096.000 5561.000 5310.810 22.239 282.627 0.29715 -0.52702427 0.713236057 0.367 0.4400 0.448 0.47 0.468 5129 5302 5206 27 302
Lunak 2007 2007 2007 2007 Absent Absent 0.00074 -3.13077 0.00365 0.10772 5217 5217 5217.00000 2007 0.203 0.203 -0.693 1.760 1.760 0.325 0.325 -0.489 2.461 2.461 no 5206 5483 5329 25 141 5201.000 5444.000 5296.510 26.944 199.016 0.162 5206 5486 5325 25 140
Thyanboche 2008 2008 2008 2008 Absent Absent 0.00521 -2.28316 0.00966 0.27440 5202 5260 5230.71000 2008 0.540 0.540 -0.268 3.065 3.065 0.540 0.540 -0.268 2.799 2.799 no 5199 6433 5783 48 182 5189.000 6442.000 5796.900 46.966 190.879 0.18637 -0.72962399 0.345414357 0.322 0.2840 0.466 0.25 0.362 5196 5957 5507 49 183
Ngojumba 2010 2010 2010 2010 2010 Absent 0.00240 -2.61979 0.00187 0.21264 4893 4900 4896.00000 2010 0.151 1.286 0.109 1.897 8.124 0.084 0.084 -1.076 1.198 1.198 yes 1007 4891 5417 5131 25 234 4852.355 6153.725 5314.202 35.165 263.979 0.04 4881 4996 4922 16 196
Ngojumba Supra 2011 2011 2011 2011 Absent 0.00181 -2.74232 0.16364 4690 4694 4691.67000 2011
Ngojumba Supra 2012 2012 2012 Absent Absent 2012
Ngojumba Supra 2013 2013 2013 Absent Absent 2013
Ngojumba 2014 2014 2014 2014 Absent Absent 0.00311 -2.50724 0.01295 0.23383 5294 5299 5296.25000 2014 0.240 0.240 -0.620 2.056 2.056 0.279 0.279 -0.555 2.046 2.046 no 5089 5537 5294 18 144 5291.000 5481.000 5358.860 19.527 151.127 5291 5463 5343 17 140
Thame_khola 2015 2015 2015 2015 Absent Absent 0.02573 -1.58956 0.02668 0.85136 4898 4970 4924.45000 2015 2.300 0.964 -0.016 10.180 14.410 1.500 2.553 0.407 7.041 11.316 yes 2063 4941 6171 5503 37 110 4902.034 6176.978 5508.681 35.635 109.525 1.66382 0.22110634 1.725087428 1.381 1.1270 1.545 1.59 1.535 4897 6166 5314 39 127
Lunak Supra 2016 2016 Absent Absent Absent 2016
Lunak Supra 2018 2018 2018 2018 Absent 2018
Lunak Supra 2019 2019 2019 2019 Absent 2019
Lunak Supra 2020 2020 Absent Absent Absent 2020
Lunak Supra 2021 2021 Absent Absent Absent 2021
Lunak 2022 2022 2022 2022 Absent Absent 0.00239 -2.62160 0.01147 0.19040 5281 5285 5283.00000 2022 0.208 0.208 -0.681 1.865 1.865 0.266 0.266 -0.575 2.077 2.077 no 5281 5668 545 33 197 5276.000 5671.000 5463.750 32.989 189.353 0.0310 0.122 0.058 5281 5671 5462 33 197
Lunak Absent 2023 2023 2023 Absent Absent 2023 0.142 0.142 -0.848 1.524 1.524 0.102 0.102 -0.993 1.272 1.272 no 5454 5606 5521 29 118 5384.000 5661.000 5482.900 30.666 246.656 0.03295 -1.48214458 0.232044522 0.032 0.024 0.017 5454 5606 5521 27 119
Lunak 2024 2024 2024 2024 Absent Absent 0.00252 -2.59860 0.02344 0.19764 5351 5377 5363.67000 2024 0.107 0.107 -0.969 1.481 1.481 0.092 0.092 -1.038 1.286 1.286 no 5469 5678 5588 30 131 5320.000 5500.000 5403.060 25.146 104.924 0.000 0.0030 0.059 0.045 5345 5477 5407 22 113
Lunak 2025 2025 2025 2025 Absent Absent 0.00108 -2.96658 0.00937 0.12719 5526 5528 5527.00000 2025 0.115 0.115 -0.938 1.250 1.250 0.101 0.101 -0.995 1.251 1.251 no 5605 5660 5633 17 155 5526.000 5698.000 5611.430 27.647 111.133 0.04789 -1.31975516 0.415284505 0.047 0.0020 0.055 0.007 5526 5703 5634 24 153
Ngojumba Absent 2026 2026 2026 Absent Absent 2026 0.157 0.157 -0.804 1.647 1.647 0.025 0.025 -1.600 0.618 0.618 no 5337 5444 5393 17 141 5286.000 5466.000 5367.890 17.647 147.822 0.0035 -2.45593196 0.022280159 0.00 5328 5392 5364 17 158
Ngojumba 2027 2027 2027 2027 Absent Absent 0.00063 -3.20066 0.02141 0.09315 5290 5290 5290.00000 2027 0.029 0.029 -1.531 0.799 0.799 0.029 0.029 -1.544 0.708 0.708 no 5307 5358 5329 19 174 5280.000 5325.000 5297.800 12.804 153.493 5307 5358 5329 19 174
Ngojumba 2028 2028 2028 2028 Absent Absent 0.00189 -2.72354 0.01161 0.16298 5348 5352 5350.00000 2028 0.163 0.163 -0.788 1.750 1.750 0.083 0.083 -1.081 1.241 1.241 no 5433 5611 5506 31 120 5342.000 5685.000 5503.230 27.257 118.625 0.01471 -1.83238733 0.090386831 0.004 0.0000 0.012 0.02 0.083 5342 5563 5437 31 131
Ngojumba 2029 2029 2029 Absent Absent Absent 0.00212 -2.67366 0.00455 0.19969 5231 5242 5234.67000 2029 0.166 0.466 -0.331 1.798 5.279 0.026 0.324 -0.489 0.994 3.335 yes 80, 2028, 2030 5221 5682 5402 28 181 5316.409 5617.725 5466.568 25.716 139.495 0.07304 -1.13643924 0.15663552 0.002 0.0010 0.009 0.05 0.006 5224 5700 5376 32 206
Ngojumba 2030 2030 2030 Absent Absent Absent 0.00326 -2.48678 0.02365 0.22553 5365 5377 5371.00000 2030 0.138 0.138 -0.861 1.732 1.732 0.679 0.679 -0.168 0.552 0.552 no 5422 5555 5477 33 145 5360.000 5687.000 5519.490 28.077 156.573 0.05833 -1.23410802 0.423073205 0.014 0.019 0.03 0.009 5350 5397 5368 17 99
Lunak 2031 2031 2031 2031 Absent Absent 0.00592 -2.22768 0.06158 0.32639 5436 5476 5454.57000 2031 0.096 0.096 -1.017 1.463 1.463 0.086 0.086 -1.066 1.502 1.502 no 5431 5739 5572 29 226 5431.000 5743.000 5583.120 29.967 221.676 0.0170 0.065 0.08 0.045 5431 5746 5583 30 228
Ngojumba Absent 2032 2032 2032 Absent Absent 2032 0.599 0.599 -0.222 3.171 3.171 0.223 0.223 -0.652 2.011 2.011 no 5191 5466 5316 27 200 5187.000 5585.000 5347.310 25.078 151.109 5191 5466 5316 27 200
Ngojumba 2033 2033 2033 2033 2033 Absent 0.02762 -1.55878 0.02585 0.73232 5208 5229 5218.31000 2033 1.069 1.069 0.029 4.830 4.830 0.864 0.864 -0.063 3.744 3.744 no 5215 5583 5433 21 123 5208.000 5604.000 5436.350 18.333 125.070 0.49076 -0.30913084 0.459240457 0.296 0.3600 0.377 0.60 0.537 5215 5583 5423 24 140
Ngojumba 2034 2034 2034 2034 Absent Absent 0.01415 -1.84924 0.05403 0.52591 5297 5346 5323.24000 2034 0.262 0.262 -0.582 2.319 2.319 0.232 0.232 -0.635 2.135 2.135 no 5322 5551 5404 18 100 5300.000 5569.000 5405.440 20.634 122.207 0.10951 -0.96054622 0.418127093 0.133 0.0640 0.150 0.14 0.050 5315 5543 5420 26 99
Thame_khola 2035 2035 2035 2035 Absent Absent 0.00435 -2.36151 0.01070 0.25190 5087 5104 5095.50000 2035 0.406 0.406 -0.391 2.490 2.490 2.591 2.591 0.413 8.805 8.805 no 4962 5709 5213 26 165 5080.000 5552.000 5306.370 29.610 171.937 0.11165 -0.95214127 0.274700627 0.052 0.0400 0.053 0.060 4962 5706 5199 25 160
Ngojumba Absent 2036 2036 Absent Absent Absent 2036 2.368 2.368 0.374 6.452 6.452 2.502 2.502 0.398 6.515 6.515 no 5225 6380 5562 25 122 5218.000 6284.000 5559.010 24.634 122.412 1.71626 0.234583081 0.72478057 1.718 1.4450 1.747 2.32 1.139 5225 5992 5414 20 131
Lunak Supra 2037 2037 Absent Absent 2037
Lunak Supra 2038 2038 2038 Absent Absent 2038
Lunak Supra 2039 Absent Absent Absent 2039
Lunak Supra 2040 Absent Absent Absent 2040
Ngojumba Supra 2041 2041 2041 2041 Absent 2041
Khumbu 2627 2627 2627 2627 2627 2627 0.01147 -1.94044 0.01517 0.57291 5048 5081 5059.77000 2627 0.756 0.756 -0.121 3.872 3.872 0.947 0.947 -0.024 4.196 4.196 no 5035 6429 5360 34 104 5035.000 6178.000 5307.310 34.532 93.650 0.21041 -0.67693362 0.278259198 0.524 0.5000 0.571 0.58 0.462 5035 6189 5430 42 81
Lunak 1089 108/109 108/109 108/109 108/109 108/109 0.04838 -1.31533 0.00560 1.18046 5038 5078 5056.38000 108/109 1.974 8.637 0.936 9.416 34.919 3.832 8.418 0.925 17.009 37.067 yes 108, 109, 110, 111, 112, 1030, 2031 5026 5814 5336 23 206 5102.133 5804.885 5327.525 23.545 207.135 0.65042 -0.18680611 0.075309951 0.748 1.5660 1.658 3.36 2.540 4977 5837 5322 23 208
Chhule Absent Absent Absent Absent Absent 1029 1029 0.203 0.866 -0.062 2.004 5.196 yes 93 5221.969 5516.229 5335.828 21.687 116.852 0.01113 -1.95350484 0.012847263
Khumche_himal Absent Absent Absent Absent Absent 1017 1017 0.286 5.307 0.725 2.729 18.913 yes 144, 3006 4986.974 5823.559 5302.568 27.640 160.079 1.78277 0.251095317 0.33593498
Khumbu Absent 7 7 7 Absent 7 7 0.306 0.306 -0.514 2.406 2.406 0.307 0.307 -0.512 2.545 2.545 no 5257 5575 5399 24 239 5250.000 5526.000 5366.710 21.947 232.210 0.0002 -3.69897 0.000653207 5269 5575 5406 24 240
Khumbu Absent Absent Absent Absent 149 149 149 0.495 4.333 0.637 3.438 14.390 yes 150, 1005 5086.465 6007.627 5479.971 29.035 177.241 0.79222 -0.1011542 0.182819455
Khumbu Absent (supra)Absent Absent Absent 153 Absent 153 0.110 0.110 -0.958 1.310 1.310 5370.000 5557.000 5473.720 35.819 142.209
Khumbu Absent (in 7) Absent Absent Absent Absent 1002 1002 0.306 0.306 -0.514 2.406 2.406
Khumbu Supra Absent Absent Absent Absent 1003 1003
Khumbu Supra Absent Absent Absent Absent 1004 1004
Khumbu Absent Absent Absent Absent Absent 1005 1005 2.777 2.777 0.444 6.833 6.833 5099.000 6102.000 5540.000 28.013 171.391 0.79222 -0.1011542 0.28525051
Khumbu Absent Absent Absent Absent Absent 1006 1006 5.648 5.991 0.778 10.912 14.445 yes 66, 70 4668.175 5639.089 5141.317 26.019 127.569 0.55001 -0.25962941 0.091804757
Khumbu Absent Absent Absent Absent Absent 1011 1011 1.763 1.763 0.246 5.438 5.438 4881.000 5673.000 5240.680 31.851 204.077
Lunak Absent Absent Absent Absent 100 Absent 100 0.298 0.298 -0.526 2.116 2.116 5236.000 5482.000 5329.350 19.490 132.918
Lunak Absent Absent Absent Absent 107 Absent 107 1.070 1.070 0.030 4.186 4.186 4917.000 5603.000 5191.220 27.693 236.468 0.16092 -0.79338998 0.15034885
Lunak Absent (in 1026)Absent Absent Absent Absent 1025 1025 0.726 0.726 -0.139 3.568 3.568
Lunak Absent Absent Absent Absent Absent 1026 1026 0.726 0.726 -0.139 3.568 3.568 5260.000 5787.000 5497.180 29.860 226.360 0.15006 -0.82373506 0.206557257
Lunak Absent Absent Absent Absent Absent 1027 1027 0.327 0.327 -0.485 2.593 2.593 5095.000 5408.000 5206.850 26.751 266.326
Lunak Absent (in 1030)Absent Absent Absent Absent 1031 1031 4.407 4.407 0.644 12.776 12.776
Ngojumba Absent Absent Absent Absent Absent 1016 1016 4.106 4.106 0.613 8.170 8.170 4876.000 6411.000 5409.660 34.300 192.840 1.01828 0.007867214 0.248007207
Ngojumba Absent Absent Absent Absent Absent 1033 1033 0.325 0.325 -0.488 2.657 2.657 4933.000 5457.000 5192.210 29.566 88.517
Ngojumba Absent Absent Absent Absent 85 Absent 85 0.714 0.714 -0.146 5.301 5.301 5195.000 5582.000 5394.180 18.283 107.262 0.30291 -0.51868639 0.424182752
Ngojumba Absent Absent Absent Absent 116 Absent 116 3.930 3.930 0.594 8.412 8.412 5084.000 5798.000 5366.020 26.182 128.985 0.5725 -0.24222451 0.145678225
Ngojumba Absent Absent Absent Absent 117 117 117 1.988 6.517 0.814 7.036 18.619 yes 116, 2032 5056.247 5712.519 5304.792 25.462 142.324 0.5725 -0.24222451 0.087841032
Ngojumba Absent Absent Absent Absent 146 146 146 1.038 2.309 0.363 5.200 10.379 yes 71 4892.759 5630.084 5151.881 29.596 244.134 0.35358 -0.45151231 0.153119338
Pheriche Absent (in 37)Absent Absent Absent Absent 1008 1008 0.491 0.491 -0.309 2.718 2.718
Pheriche Absent Absent Absent Absent Absent 1009 1009 1.046 1.871 0.272 5.494 15.033 yes 17, 19, 20, 21, 155 5304.435 5644.759 5450.445 22.587 166.650 0.08098 -1.09162223 0.043272202
Pheriche Absent Absent Absent Absent Absent 1010 1010 0.680 2.661 0.425 3.446 19.784 1009, 17, 18, 19, 20, 21, 155 5251.880 5584.862 5393.124 23.451 166.959 0.08098 -1.09162223 0.030434048
Pheriche Absent Absent Absent Absent Absent 1012 1012 0.175 0.175 -0.757 2.083 2.083 4961.000 5355.000 5111.310 28.791 222.085
Pheriche Absent Absent Absent Absent Absent 1013 1013 0.681 0.681 -0.167 3.502 3.502 4965.000 5511.000 5187.750 28.247 168.153
Pheriche Absent Absent Absent Absent 36 36 36 0.180 0.180 -0.744 1.627 1.627 5538.000 5790.000 5657.390 28.547 135.435
Pheriche Absent Absent Absent Absent 51 Absent 51 0.586 0.586 -0.232 3.135 3.135 5225.000 6175.000 5688.820 40.345 132.279 0.11534 -0.93802005 0.196919101
Pheriche Absent Absent Absent Absent 63 Absent 63 0.033 0.033 -1.482 0.755 0.755 5136.000 5231.000 5191.710 19.979 277.608
Pheriche Absent Absent Absent Absent 160 160 160 2.600 2.600 0.415 7.299 7.299 4991.000 6059.000 5307.830 29.099 201.262 0.15782 -0.80183796 0.060689446
Thyanboche Absent Absent Absent Absent Absent 1015 1015 0.190 1.020 0.008 2.227 7.735 yes 157, 2008 5174.385 6003.848 5550.783 35.561 177.280 0.18637 -0.72962399 0.182758633
Thyanmoche Absent Absent Absent Absent Absent 1018 1018 0.186 0.186 -0.730 1.729 1.729 5111.000 5427.000 5249.690 28.468 249.892 0.0005 -3.30103 0.002686731
Thyanmoche Absent Absent Absent Absent Absent 1019 1019 0.053 0.053 -1.280 0.930 0.930 4993.000 5155.000 5056.240 25.954 257.579
Thyanmoche 1020 Absent Absent Absent Absent 1020 0.00143 -2.84466 0.00167 0.14894 4395 4395 4395.00000 1020 0.856 0.856 -0.067 4.848 4.848 4386.000 5273.000 4682.950 26.753 128.183
Thyanmoche Absent Absent Absent Absent Absent 1021 1021 0.138 0.138 -0.859 1.630 1.630 4697.000 4864.000 4767.240 19.010 126.955
Thyanmoche Absent Absent Absent Absent Absent 1022 1022 8.002 6.069 0.783 18.929 45.853 yes 121, 122, 123, 124, 1024, 3012 4742.824 6094.779 5288.142 27.224 146.111 4.39581 0.643038913 0.72427158
Thyanmoche Absent Absent Absent Absent Absent 1023 1023 0.311 0.311 -0.507 2.364 2.364 4857.000 5179.000 4993.140 22.076 134.700
Thyanmoche Absent Absent Absent Absent Absent 1024 1024 1.906 2.256 0.353 6.027 8.814 yes 3012 5028.786 5797.670 5408.896 28.663 174.470 0.87465 -0.0581657 0.38775159
Thyanboche 46 Supra Supra Supra Supra Supra 0.01350 -1.86967 0.01324 0.47562 5349 5377 5362.94000 Supra 1.019 1.019 0.008 4.091 4.091 5332.000 6456.000 5693.870 37.034 170.296 0.25541 -0.5927621 0.250536972
Khumbu Supra 2042 2042 Absent Absent Absent 2042
Khumbu Supra 2043 2043 Absent Absent Absent 2043
Khumbu Supra 2044 2044 Absent Absent Absent 0.00103 -2.98716 0.11824 4914 4914 4914.00000 2044 0.213 0.213 -0.672 1.856 1.856 no 5140 6790 5745 40 171 0.015 0.0020 0.197 0.09 0.195 5080 5352 5215 26 159
Khumbu Supra 2045 2045 2045 Absent Absent 0.00105 -2.97881 0.13996 4897 4897 4897.00000 2045
Khumbu Supra 2046 2046 2046 Absent Absent 0.00253 -2.59688 0.20565 4926 4937 4931.25000 2046
Khumbu Supra 2047 Absent Absent Absent 2047
Khumbu Absent 2048 2048 Absent Absent Absent 2048 2.059 2.059 0.314 7.080 7.080 1.826 1.826 0.262 7.189 7.189 no 5080 5800 5410 31 248 5076.000 5895.000 5381.990 32.385 216.276 0.02495 -1.60292945 0.012116412 0.064 0.0670 0.092 0.06 0.844 5077 5927 5404 34 213
Ngojumba Supra 2049 2049 Absent Absent 2049
Ngojumba Supra 2050 2050 Absent Absent 2050
Ngojumba Supra 2051 2051 Absent Absent Absent 0.00415 -2.38195 0.24264 4690 4701 4696.25000 2051
Ngojumba Supra 2052 2052 Absent Absent Absent 0.00108 -2.96658 0.12451 4703 4703 4703.00000 2052
Ngojumba Supra 2053 Absent Absent Absent 2053
Ngojumba Supra 2054 2054 Absent Absent Absent 2054
Ngojumba Supra 2055 Absent Absent Absent 2055
Ngojumba Supra 2056 Absent Absent Absent 2056
Ngojumba Supra 2057 Absent Absent Absent 2057
Ngojumba Supra 2058 Absent Absent Absent 2058
Ngojumba Supra 2059 Absent Absent Absent 2059
Ngojumba Supra 2060 Absent Absent Absent 2060
Lunak Supra 2061 2061 Absent Absent Absent 2061
Chhule 2062 2062 2062 Absent Absent Absent 0.00451 -2.34582 0.00343 0.25209 5271 5282 5275.40000 2062 1.315 1.315 0.119 4.751 4.751 0.776 0.776 -0.110 3.642 3.642 no 5343 6600 5766 41 120 5255.000 6600.000 5744.640 38.218 136.633 0.48251 -0.31649368 0.367012467 0.287 0.2110 0.511 0.40 0.418 5335 6351 5679 42 117
Thame_khola Absent 2063 2063 Absent Absent Absent 2063 0.975 0.975 -0.011 4.230 4.230 1.053 1.053 0.022 4.275 4.275 no 4954 6166 5541 41 108 4954.000 6184.000 5575.450 39.601 103.190 0.54176 -0.26619306 0.555484423 0.535 0.4440 0.558 0.55 0.632 4954 5975 5241 40 120
Pheriche Absent (in 62) 2064 2064 Absent Absent Absent 2064 0.891 0.891 -0.050 4.065 4.065 0.774 0.774 -0.111 3.800 3.800 no 5227 6344 5717 37 277 0.467 0.2970 0.450 0.52 0.566 5218 5807 5424 31 288
Ngojumba Supra 2065 Absent Absent Absent 2065
Ngojumba Supra 2066 Absent Absent Absent 2066
Ngojumba 3000 Absent Absent Absent Absent Absent 0.00581 -2.23582 0.11808 0.29287 5297 5309 5303.29000 3000 0.049 0.049 -1.308 1.042 1.042 5297.000 5399.000 5340.710 24.422 62.594
Thyanmoche 3001 Absent Absent Absent Absent Absent 0.00531 -2.27491 0.00674 0.28757 5039 5048 5043.50000 3001 0.788 0.788 -0.104 3.809 3.809 5047.000 6129.000 5538.360 37.772 81.671 0.21096 -0.67579988 0.267741865
Ngojumba 3002 Absent Absent Absent Absent Absent 0.00250 -2.60206 0.06207 0.20319 5426 5450 5438.00000 3002 0.040 0.040 -1.395 1.119 1.119 5417.000 5496.000 5453.820 19.009 98.031
Ngojumba 3003 Absent Absent Absent Absent Absent 0.00466 -2.33161 0.00181 0.25953 5184 5190 5186.33000 3003 0.216 2.573 0.410 2.510 5.112 yes 3005 5197.126 5945.239 5433.524 29.851 205.071 0.02639 -1.57856061 0.010258378
Ngojumba 3004 Absent Absent Absent Absent Absent 0.00560 -2.25181 0.02009 0.33644 5283 5319 5300.43000 3004 0.279 0.279 -0.555 2.274 2.274 5270.000 5780.000 5512.440 33.336 161.037 0.04186 -1.37820078 0.150196575
Ngojumba 3005 Absent Absent Absent Absent Absent 0.02278 -1.64245 0.08720 0.63249 5222 5262 5244.09000 3005 0.261 0.261 -0.583 2.601 2.601 5208.000 5991.000 5496.030 32.446 208.398 0.02615 -1.58252831 0.100104543
Pheriche 3006 Absent Absent Absent Absent Absent 0.08388 -1.07634 0.03657 1.35583 5224 5283 5245.39000 3006 2.294 2.294 0.361 6.083 6.083 5224.000 6002.000 5481.080 24.653 123.434 1.13867 0.056397879 0.496405587
Chhule 3007 Absent Absent Absent Absent Absent 0.00147 -2.83268 0.02786 0.14824 5031 5033 5032.00000 3007 0.053 0.053 -1.278 0.971 0.971 5010.000 5132.000 5044.920 23.226 130.791
Thame_khola 3008 Absent Absent Absent Absent Absent 0.01707 -1.76777 0.02075 0.52096 5133 5206 5165.26000 3008 0.823 0.823 -0.085 3.890 3.890 5115.000 6064.000 5629.770 39.411 170.951 0.24105 -0.61789286 0.292957455
Thame_khola 3009 Absent Absent Absent Absent Absent 0.00161 -2.79317 0.00143 0.14866 5110 5116 5113.00000 3009 1.130 1.130 0.053 4.131 4.131 5106.000 6491.000 5690.800 42.078 201.555 0.5699 -0.24420134 0.504518556
Pheriche 3010 Absent Absent Absent Absent Absent 0.00061 -3.21467 0.00561 0.10791 5514 5514 5514.00000 3010 0.109 0.109 -0.964 1.338 1.338 5503.000 5652.000 5580.450 31.225 204.997

3011 Absent Absent Absent Absent Absent 0.00209 -2.67985 0.19189 5494 5495 5494.50000
Thyanmoche 3012 Absent Absent Absent Absent Absent 0.04974 -1.30329 0.14207 0.83177 5282 5349 5319.36000 3012 0.350 0.350 -0.456 2.788 2.788 5278.000 5736.000 5470.980 24.881 168.420 0.14296 -0.84478546 0.408338869
Ngojumba 3013 Absent Absent Absent Absent Absent 0.01495 -1.82536 0.07361 0.47240 5412 5452 5425.29000 3013 0.203 0.203 -0.692 2.058 2.058 5402.000 5861.000 5567.820 34.684 188.026 0.01945 -1.71108039 0.095772399

0.71
1963 0.0517 0.0072 0.0072 4.3945 0.46
1992 0.0539 0.0075 0.0075 4.5815
2000 0.0521 0.0073 0.0073 4.4285
2008 0.0498 0.0070 0.0070 4.233
2011 0.0486 0.0068 0.0068 4.131
2013 0.048 0.0067 0.0067 4.08
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5 
River Flow and Glacio-Hydrological 
Simulation 
 

5.1 Introduction  

Glaciers and snow play important roles in meltwater production and regulation of 
mountain hydrological processes (e.g., Beniston, 2003; Cuffey and Paterson, 2010; 
Immerzeel et al., 2010; Collin et al., 2013; Fig. 22). The observed accelerated glacier 
shrinkage in past decades and foreseen future of glaciers under climate change (IPCC, 
2013) has raised concerns about the role of the Himalayan glaciers (Kaser et al., 2010; 
Collin et al., 2013; Lutz et al., 2014) on water resources. A better understanding of glacio-
hydrology associated with climate change can be achieved by contemporary analysis of 
temporal changes of glaciers, climate, and river runoff. We observed a continuous 
shrinkage of glaciers, changes in both the temperature, and precipitation in the last 50 
years in the upper part of the Dudh Koshi basin, as presented in previous chapters, which 
have an increasing concern about runoff and downstream water supplies.  

 

Figure 22. Climate-discharge nexus. (a) Showing climatic influence on runoff in ice-free 
and partially-glaciarised area; (b) Expected relationship between increasing temperature, 
discharge, and glacier surface area over time. Adopted from Collin et al. (2013).  

River runoffs from basins without the presence of glaciers represent the behaviour of 
precipitation, unless an anthropic activity interfers the process. In the glacierized basins, 
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runoffs are subject to response with a combination of climatic factors, like temperature 
and precipitation (Barnett et al., 2005). Glaciers and snow provide meltwater to river 
runoff when air temperature is above melting point (> 0 °C). In glacierized basins, under 
the effect of increasing temperature, runoffs are expected to be increased initially due to 
glaciers melt, over time the decreasing of the glacier surface area offsets the increasing 
melting during warm period. A "deglaciation discharge dividend” is added to the basin 
runoff from depletion of the glacier surface over time (Collins, 2008), but this process 
cannot go on forever as glaciers disappear. On the other side, the changes in the 
precipitation form and amount can have a direct as well as an indirect influence (through 
glacier mass balance) on runoffs (Collin et al., 2013; Fig. 22).   

The estimations of the hydrological response in the mountain region are complicated by 
heterogeneity, lack of adequate ground station data, and the uncertainties remaining in 
glaciers and snow behaviour (Beniston, 2003). An increasing number of studies, 
attempting to understand the hydrological dynamics in the central Himalaya, have 
addressed the glaciers and snow components at the basin-scale using various models (e.g., 
Racovitanau et al., 2013; Neupane et al., 2013; Immerzeel et al., 2012 & 2013; Nepal et al., 
2014; Lutz et al., 2014). Most of these studies did not use the higher elevation (where the 
glaciers are located) climate data and information on glacier change over time. In this 
study, we use the new knowledge obtained from our own analysis on glaciers and climate 
(previous Chapters), and try to explore the variability in river flow as a response of 
glaciers retreat in the Dudh Koshi basin. We, first, examine the river discharge series 
through stochastic frequency analysis and then, simulate the discharge to explore the 
impacts of glaciers and precipitation change. In addition to these, we estimate the 
contribution of glacier melt to river discharge and different flow components. 

We simulate and evaluate melt contribution to river flow through coupling the Soil Water 
Assessment Tool (SWAT), a physically-based model with the Temperature index (T-
index), and a physical energy balance method in the Dudh Koshi basin (area: 3717 km2) 
located on the south slope of Mt. Everest region. We further use a multilinear regression 
to represent relationships between precipitation regime and the discharge. The models 
were enforced using hydro-meteorological, Digital Elevation Model (DEM), land cover, 
and soil data. The basin charateristics are provided in Figure 24.  

5.2 Data and Methods  

5.2.1 Data Sources 

Hydro-meteorological data 

The data from meteorological ground stations in the Koshi basin (same as used in the 
climate studies, in Chapter 2), discharge series from (1) the Dudh Koshi river (670) for 
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the 1964–2010 period, (2) Khimti Khola (650) for 1995–2008 period, and (3) Tamor river 
(690) for 1964–2008 period, and hourly radiation data from the AWS Pyramid station 
from 2002–2012 are used. Here, numbers in parenthesis (670, 650, and 690) represent the 
station indices from the DHM Nepal. The locations of these stations in the Koshi basin 
are presented in Figure 23.  

 
Figure 23. Location of hydro-meteorological sations in the Koshi (KO) basin. Further, the 
location of Dudh Koshi (DK), Khimti Khola (KK), and Tamor (TR) basins are also 
indicated.  

Spatial data 

The DEM, landuse, and soil data are used in additional for hydrological simulation in the 
SWAT (Table 6).  

5.2.2 River Discharge Analysis  

The stochastic frequency analysis is performed by using Continuous Wavelet Transform 
(CWT; Torrence and Compo, 1998) to detect the stationarity pattern of dominant spectral 
modes in the daily time series of the Dudh Koshi discharge (at Rabuwa bazaar) extending 
from 1964 to 2010. The wavelet transform is a method to decompose a time series to 
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explore the signals in the time and frequency domain. The CWT applied in this study is 
the Morlet transform (Torrence and Compo, 1998; Salerno and Tartari, 2009).  

The CWT of a time series !(!) is expressed as,  

!!!!!!!!!!!!!!!!!!!!!!(!) !, ! = 1
! !(!)! ! − !

!

!

!!
!"!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(1) 

Where, !(!) is time series, ! is a continuous wavelets function (Morlet function) with 
length that is much shorter than the time series !(!), !! is wavelet coefficients, ! is scale 

factor that determines the frequency (scale) so that varying ! gives rise to spectrum, ! is 
related to the shift of the analysis window in time so that varying ! represents the sliding 
method of the wavelet over ! ! . 

The analysis was executed in the MATLAB®. 

5.2.3 Soil Water Assessment Tool (SWAT) 

The physically based semi-distributed hydrological model, the SWAT was applied for a 
glacierized Dudh Koshi basin, including both the snowmelt and glacier melt processes. 
The SWAT is well established and most commonly applied tool for watershed research 
and management. Some studies have already used this tool successfully on the glacierized 
mountain basins for hydrological simulation (e.g., Rahman et al., 2012; Neupane et al., 
2013).  

The hydrologic balance in the SWAT (Neitsch et al., 2011) is represented by,   

!"! = !!"! + ! (!!"#!– !!!"#$ !– !!!!– !!!""#!– !!!")
!

!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(2) 

In this equation, !"!  = the final soil water content (mm H2O); !"! = the initial soil 
water content (mm H2O); ! = the time (days); !!"#!= the amount of precipitation on day 
i (mm H2O); !!"#$ = the amount of surface runoff on day i (mm H2O); !! = the amount 
of evapotranspiration on day i (mm H2O); !!""# = the amount of percolation and bypass 
flow exiting the soil profile bottom on day i (mm H2O); !!" = the amount of return flow 
on day i (mm H2O) 

ArcSWAT 2012 was used for model set up and the simulation run. In Figure 25, overall 
SWAT implementation procedure is presented. For delineating the basin, sub-basins, and 
Hydrological Response Units (HRUs) characteristics, the SWAT needs DEM, soil, and 
landuse data. The details of data and their sources are presented in Table 6.  
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The SWAT was applied both with and without glacier and snowmelt modules. The 
SWAT includes an inbuilt snowmelt module, but not the glacier melt module. For glacier, 
T-index method (presented in following Section 5.4.2) was used to compute the 
meltwater outside the SWAT and incorporated to the simulation output.  

Table 6. The datasets used for SWAT and their sources. 

Data type Data source 

DEM ASTER GDEM ver 2 (30 m)  
www.jspacesystems.or.jp/ersdac/GDEM/E/4.html 
 
A product of METI and NASA. 

Landuse map Land Cover Map of Himalayan Region (2009) 
www.fao.org/geonetwork/srv/en/metadata.show?id=37286&currTab=simple  
 
The database was produced under the Global Land Cover Network– Regional 
Harmonization Programme (FAO) using 2000 Landsat Land satellite imagery as 
reference and covers the Himalaya Region. 

Soil map 
 

1) Soil Map of Nepal (2008) 
http://rds.icimod.org/Home/DataDetail?metadataId=1889&searchlist=True 
 
The dataset was developed by the ICIMOD based on Zonal Maps (1:250,000 scale) 
published by Department of Survey Nepal in 1988.  
 
2) Digital Soil Map of the World (2007) 
www.fao.org/geonetwork/srv/en/metadata.show?id=14116&currTab=distribution 
 
Produced by FAO-UNESCO (1:5,000,000 scale). 

Weather and 
discharge data Data from network of Pyramid Observatory stations and the DHM Nepal. 

 
 

 

Figure 24. Characteristics of the Dudh Koshi and the Khimti-Khola basins. 
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Figure 25. Schematic diagram of hydrological simulation in the SWAT. 

SWAT Calibration, Validation, and Application 

The SWAT model is calibrated (through trial and error method; Table 7) and validated 
(Arnold et al., 2012) in the Khimti Khola basin (650), a basin without glacier and 
permanent snow cover, lying close to the Dudh Koshi basin (670) (Fig. 23). The model 
was calibrated in 1995–2001 and validated in 2002–2008 period at daily-scale. Then, the 
model is applied to our glaciarized Dudh Koshi basin (670) for understanding the glaciers 
and snowmelt in the basin. A total of 9 subbasins and 39 HRUs were created for the 
calibration and validation basin, while 23 subbasins and 168 HRUs was implemented in 
the Dudh Koshi basin.   

The model was applied using elevation bands and considering the temperature and 
precipitation lapse rates. Activating default snowmelt routing and applying elevation 
bands, improved the simulation results. Subbasins were divided into different elevation 
bands of 1000 m and fraction of surface area calculated for each elevation band. In that 
way, a maximum of four elevation bands used in subbasins of the Khimti-Khola basin, 
while it was up to eight elevation bands in the Dudh Koshi basin. The ArcSWAT 
interface, used for running SWAT, allows inserting single lapse rate for each temperature 
and precipitation. In order to incorporate two precipitation lapse rates, the SWAT source 
codes are modified in FORTRAN and compiled. A common temperature lapse rate 
(TLAPS) rate -5.9 °C km-1, and precipitation lapse rate (PLAPS) rate 1340 mm km-1 below 
2800 m, and an additional PLAPS rate -204 mm km-1 above 2800 m elevation, were 
applied. The performance of SWAT with two lapse rates was better than one lapse rate.  
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Table 7. SWAT calibration and set up parameters. 

Parameter Description Default* Calibration/Set up 
Cn2 SCS runoff curve number for 

moisture condition 2 
x x-40  

Sol_AWC Groundwater "revap" coefficient. y y-0.004 
ESCO Soil evaporation compensation 

factor 
0.95 0.9 

Recharge_dp Deep aquifer percolation fraction  
[fraction] 

0.05 0 

SURLAG Surface runoff lag time [days] 4 2 
SFTMP Snowfall temperature (°C) 1 0 
SMFMX Maximum snowmelt rate (mm/°C-

day) 
4.5 7 

TLAPS Temperature lapse rate °C/km) 0 -5.9 
PLAPS Precipitation lapse rate (mm/km) 

(< 2700 m elevation) 
0 1160 

PLAPS1 Precipitation lapse rate second 
(mm/km) (> 2700 m elevation) 

0 -204 

PET  Potential evapotranspiration (mm 
H2O) Hargreaves method 

* Here, x and y represents the multiple default values.   

Evaluation of Model Performance  

The SWAT calibration and validation performance was evaluated using Nash-Sutcliffe 
(NS) efficiency coefficient, Absolute Error (AE), and Coefficient of Determination (R2) 
(Nash and Sutcliffe, 1970; Legates and McCabe, 1999).  

The computation formulas for each index are defined below.  

!" = 1 − ! (!"#$! !–!"#$!
!
!!! )
(!"#$! !–!"#$!

!!! )!
!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(3)!

!"! = ! !"#$! !–!"#$!!
!!!

! !! 1
!"#$ !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(4) 

!! = ! (!"#$!!
!!! – !!"#$) !∗ !(!"#$! !– !!"#$!)

!"#$! !– !!"#$
!!

!!!
!.!
!∗ ! !"#$! !– !!"#$

!!
!!!

!.!

!

!!!!!!!!!!!!!!!!(5)!

Where,      !"#$! = the observed discharge  

!"#$! = the daily simulated discharge 
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!"#$ = the average of the observed discharge 

!"#$ = mean of simulated discharge  

n = the number of observations during the considered period 

!" can range from ∞ to 1; !" can be greater than or equal to 0; and !! value ranges from 
0 to 1.  

5.2.4 Temperature Index (T-index) 

In order to compute the glacier melt, currently existing methods are simple T-index, 
enhanced T-index, and energy balance model (Hock, 2003 and 2005; Pellicciotti et al., 
2005). We used a simple T-index or degree-day melt method for estimating ablation from 
glaciers (Hock, 2003). Other methods demand more data for their application. T-index 
could be the only option for a long-term computation of melt due to only possibility of 
obtaining temperature data. The T-index method uses the relationship between glacier 
melting (melt factor or degree-day factor) and air temperature and is given by,  

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! = !! !! − !! ,!!!!!!!!! > !!
0,!!!!!!!!!!!!!!!!!!!!!!!!!!!!! ≤ !!                                                    (6) 

Where, !  is daily-melt; !!  is daily mean temperature; !!  is a threshold temperature 
beyond which ice melt is assumed to occur (0 °C), and !! is a melt factor. T-index melt 
model was applied to each 100 m elevation band, using temperature data for each band 
separately, calculated by using varying monthly lapse rates (Fig. 26) derived from the 
ground station data.  

 

Figure 26. Variation of temperature lapse rate, from January (J) to December (D). 

The Mf  value 0.0087 m d-1 °C-1, provided by Kayastha et al. (2000) from the field 
measurement (Glacier AX010) in the Dudh Koshi basin, was used. Moreover, we 
computed glacier melts also separately for the debris-covered and debris-free glacier area 
using the Mf values provided by Lutz et al. (2014). We computed glacier meltings both by 
using the constant glacier surface area of 2013 and the change of glacier surface over the 
period due to glacier surface loss.  
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Daily glacier meltwaters were calculated by T-index method using reconstructed Pyramid 
(1994-2013) and downscaled ERA-Interim (1979-2013) temperature series. Furthermore, 
non-parametric sequential monthly Mann Kendall test was performed to evaluate 
significance of monthly discharge trend and Sen’s slope estimator computed for discharge 
trends.  

5.2.5 Surface Energy Balance (SEB) 

The physical Surface Energy Balance (SEB) approach was also used for estimation of the 
glacier melt at the elevation of weather station location for evaluating the melts calculated 
by T-index method. The SEB method is usually considered the best one for accurate 
computation of ablation if sufficient data are available, but the availability of data 
normally limits its application. The ice and snow melt at the temperature 0 °C, but it is 
not necessary that at air temperature equal or greater than 0 °C. The melting depends on 
the energy available around the surface and various other weather and surface conditions.  

The general surface energy balance (Hock, 2005) is expressed as,  

!!!!!!!!!!!!!!!!!!!!!!!!!!!! = !! + !! + !! + !! + !! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(7) 

In this equation, !! = energy available for melting, !! = net radiation, !! = sensible 
heat flux, !!  = latent heat flux, !!  = ground heat flux, and !!!= sensible heat flux 
supplied by rain incoming shortwave radiation. We used SEB according to Brock and 
Arnold (2000) neglecting the !! and !! as they are negligible compared to other heat 
fluxes (Hock, 2005).  

When the positive energy is available, it is assumed that the available energy is used for 
melting and thus converted to meltwater as, 

!!!!!!!!!!!!!!!!!!!!!!!!!!"#$%&$"' = !!!/!! ∗ !!              [mm!w.e.]!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(8)!

Here, !! = latent heat of melting and ! = density of water  

The SEB was computed using hourly radiation data (2002–2012) from AWS station close 
to the ablation area at an altitude of 5050 m, above the average terminus elevation (~4800 
m). The total meltwater for a 100 m elevation band estimated by generalizing the point 
SEB to make comparison with melting by T-index method. 

The albedo of glacier ice is assumed to be 0.2 based on the field observed data on Asian 
glaciers (Takeuchi and Li, 2008; Fujita and Sakai, 2014). We used other standard 
coefficients as provided by Brock and Arnold (2000). 
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5.2.6 Multilinear Regression: Precipitation–Discharge (SPI–Q)  

To represent the relationship between the precipitation regime and the discharge, a simple 
multilinear regression has been computed at monthly scale using a least-square method as, 

! !, ! = !!"#! ! . !"#2 ! + !!"#! ! . !"#3 ! + !!"#! ! . !"#9(!) + !!(!)!!!!!!!!!!(9)!

Where, ! !, ! !is the observed discharge for the ! month and  ! year; !"#2 ! , !"#3 ! , 
and !"#3 !  are the Standardized Precipitation Indices (SPIs), whose original formulation 
was proposed by McKee et al. (1993), computed at Chaurikhark (station 1202) for the ! 
month, !  year on the precipitations accumulated over 2, 3 and 9 months; !!"#! ! ,! 
!!"#! ! ,  !!"#! ! , and !! !  are the coefficients from the multilinear regression of 
!"#2, !!!3, !!"9, and a known term, respectively (computed for each ! month).  

Of course, the choice to consider the SPIs at Chaurikhark station (2600 m) is reliable only 
if the station is representative of the whole basin in term of inter-annual variability. Article 
I identified a maximum in precipitation occurring around 2500 m, followed by an 
exponential reduction. Thus, the Chaurikark observation is likely more representative of 
the overall amount of precipitation than higher altitude (and thus, lower amount of 
precipitation) observation. Moreover, with respect to the Pyramid reconstruction, 
Chaurikark is the only long-term precipitation station available in the basin.  

5.3 Hydrological Dynamics of the Dudh Koshi River  

5.3.1 The SWAT Simulation Outputs   

Figure 27 shows the calibration and validation results of the hydrological simulation in the 
SWAT. The simulation was performed at daily time scale. The model calibrated (1995–
2001; NS = 0.68, AE = 0.37, R2 = 0.69) and validated (2002–2008; NS = 0.69, AE = 
0.38, R2 = 0.71) in the Khimti-Khola basin (650) close to the Dudh Koshi basin (Fig. 23), 
having no glaciers and permanent snow cover.  

The SWAT simulation was able to capture the variations in the river discharge, providing 
a reasonable estimation of the runoff in the catchment (Fig. 27) in the 650 basin. Then, 
the model applied to the glacierized Dudh Koshi basin (Fig. 28). The application of the 
model in the Dudh Koshi is able to capture the seasonality, due to strong monsoon 
domination, but unable to capture the high discharges. Figure 29 reports water balance 
computed from the application of the model in the Dudh Koshi basin. 

Percentage bias was less than 1 for both calibration and validation periods. Without 
glacier and snowmelt, we found 28.6 % deficit in water balance compared to observed 
annual discharge in the Dudh Koshi basin. While applying the snowmelt module and 
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glacier melt by the T-index method, we found addition of 2.3 % and 12.8 % water from 
snow and glacier melt, respectively. But still there was 13.5 % of water deficit in water 
balance. We assume that this amount could be associated with the uncertainties to the 
glacier and snow melt. 

 
Figure 27. Calibration (1995-2001) and validation (2002-2008) of the SWAT model in the 
Khimti-Khola basin (650)  

 
Figure 28. Application of SWAT to Dudh Koshi basin without glacier melts. 

 
Figure 29. Annual water balance for the Dudh Koshi basin.  
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The estimated annual quantity of glacier meltwater considering a constant glacier surface 
area (2013) over all years was less by an average 3.8 % compared to estimated meltwater 
by using changes of glacier surface over time, indicating that melt water has decreased 
with decreasing glacier surface area. For this computation, the glacier surface area change 
information from our glaciers analysis was used. A single melt factor !! of 0.0087 m d-1 
°C-1 reduced the negative bias, compared to using two melt factors. The estimation of 
glacier melts using two melt factors (for debris-covered and debris-free part) indicated 
that 40.5 % and 59.5 % share in the total melt from the debris-covered area and debris-
free area, but produced significantly less (56 %) melt compared to single melt factor over 
the glaciers. This suggests that the choice of melt factor is very essential for reliable 
estimation of the glacier and snow melt.  

T-index is a simple approach requiring only the temperature and melt factor; however, 
while using mean daily temperature data for calculations, such model underestimated the 
glacier melt. The diurnal ranges of temperature in the study site are large. Even though 
the mean daily temperature is below the melting point (0 °C), temperatures in certain 
hours of the day are positive. The simulated melting by the T-index method using the 
maximum temperature was much better than using mean daily data compared to the 
observed station discharge (produced meltwater nearly 100 % more and significantly 
reduced the bias). Further, first result from an experiment using SEB indicated much 
higher rate of glacier melt, confirming that T-index method significantly underestimated 
the glacier melt (Fig. 30). Results indicated that the melting of glaciers continues until 3 
°C below the average mean temperature, suggesting that in such high altitude, the solar 
radiation can play vital role in the melting of glaciers and snow.  

 

Figure 30. Comparison of the melt from T-index and surface energy balance (SEB) for the 
location of weather station.  

In conclusion, the radiative energy dominates energy exchanges at the glacier-atmosphere 
interface, due to the variation in the net shortwave radiation. In fact, Senese et al. (2014) 
indicated that the threshold temperature for ablation of snow can be a minimum daily air 
temperature of -4.6 °C.  
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5.3.2 Glacier Melt Contribution to River Flow 

In Figure 31, different components of discharge are presented based on the application of 
the model. For the Dudh Koshi basin, using daily mean temperature in T-index method 
provided 12.8 % of glacier meltwater, and 2.3% snowmelt outside the glacier area, 
accounting for a total of 15.1 %. But considering the water deficit in annual water balance 
and observed much higher quantity of meltwater by T-index using maximum temperature 
and by the SEB, we expect that the percentage of meltwater contribution to river flow 
could be much higher (15.1 to 28.7 %). The observed bias could be mainly related to the 
uncertainty in meltwater quantity. Previous studies have values ranging from 7.4 to 34.0 
% contribution from glacier and snowmelt to the Dudh Koshi using different models. 
Racovitanau et al. (2013), using the ice ablation model, indicated that glacier melt provides 
7.4 % water to the Dudh Koshi river. Nepal et al. (2014), using J2000 model, reported 17 
% glacier and 17 % snowmelt, in total 34 % contributing to river runoff. Lutz et al. (2014) 
estimated 18.8 % of contribution from glacier and 4.8 % from snowmelt in the Dudh 
Koshi river. Immerzeel et al. (2010) estimated about 10% of snow and glacier melt to the 
river runoff in the Ganges river basin. However, we have to keep in mind that with 
increasing distance from the glacier downstream, the melt contribution decreases (Kaser 
et al., 2010). 

 

Figure 31. Annual hydrograph for the 1995–2008 period at Dudh Koshi river. The 
observed station discharge and the SWAT simulated discharge including three components 
(lateral, ground, and surface) and glacier melt using T-index are indicated. 
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5.3.3 Temporal Changes of Glacier Meltwater  

 

 

Figure 32. Trend analysis for glacier melts (volume m3) computed by T-index method 
using (a) the reconstructed Pyramid mean temperature and (b) ERA-Interim mean 
temperature in the DK basin for 1994–2013; (c) The melt calculated for all year (1979–
2013) by ERA-Interim temperature. In each plot (a–c), the top graph represents the 
calculated daily glacier melt. The central grid displays the results of the sequential Mann–
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Kendall (seqMK) test applied at the monthly level. On the left, the color bar represents the 
normalized Kendall’s tau coefficient µ(T). The color tones below 1.96 and above 1.96 are 
significant at p = 0.05. On the right, the monthly Sen’s slopes presented. The bottom graph 
plots the progressive (black line) and retrograde (dotted line) µ(T) applied on the annual 
scale. On the right, the annual Sen’s slope is shown for the analysis period.  

The glacier melt calculated using reconstructed Pyramid mean temperature indicated that 
a significant increasing of the glacier melts from early 2000s during the post monsoon and 
winter months and decreasing during pre-monsoon and monsoon months (April–
August), indicating an increased total annual glacier meltwater by 6.7 x105 m3 a-1 (Fig. 32a), 
but not statistically significant. Also, the glacier melt computed by the ERA-Interim mean 
temperature have shown a good agreement with the glacier melt computed by 
reconstructed Pyramid temperature (Fig. 32b), confirming an increasing trend of melting 
during the post monsoon and winter months, while some decreasing trend in the summer 
months in last decades (1990s to 2013). However, the increasing rate computed by ERA-
Interim temperature is more than double (18.7 x105 m3 a-1). Considering the glacier melt 
calculation from 1980s by using the ERA-Interim mean temperature (Fig. 32c), the result 
indicates that the increasing glacier melt are becoming significant over a more months in 
last two decades due to effect of the length of the analysis period. It suggests that the 
there are also an increase in temperature in the monsoon months compared to beginning 
of 1980s, but mainly on post-monsoon and winter months in last decade (after 1990s).   

5.3.4 Dudh Koshi River Discharge  

In Figure 33a, the wavelet analysis results for discharge series of the Dudh Koshi River 
(670) is presented. We can observe a significant annual signal (red band between the 
period 256 and 512 days) due to the dominance of monsoon precipitation. No any 
significant change in the river discharge signal observed until 2000, but we observed non-
stationary discharge behaviour after 2000 with an appearance of an additional discharge 
peak (red band between the period 128 and 256 days). Initially, we suspected that the 
non-stationary behaviour could be associated with a result of a Tam Pokhari GLOF event 
that occurred on 3 September 1998 (Osti and Egashira, 2009). 

To evaluate if the observed phenomenon is associated with the GLOF or not, first we 
checked for the updates on rating curves that the DHM Nepal used to estimate the river 
discharge. The DHM Nepal regularly calibrates and updates the rating curve for 
estimating river discharge in each of their stations and the recalibration was performed 
several times after the GLOFs (Nepal et al., 2014). Furthermore, we analysed the 
discharge from another closest Tamor river basin (690) with similar characteristics to the 
Dudh Koshi basin, in terms of percentage of glacier coverage, basin size, elevation 
distribution, etc. The basin (690) discharge revealed a similar behaviour of discharge as in 
the Dudh Koshi basin (Fig. 33b), confirming that the non-stationarity is not associated 
with GLOF event.  
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We further supposed the phenomena could be due to glacier or precipitation dynamics 
during that period. Despite the observed precipitation decrease we observed and increase 
in discharge and non-stationary after 2000s. To examine, if the observed phenomenon is 
due to the precipitation or Cryospheric process, we analysed the residual between the 
annual and monthly-observed discharge with (a) SWAT simulated discharge without the 
glacier melt (Fig. 34) and (b) Stochastically estimated discharge using multilinear 
regression (Fig. 35).  

 

 

Figure 33. River discharge analysis for (a) Dudh Koshi river (670) from 1964 to 2010 and 
(b) Tamor river (690) from 1964 to 2008. For each river discharge series (a & b), (1) 
Continuous Wavelet Transform (CWT, left main plot) along with a plot of daily discharge 
series (upper) and a plot for cumulative discharge (right). Variance in wavelet power 
spectrum (colour scale) in CWT is plotted as a function of time and period. The black line 
encircling the red-noise indicates the significance at ! = 0.05; (2) Daily discharge time 
series; (3) Average daily discharge plot from all years (black line), for highlighted years (red 
line), for only for before period (overall minus the highlighted parts; blue line). 

In Figure 34, a comparison is made between the observed discharge and simulated 
discharge in SWAT without glacier melt component. The simulated discharge without 
glacier represents the precipitation behaviour. There was a systematic underestimation of 
discharge over the whole period, but higher underestimation after 2000, compared to 
previous years. This is evident in both the annual and monthly comparisons of series (Fig. 
34a–b). In comparing the before and after 1998 (when GLOF occurred), the high 
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underestimation occurs during the monsoon months for the period after 1998 as can be 
seen from the monthly mean bias (MB) and monthly mean absolute error (MAE; Fig. 
34c–d).  

 

Figure 34. Residual analysis of the observed discharge (obs) and the simulated discharge 
(without glacier melt) in SWAT (Ric). (a) Discharge at annual aggregation (line) with 
residue of observed and simulated series (lower bar) for period before 1998 (orange) and 
for period after 1998 (red); (b) Monthly aggregation; (c) Monthly mean bias (MB), and (d) 
Monthly mean absoulute errors (MAE). 

 

Figure 35. Residual analysis of the observed discharge (obs) and estimated discharge using 
multilinear regression, SPI-Q (Ric). (a) Discharge at annual aggregation (line) with residue 
of observed and estimated series (lower bars) for calibration (green), validation 1 (orange), 
and validation 2 (red) periods. (b) Monthly aggregation; (c) Monthly mean bias (MB), and 
(d) Monthly mean absoulute errors (MAE). 
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Similarly, in Figure 35, the estimated discharge series through multilinear regression 
(between SPI and discharge, SPI-Q) and the observed station discharges are plotted for 
1964–2010. The multilinear regression coefficients were computed over the 1965-1980 
period. Consequently, the resulting estimated discharge considers the mean response of 
the basin to precipitation during the 1965-1980 period for all the involved processes 
(runoff, eventual groundwater, Cryosphere, and evapotranspiration). Thus, the resulting 
stochastic relationship will not be able to reproduce eventual non-stationarity in one or 
more of these processes outside of the calibration period. The calibration gives good 
results in terms of MAE, MB, and R2 (12, -0.25, and 0.58, respectively). The stochastically 
estimated discharge series also shows the slightly improved, but similar behaviour with 
that of SWAT simulated discharge, indicating higher differences during the last period 
(after 1998) for both annual and monthly comparison and show the highest bias during 
the monsoon months (June to September). These residual analyses confirm that the 
precipitation cannot explain the observed non-stationarity in the river discharge in the last 
decade. The only thing that can have such impact could be from the changes in 
cryospheric part.  

 

Figure 36. River discharge and glacier melt. (a) Comparison of the observed (Obs) 
discharge and estimated (Ric) annual discharge using multilinear regression of standardized 
precipitation indices (SPIs). Lower bar plot shows the residual between Obs and Ric series 
for calibration (green), validation 1 (orange), and validation 2 (red) periods. (b) Annual 
glacier melts (m3) computed by T-index method using ERA-Interim and APHRODITE 
mean temperature.  

Human activities (e.g., land use) may impact on surface runoff, groundwater, or 
evapotraspiration processes and occurrence of major seismic events can disturb the 
groundwater processes. In the Dudh Koshi basin (670), there were extremely low 
urbanization and anthropic activities as well as no any recorded major seismic events 
during the period under study to explain the discharge behaviour. For this reason, the 
residues between the estimated and the observed discharge are attributable to non-
stationarity in the Cryosphere component. Moreover, the eventual change in surface 
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water retention capacity (and thus, non-stationarity in the runoff process) due to glacial 
lake surface change are considered irrelevant because of limited water volumes. Finally, 
considering these residues at the annual scale does remove eventual impact of non-
stationarity on the seasonal snow pack and may, thus, fully be attributable to non-
stationarity in the Cryosphere component (glacier processes). 

The glacier meltwater computed by ERA and APHRODITE fits well after the late 1980s 
(Fig. 36). The figure further indicates that the meltwater from the APHRODITE in 1980-
1983 and second half of the 1960s, due to inherent high temperature records in the 
APHRODITE series. The glacier melt waters from both series are increasing after 1990s. 
Some signals (indicated by arrows in the figure) corresponding to both observed 
discharge and calculated glacier melts suggest an influence of temperature to the anomaly 
in the river discharge and can be justifiable why the simulated discharge has higher bias 
on that year.   

Another evidence that we have, is the reduction of precipitation at ~5000 m that is 
accelerating after 2000. Probably, the reduced precipitation can involve a reduce cloud 
cover, and thus increases incoming radiation. As discussed on the SEB at the end of 
section 5.3.2, the results signify the radiation as a main energy sources for melting of the 
glaciers in this region. From another perspective, in the higher elevation, precipitation 
appears in the form of snow as temperatures are below zero. The previous studies 
indicate that precipitation in the form of snow, when apprears, prevent the melting of 
glaciers due to increased surface albedo, while the decrease in the snowfall can decrease 
surface albedo and as a consequence increased glacier melting. This means that the 
decrease in precipitation significantly alters the glacier ablation by increasing the 
discharge.  

Finally, in this chapter, we presented the recent conditions of river flow trends linked with 
glacier melt and eventually, linked with climate change. The potential climatic impacts on 
hydrology under the climate change in the Himalayan basins needs better assessment for 
management of water resources. In case of catchments hosting several glaciers, the 
hydrological response is a function of the combined effect of different glacier volume 
changes, and is therefore more variable in space and time. 
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6 
Conclusion and Perspectives 

This thesis work made use of the existing datasets from multiple sources and studied 
climate variables, in particular, temperature and precipitation at high elevation of the 
south slopes of Mt. Everest and examined the possible impacts to a) glaciers variables,    
b) glacial lake surface, and c) frequency of daily river discharge. Distinct climatic trends 
are established for the high elevation (~ 5000 m) at the location of the glaciers ablation 
area and glacial lakes. This study confirmed in the southern slope of Mt. Everest an 
increasing temperature and decreasing precipitation trend in the last decades with 
subsequent impacts on glacier melt and evolution of glacial lakes.  

A continuously increasing trend of annual temperature has been found since the 1960s to 
2013 in the high elevation (~ 5000 m). The increasing temperature trend occurred mainly 
in the winter months and secondarily in spring, but not during the summer months. All 
the other ground stations confirm this pattern. We confirmed for the higher elevation    
(~ 5000 m) a generalized weakening of the monsoon implied by some previous studies. 
The precipitation increased slightly from 1960s to 1990s, but decreased significantly after 
1990s, accounting for nearly 50 % of reduction in monsoon precipitation in the last 20 
years. 

The glaciers here are following a general trend of shrinking over the Himalaya, but less 
than that of others in the western and eastern Himalaya, and southern and eastern 
Tibetan Plateau. Their position in higher elevations has likely reduced the impact of 
warming on these glaciers, but have not excluded from a relentlessly continuous and slow 
recession process over the past 50 years. The surface areas have decreased from 1960s to 
recent time with an accelerated rate in the last two decades. The shrinkages of glaciers are 
with the highest rate in the accumulation zone compared to ablation in the last two 
decades, attributable to decreasing precipitation quantity in the higher elevation. The 
accelerated increasing number and surface area of supragracial lakes in the last decade 
confirms the acceleration of the mass loss of glaciers, might be due to reduced glacier 
flow velocities caused by decreased precipitation. Unconnected lakes have increased from 
1960s to early 1990s and decreased afterward, reflecting precisely the observed 
precipitation trend. 
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River runoff moderately increased in the last decade, while it was more or less stationary 
before. The increase in the river runoff was concentrated during the post-monsoon and 
winter months. The increasing of the discharge is affected by an accelerated glacier 
melting as observed through the glacier shrinkage, but could not directly justifiable by the 
observed weakening monsoon. However, we suspect that a strong reduced accumulation 
(weaker precipitation) which probably induced lower ice velocities of debris covered 
tongues and a consequent higher melting, or resulted the least cloud cover permitting 
more radiation to the glacier surface, and ultimately augmenting the melting.  

The shrinkage of glaciers is usually attributed to temperature increase during the summer; 
while in our study area, we observed a stationary trend during the warmer months. 
Consequently, the role of precipitation becomes central in the climate change impact 
studies of the region. The accelerated shrinkage of glaciers observed in the last two 
decades can be ascribed to the regional monsoon weakening. This study was conducted 
through the best available datasets in this region. We underline that for addressing the 
need of more accurate investigation of the climate and their future possible impacts, it is 
necessary to continue and prioritize the production of good quality and high-resolution 
climate, glaciological and hydrological data. In subsequent research, it is important 
investigate the variation of solar radiation at high elevation and to look for improvement 
in the glacier melt computation with consideration of assuring radiation data to better 
understand climate-glacier-river flow nexus and to understand the behavior of river 
discharge under climate change. Application of this approach to investigate in other 
basins could also provide a regional perspective on the hydrological behaviour of the river 
system.  
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Abstract

Studies on recent climate trends from the Himalayan range are limited, and even com-
pletely absent at high elevation. This contribution specifically explores the southern
slopes of Mt. Everest (central Himalaya), analyzing the minimum, maximum, and mean
temperature and precipitation time series reconstructed from seven stations located5

between 2660 and 5600 ma.s.l. over the last twenty years (1994–2013). We complete
this analysis with data from all the existing ground weather stations located on both
sides of the mountain range (Koshi Basin) over the same period. Overall we observe
that the main and more significant increase in temperature is concentrated outside of
the monsoon period. At higher elevations minimum temperature (0.072±0.011 �C a�1,10

p < 0.001) increased far more than maximum temperature (0.009±0.012 �C a�1, p >

0.1), while mean temperature increased by 0.044±0.008 �C a�1, p < 0.05. Moreover,
we note a substantial precipitation weakening (9.3±1.8 mma�1, p < 0.01 during the
monsoon season). The annual rate of decrease at higher elevation is similar to the one
at lower altitudes on the southern side of the Koshi Basin, but here the drier conditions15

of this remote environment make the fractional loss much more consistent (47 % dur-
ing the monsoon period). This study contributes to change the perspective on which
climatic driver (temperature vs. precipitation) led mainly the glacier responses in the
last twenty years. The main implications are the following: (1) the negative mass bal-
ances of glaciers observed in this region can be more ascribed to less accumulation20

due to weaker precipitation than to an increase of melting processes. (2) The melting
processes have only been favored during winter and spring months and close to the
glaciers terminus. (3) A decreasing of the probability of snowfall has significantly in-
terested only the glaciers ablation zones (10 %, p < 0.05), but the magnitude of this
phenomenon is decidedly lower than the observed decrease of precipitation. (4) The25

lesser accumulation could be the cause behind the observed lower glacier flow velocity
and the current stagnation condition of tongues, which in turn could have trigged melt-
ing processes under the debris glacier coverage, leading to the formation of numerous
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supraglacial and proglacial lakes that have characterized the region in the last decades.
Without demonstrating the causes that could have led to the climate change pattern
observed at high elevation, we conclude by listing the recent literature on hypotheses
that accord with our observations.

1 Introduction5

The current uncertainties concerning the glacial shrinkage in the Himalayas are mainly
attributed to a lack of measurements, both of the glaciers and of climatic forcing agents
(e.g., Bolch et al., 2012). Recent results underline the need for a fine scale investi-
gation, especially at high altitude, to better model the hydrological dynamics in this
area. However, there are few high elevation weather stations in the world where the10

glaciers are located (Tartari et al., 2009). This can be attributed to the remote loca-
tion of glaciers, the rugged terrain, and a complex political situation, all of which make
physical access dicult (Bolch et al., 2012). As a consequence of the remoteness and
diculty in accessing many high elevation sites combined with the complications of
operating automated weather stations (AWSs) at these altitudes, long-term measure-15

ments are challenging (Vuille, 2011). However, nearly all global climate models report
increased sensitivity to warming at high elevations (e.g., Rangwala and Miller, 2012),
while observations are less clear (Pepin and Lundqist, 2008). Moreover, changes in the
timing or amount of precipitation are much more ambiguous and dicult to detect, and
there is no clear evidence of significant changes in total precipitation patterns in most20

mountain regions (Vuille, 2011).
The need for a fine scale investigation is particularly evident on the south slope of Mt.

Everest (central Southern Himalaya, CH-S) as it is one of the heavily glaciated parts of
the Himalaya (Salerno et al., 2012; Thakuri et al., 2014). Nevertheless, these glaciers
have the potential to build up moraine-dammed lakes storing large quantities of water,25

which are susceptible to GLOFs (glacial lake outburst floods) (e.g., Salerno et al., 2012;
Fujita et al., 2013). Gardelle et al. (2011) noted that this region is most characterized

5913

D
i
s
c
u

s
s
i
o

n
P

a
p

e
r

|
D

i
s
c
u

s
s
i
o

n
P

a
p

e
r

|
D

i
s
c
u

s
s
i
o

n
P

a
p

e
r

|
D

i
s
c
u

s
s
i
o

n
P

a
p

e
r

|

by glacial lakes in the Hindu Kush Karakorum Himalaya. Recently, Thakuri et al. (2014)
noted that the Mt. Everest glaciers experienced an accelerated shrinkage in the last
twenty years (1992–2011), as underlined by an upward shift of the Snow Line Altitude
(SLA) with a velocity almost three times greater than the previous period (1962–1992).
Furthermore Bolch et al. (2011) and Nuimura et al. (2012) found a higher mass loss5

rate during the last decade (2000–2010). Anyway, to date, there are not continuous
meteorological time series able to clarify the causes of the melting process to which
the glaciers of these slopes are subjected.

In this context, since the early 1990s, PYRAMID Observatory Laboratory (5050 m)
was created by the Ev-K2-CNR Committee (www.evk2cnr.org). This observatory is lo-10

cated at the highest elevation at which weather data has ever been collected in the
region and thus represents a valuable dataset with which to investigate the climate
change in CH-S (Tartari et al., 2002; Lami et al., 2010). However, the remoteness and
the harsh conditions of the region over the years have complicated the operations of
the AWSs, obstructing long-term measurements from a unique station.15

In this paper, we mainly explore the small scale climate variability of the south slopes
of Mt. Everest by analyzing the minimum, maximum, and mean air temperature (T ) and
precipitation (Prec) time series reconstructed from seven AWSs located from 2660 to
5600 ma.s.l. over the last couple of decades (1994–2013). Moreover, we complete this
analysis with all existing weather stations located on both sides of the Himalayan range20

(Koshi Basin) for the same period. In general, this study has the ultimate goal of linking
the climate change patterns observed at high elevation with the glacier responses over
the last twenty years, during which a more rapid glacier shrinkage process occurred in
the region of investigation.

2 Region of investigation25

The current study is focused on the Koshi (KO) Basin which is located in the eastern
part of central Himalaya (CH) (Yao et al., 2012; Thakuri et al., 2014). To explore pos-
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sible di◆erences in the surroundings of Mt. Everest, we decided to consider the north
and south parts of CH (with the suxes -N and -S, respectively) separately (Fig. 1a).
The KO River (58 100 km2 of the basin) originates in the Tibetan Plateau (TP) and the
Nepali highlands. The area considered in this study is within the latitudes of 27� and
28.5� N and longitudes of 85.5� and 88� E. The altitudinal gradient of this basin is the5

highest in the world, ranging from 77 to 8848 ma.s.l., i.e., Mt. Everest. We subdivide
the KO Basin into the northern side (KO-N), belonging to the CH-N, and southern side
(KO-S), belonging to the CH-S. The southern slopes of Mt. Everest are part of the
Sagarmatha (Everest) National Park (SNP) (Fig. 1b), where the small scale climate
variability at high elevation is investigated. The SNP is the world’s highest protected10

area, with over 30 000 tourists in 2008 (Salerno et al., 2013). The park area (1148 km2),
extending from an elevation of 2845 to 8848 ma.s.l., covers the upper Dudh Koshi (DK)
Basin (Manfredi et al., 2010; Amatya et al., 2010). Land cover classification shows that
almost one-third of the territory is characterized by glaciers and ice cover (Salerno
et al., 2008; Tartari et al., 2008), while less than 10 % of the park area is forested (Ba-15

jracharya et al., 2010). The SNP presents a broad range of bioclimatic conditions with
three main bioclimatic zones: the zone of alpine scrub; the upper alpine zone, which
includes the upper limit of vegetation growth; and the Arctic zone, where no plants
can grow (UNEP and WCMC, 2008). Figure 1c shows the glacier distribution along
the hypsometric curve of the SNP. We observe that the glacier surfaces are distributed20

from 4300 to above 8000 ma.s.l., with more than 75 % of the glacier surfaces lying be-
tween 5000 and 6500 ma.s.l. The 2011 area-weighted mean elevation of the glaciers
was 5720 ma.s.l. (Thakuri et al., 2014). These glaciers are identified as the summer
accumulation-type fed mainly by summer Prec from the South Asian monsoon system,
whereas the winter Prec caused by the mid-latitude westerly wind is minimal (Yao et al.,25

2012). The prevailing direction of the monsoons is S–N and SW–NE (e.g., Ichiyanagi
et al., 2007). The climate is influenced by the monsoon system because the area is lo-
cated in the subtropical zone with nearly 90 % of the annual Prec falling in the months
of June to September (this study). Heavy autumn and winter snowfalls can occur in
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association with tropical cyclones and westerly disturbances, respectively, and snow
accumulation can occur at high elevations at all times of the year (Benn, 2012). Bol-
lasina et al. (2002) have demonstrated the presence of well-defined local circulatory
systems in the Khumbu Valley (SNP). The local circulation is dominated by a system
of mountain and valley breezes. The valley breeze blows (approximately 4 ms�1) from5

the south every day from sunrise to sunset throughout the monsoon season, pushing
the clouds that bring Prec northward.

3 Data

3.1 Weather stations at high elevation

The first automatic weather station (named hereafter AWS0) at 5050 ma.s.l. near10

PYRAMID Observatory Laboratory (Fig. 1c), and beginning in October 1993, it has
run continuously all year round (Bertolani et al., 2000). The station, operating in ex-
treme conditions, had recorded long-term ground-based meteorological data, and the
data are considered valid until December 2005. Due to the obsolescence of technol-
ogy, the station was disposed of in 2006. A new station (named hereafter AWS1) was15

installed just a few tens of meters away from AWS0 and has been operating since
October 2000. Other stations were installed in the following years in the upper DK
Basin in the Khumbu Valley (Table 1). In 2008, the network included the sixth monitor-
ing point, the highest weather station of the world, located at South Col of Mt. Ever-
est (7986 ma.s.l.). The locations of all stations are presented in Fig. 1b. We can ob-20

serve in Fig. 1c that this meteorological network represents the climatic conditions
of the SNP glaciers well: AWS0 and AWS1 (5035 ma.s.l.) characterize the glacier
fronts (4870 ma.s.l.), AWS4 (5600 ma.s.l.) represents the mean elevation of glaciers
(5720 ma.s.l.), and AWS5, the surface station at South Col (7986 ma.s.l.), character-
izes the highest peaks (8848 ma.s.l.).25
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All stations, except AWS5, record at least T and Prec. This dataset presents some
gaps (listed in Table 1) as a consequence of the complications of operating AWS at
these altitudes. The list of measured variables for each stations and relevant data
can be downloaded from http://geonetwork.evk2cnr.org/. Data processing and qual-
ity checks are performed according to the international standards of the WMO (World5

Meteorological Organization).
The Prec sensors at these locations are tipping buckets usually used for rainfall mea-

surements and may not fully capture the solid Prec. Therefore, Prec is probably under-
estimated, especially in winter. In this regard, according to both Fujita and Sakai, 2014
and field observations (Ueno et al., 1994), the precipitation phase has been taken into10

account assuming that the probability of snowfall and rainfall depends on mean daily
temperature, using – as proposed by the aforementioned authors – as thresholds 0
and 4 �C, respectively. In Fig. 2 we first of all observe that at 5050 ma.s.l. 90 % of pre-
cipitation is concentrated during June–September and that the probability of snowfall
is very low (4 %), considering that the mean daily temperature during these months is15

above 0 �C. On a yearly basis, this probability reaches 20 % of the annual cumulated
precipitation.

3.2 Other weather stations at lower altitude in the Koshi Basin

In KO-S Basin (Nepal), the stations are operated by the Department of Hydrology and
Meteorology (DHM) (www.dhm.gov.np/). For daily T and Prec, we selected 10 stations20

for T and 19 stations for Prec considering both the length of the series and the monitor-
ing continuity (< 10 % of missing daily data). The selected stations cover an elevation
range between 158 and 2619 ma.s.l. (Table 3). In KO-N Basin (TP, China), the num-
ber of ground weather stations (operated by the Chinese Academy of Science, CAS),
selected with the same criteria mentioned above, is considerably smaller, just two, but25

these stations have a higher elevation (4302 m for the Dingri station and 3811 ma.s.l.
for the Nyalam station).
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4 Methods

We define the pre-monsoon, monsoon, and post-monsoon seasons as the months
from February to May, June to September, and October to January, respectively. The
minT, maxT, and meanT are calculated as the minimum, maximum, and mean daily
air temperature. For total precipitation (Prec), we calculate the mean of the cumulative5

precipitation for the analyzed period.

4.1 Reconstruction of the daily temperature and precipitation
time series at high elevation

The two stations named AWS0 and AWS1 in the last twenty years, considering the
extreme weather conditions of these slopes, present a percentage of missing daily10

values of approximately 20 % (Table 1). The other stations (hereafter named secondary
stations) were used here for infilling the gaps according to a priority criteria based on
the degree of correlation among data. AWS1 was chosen as the reference station
given the length of the time series and that it is currently still operating. Therefore, our
reconstruction (hereafter named PYRAMID) is referred to an elevation of 5035 ma.s.l.15

The selected infilling method is a simple regression analysis based on quantile map-
ping (e.g., Déqué, 2007; Themeßl et al., 2012). This simple regression method has
been preferred to more complex techniques, such as the fuzzy rule-based approach
(Abebe et al., 2000) or the artificial neural networks (Abudu et al., 2010; Coulibaly
and Evora, 2007), considering the peculiarity of this case study. In fact, all stations20

are located in the same valley (Khumbu Valley). This aspect confines the variance
among the stations to the altitudinal gradient of the considered variable (T or Prec),
which can be easily reproduced by the stochastic link created by the quantile mapping
method. In case all stations registered a simultaneous gap, we apply a multiple im-
putation technique (Schneider, 2001) that uses some other proxy variables to fill the25

remaining missing data. Details on the reconstruction procedure and the computation
of the associated uncertainty are provided in Supplement 1.
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4.2 The trends analysis: the Sequential Mann–Kendall test

The Mann–Kendall (MK) test (Kendall, 1975) is widely adopted to assess significant
trends in hydro-meteorological time series (e.g., Carraro et al., 2012a, b; Guyennon
et al., 2013). This test is non-parametric, thus being less sensitive to extreme sample
values, and is independent of the hypothesis about the nature of the trend, whether5

linear or not. The MK test verifies the assumption of the stationarity of the investigated
series by ensuring that the associated normalized Kendall’s tau coecient, µ(⌧), is in-
cluded within the confidence interval for a given significance level (for ↵ = 5 %, the µ(⌧)
is below �1.96 and above 1.96). In the sequential form (seqMK) (Gerstengarde and
Werner, 1999), µ(⌧) is calculated for each element of the sample. The procedure is ap-10

plied forward starting from the oldest values (progressive) and backward starting from
the most recent values (retrograde). If no trend is present, the patterns of progressive
and retrograde µ(⌧) vs. time (i.e., years) present several crossing points, while a unique
crossing period allows the approximate location of the starting point of the trend (e.g.,
Bocchiola and Diolaiuti, 2010).15

In this study, the seqMK is applied to monthly vectors. Monitoring the seasonal non-
stationarity, the monthly progressive µ(⌧) is reported with a pseudo color code, where
the warm colors represent the positive slopes and cold colors the negative ones. Color
codes associated with values outside of the range (�1.96 to 1.96) possess darker
tones to highlight the trend significance (Salerno et al., 2014). Moreover, to monitor the20

overall non-stationarity of the time series, both the progressive and the retrograde µ(⌧)
at the annual scale are reported. We used the Sen’s slope proposed by Sen (1968) as
a robust linear regression allowing the quantification of the potential trends revealed by
the seqMK (e.g., Bocchiola and Diolaiuti, 2010). The significance level is established for
p < 0.05. We define a slight significance for p < 0.10. The uncertainty associated with25

the Sen’s slopes (1994–2013) is estimated through a Monte Carlo uncertainty analysis
(e.g., James and Oldenburg, 1997), described in detail in Supplement 1.
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5 Results

5.1 Trend analysis at high elevation

Figure 3 shows the reconstructed PYRAMID time series for minT, maxT, meanT, and
Prec resulting from the overall infilling process explained in Supplement 1. Figure 4
analyzes the monthly trends of T and Prec from 1994 to 2013 for PYRAMID.5

5.1.1 Minimum air temperature (minT)

November (0.17 �C a�1
p < 0.01) and December (0.21 �C a�1, p < 0.01) present the

highest increasing trend, i.e., both these two months experienced about even +4 �C
over twenty years (Fig. 4a). In general, the post- and pre-monsoon periods experience
higher and more significant increases than during the monsoon. In particular, we note10

the significant and consistent increase of April (0.10 �C a�1, p < 0.05). At the annual
scale, the bottom graph shows a progressive µ(⌧) trend parallel to the retrograde µ(⌧)
one for the entire analyzed period, i.e., a continuous tendency of minT to rise, which
becomes significant in 2007, when the progressive µ(⌧) assumes values above +1.96.
On the right, the Sen’s slope completes the analysis, illustrating that minT is increas-15

ing at annual level by 0.072±0.011 �C a�1, p < 0.001, i.e., +1.44±0.22 �C over twenty
years.

5.1.2 Maximum air temperature (maxT)

The post- and pre-monsoon months show larger increases in maxT, but with lower
magnitudes and significance than we observe for minT (Fig. 4b). The highest increases20

occurs also for this variable in April, November and December. Less expected is the
decrease of maxT in May (0.08 �C a�1, p < 0.05) and during the monsoon months from
June to August (0.05 �C a�1, p < 0.1). On the annual scale, the bottom graph shows
a continuous crossing of the progressive and retrograde µ(⌧) trends until 2007, i.e.,
a general stationary condition. From 2007 until 2010, the trend significantly increased,25
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while 2012 and 2013 register a decrease, bringing the progressive µ(⌧) near the sta-
tionary condition. In fact, on the right, the Sen’s slope confirms that maxT is at annual
level stationary over the twenty years (+0.009±0.012 �C a�1, p > 0.1).

5.1.3 Mean air temperature (meanT)

Figure 4c, as expected, presents intermediate conditions for meanT than for minT and5

maxT. All months, except May and the monsoon months from June and August, regis-
ter a positive trend (more or less significant). December presents the highest a more
significant increasing trend (0.17 �C a�1, p < 0.01), while April shows the highest and
a more significant increase (p < 0.10) during the pre-monsoon period. On the annual
scale, the bottom graph shows that the progressive µ(⌧) trend has always increased10

since 2000 and that it becomes significant beginning in 2008. On the right, the Sen’s
slope concludes this analysis, showing that meanT has been significantly increasing
by 0.044±0.008 �C a�1, p < 0.05, i.e., +0.88±0.16 �C over twenty years.

5.1.4 Total precipitation (Prec)

In the last years, all cells are blue, i.e., we observe for all months an overall and15

strongly significant decreasing trend of Prec (Fig. 4d). In general, the post- and
pre-monsoon periods experience more significant decreases, although the monsoon
months (June–September) register the main Prec losses (e.g. August registers a Prec
loss of even 4.6 mma�1). On the annual scale, the bottom graph shows a continuous
decreasing progressive µ(⌧) trend since 2000 that becomes significant beginning in20

2005. On the right, the Sen’s slope notes that the decreasing Prec trend is strongly
high and significant at annual level (13.7±2.4 mma�1, p < 0.001).

The precipitation reduction is mainly due to a reduction in intensity. However during
the early and late monsoon rather show a reduction in duration (see further details in
Supplement 2).25
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5.2 Trend analysis in the Koshi Basin

Table 2 provides the descriptive statistics of the Sen’s slopes for minT, maxT, meanT,
and Prec for the 1994–2013 period for the Koshi Basin. The stations located on the
two sides of the Himalayan range are listed separately. For the southern ones (KO-S),
we observe that for minT less than half of the stations experience an increasing trend5

and just three are significant with p < 0.1. In general, the minT on the southern side
can be defined as stationary (+0.003 �C a�1). Conversely, the maxT shows a decidedly
non-stationary condition. All stations present an increasing trend, and even six of the
ten are on the significant rise with at least p < 0.1. The mean trend is +0.060 �C a�1

(p < 0.10). Similarly, the meanT shows a substantial increase. Also in this case, six10

of the ten stations are on the significant rise with at least p < 0.1. The mean trend is
+0.029 �C a�1 (p < 0.10). In regards to Prec, we observe that on the KO-S, 14 of the 19
stations present a downward trend. Among them, eight decrease significantly with at
least p < 0.1. The mean trend is �11.1 mma�1, i.e., we observe a decreasing of 15 %
(222 mm) of precipitation fallen in the basin during the 1994–2013 period (1527 mm on15

average).
The two stations located on the northern ridge (KO-N) show a singularly slight signif-

icant rise for minT (0.034 �C a�1, p < 0.10 on average) and for maxT (0.039 �C a�1,
p < 0.10 on average), recording a consequent mean increase of meanT equal to
0.037 �C a�1, p < 0.05. As for Prec, we observe that on the KO-N both stations maintain20

stationary conditions (�0.1 mma�1).
Table 3 provides the descriptive statistics of the Sen’s slopes on a seasonal base.

The stations analyzed here are the same as those considered in Table 2. We be-
gin our description with PYRAMID, already analyzed in detail in Fig. 4. We con-
firm with this seasonal grouping that the main and significant increases of minT,25

maxT, and meanT are completely concentrated during the post-monsoon period (e.g.,
0.124 �C a�1, p < 0.01 for meanT). The pre-monsoon period experienced a slighter and
not significant increase (e.g., 0.035, p > 0.1 for meanT). In general, during the mon-
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soon period, T is much more stationary for all three variables (e.g., 0.015, p > 0.1
for meanT). Considering the other KO-S stations, the main increasing and significant
trends of meanT occurred during the pre-monsoon (0.043 �C a�1) and post-monsoon
(0.030 �C a�1) season, while the increase during the monsoon is slighter (0.020 �C a�1).
The KO-N stations confirm that the main increasing trend of meanT occurred outside5

the monsoon period that is stationary (+0.013 �C a�1).
As for Prec, PYRAMID and the other KO-S stations show that the magnitude of the

Sen’s slopes is higher during the monsoon season (�9.3 mma�1 and �8.6 mma�1, re-
spectively), when precipitation is more abundant. The relatively low snowfall phase of
monsoon Prec at PYRAMID (as specified above) makes the decreasing trend observed10

during the summer more robust than the annual one as devoid of possible undervalu-
ation of snowfall. The northern stations show slight significant decreasing Prec during
the winter (�3.3 mma�1, p < 0.05).

5.3 Lapse rates in the southern Koshi Basin

5.3.1 Air temperature gradient15

This study, aiming to create a connection between the climate drivers and cryosphere
in the Koshi Basin, which presents the highest altitudinal gradient of the world (77 to
8848 ma.s.l.), o◆ers a unique opportunity to calculate T and Prec lapse rates before
analyzing their spatial trends. It is worth noting that the T lapse rate is one of the most
important variables for modeling meltwater runo◆ from a glacierized basin using the20

T-index method (Hock, 2005; Immerzeel et al., 2014). It is also an important variable
for determining the form of Prec and its distribution characteristics (e.g., Hock, 2005).
Figure 5a presents the lapse rate of the annual meanT in the KO Basin (Nepal) along
the altitudinal range of well over 7000 m (865 to 7986 ma.s.l.). We found an altitudi-
nal gradient of �0.60 �C (100m)�1 on the annual scale with a linear trend (r2 = 0.98,25

p < 0.001). It is known that up to altitudes of approximately 8–17 kma.s.l. in the lower
regions of the atmosphere, T decreases with altitude at a fairly uniform rate (Washing-
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ton and Parkinson, 2005). Kattel and Yao (2013) recently found a lower annual lapse
rate for the overall CH-S, but until 4000 ma.s.l.: �0.52 �C (100m)�1.

Considering that the lapse rate is mainly a◆ected by the moisture content of the air
(Washington and Parkinson, 2005), we also calculated the seasonal gradients (not
shown here). We found a dry lapse rate of �0.65 �C (100m)�1 (r2 = 0.99, p < 0.001)5

during the pre-monsoon season when AWS1 registers a mean relative humidity
of 62 %. A saturated lapse rate during the monsoon season is �0.57 �C (100m)�1

(r2 = 0.99, p < 0.001) with a mean relative humidity of 96 %. During the post-
monsoon period, we found a lapse rate equal to that registered during the monsoon:
�0.57 (100m)�1 (r2 = 0.98, p < 0.001) even if the relative humidity is decidedly lower in10

these months (44 %). Kattel and Yao (2013) explain this anomalous low post-monsoon
lapse rate as the e◆ect of strong radiative cooling in winter.

5.3.2 Precipitation gradient

As for Prec, its relationship with elevation helps in providing a realistic assessment
of water resources and hydrological modeling of mountainous regions (Barros et al.,15

2004). In recent years, the spatial variability of Prec has received attention because the
mass losses of the Himalayan glaciers can be explained with an increased variability in
the monsoon system (e.g., Yao et al., 2012; Thakuri et al., 2014). Some previous stud-
ies of the Himalayas have considered orographic e◆ects on Prec (Singh and Kumar,
1997; Ichiyanagi et al., 2007). Ichiyanagi et al. (2007), using all available Prec stations20

operated by DHM, of which < 5 % of stations are located over 2500 m and just one sta-
tion is over 4000 ma.s.l., observed that in the CH-S region, the annual Prec increases
with altitude below 2000 ma.s.l. and decreases for elevations ranging between 2000
and 3500 ma.s.l., but with no significant gradient. A broad picture of the relationship
between Prec and topography in the Himalayas can be derived from the precipitation25

radar onboard the Tropical Rainfall Measuring Mission (TRMM). Some authors found
an increasing trend with elevation characterized by two distinct maxima along two el-
evation bands (950 and 2100 ma.s.l.). The second maximum is much higher than the
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first, and it is located along the Lesser Himalayas. Over these elevations, the annual
distribution follows an approximate exponentially decreasing trend (Bookhagen and
Burbank, 2006).

Figure 5b shows the altitudinal gradient for the total annual Prec in the Koshi Basin.
We observe a clear rise in Prec with elevation until approximately 2500 ma.s.l., cor-5

responding to the Tarke Ghyang station (code 1058), registering an annual mean
of 3669 mm (mean for the 2004–2012 period). A linear approximation (r = 0.83, p <

0.001) provides a rate of +1.16 mmm�1. At higher elevations, we observe an expo-
nential decrease (aebx, with a = 21 168 mmm�1 and b = �9⇥10�4 m�1, where x is the
elevation expressed as m a.s.l.) until observing a minimum of 132 mm (years 200910

and 2013) for the Kala Patthar station (AWS4) at 5600 ma.s.l., although, as specified
above, at these altitudes the contribution of winter snowfall could be underestimated.
The changing point between the two gradients can be reasonably assumed at approxi-
mately 2500 ma.s.l., considering that the stations here present the highest interannual
variability, belonging in this way, depending on the year, to the linear increase or to the15

exponential decrease. The clear outlier along the linear gradient is the Num Station
(1301) located at 1497 ma.s.l., which recorded 4608 mm of precipitation. This station
has been excluded for the linear approximation because, as reported by Montgomery
and Stolar (2006), the station is located in the Arun Valley, which acts as a conduit
for northward transport of monsoonal precipitation. The result is that local precipitation20

within the gorge of the Arun River is several times greater than in surrounding areas.

5.4 Spatial distribution of air temperature and precipitation trends
in the Koshi Basin

Figure 6 presents the spatial distribution of the Sen’s slopes in the Koshi Basin for minT
(Fig. 6a), maxT (Fig. 6b), meanT (Fig. 6c), and Prec (Fig. 6d) during the 1994–201325

period. The relevant data are reported in Table 2. The Chainpur (East) station shows T

trends in contrast with the other stations (see also Table 2); therefore, we consider this
station as a local anomaly and do not discuss it further in the following sections.
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In regards to minT, we observe an overall stationary condition in KO-S, as noted
above. The only two stations showing a significant increasing trend are both located at
East. The high elevation stations (PYRAMID and both those located on the north ridge)
di◆er from the general pattern of the southern basin by showing a significant increasing
trend. Even for maxT, we observe a higher increase in the southeastern basin. The5

central and western parts of the KO-S seem to be more stationary. PYRAMID follows
this stationary pattern, while the northern stations (KO-N) show large and significant
increases. As a consequence, meanT shows increasing trends for all the Koshi Basin,
especially on the southeast and northern sides.

The decrease of precipitation in the southern Koshi Basin presents a quite homoge-10

neous pattern from which the highly elevated PYRAMID is not excluded. The pattern
is di◆erent on the north ridge, where it is stationary.

6 Discussion

6.1 Temperature trends of the Koshi Basin compared to the regional pattern

Kattel and Yao (2013) analyzed the annual minT, maxT, and meanT trends from sta-15

tions ranging from 1304 to 2566 ma.s.l. in CH-S (corresponding to all stations in Nepal)
during the 1980–2009 period. They found that the magnitude of warming is higher for
maxT (0.065 �C a�1), while minT (0.011 �C a�1) exhibits larger variability, such as pos-
itive, negative or no change; meanT was found to increase at an intermediate rate of
0.038 �C a�1. These authors extended some time series and confirmed the findings of20

Shrestha et al. (1999) that, analyzing the 1971–1994 period, found a maxT increase of
0.059 �C a�1 for all of Nepal. Furthermore, warming in the winter was more pronounced
compared to other seasons in both studies. These results are consistent with the pat-
tern reported in WH (e.g., Bhutiyani et al., 2007; Shekhar et al., 2010), in EH, and in
the rest of India (e.g., Pal and Al-Tabbaa, 2010) for the last three decades.25
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The trend analysis carried out in this study for the last two decades in KO-S
shows full consistency with the pattern of change occurring in these regions over
the last three decades in terms of a higher increase in maxT (0.060 �C a�1) than
in minT (0.003 �C a�1), a seasonal pattern (more pronounced during the pre- and
post-monsoon months), and the magnitudes of the trends (e.g., the meanT trend is5

+0.030 �C a�1). Therefore, at low elevations of KO-S, we observe an acceleration of
warming in the recent years compared to the rate of change reported by Kattel and
Yao (2013) and Shrestha et al. (1999) in the previous decades.

Di◆erent conditions have been observed on the TP, where the warming of minT is
more prominent than that of maxT (e.g., Liu et al., 2006, 2009). In particular, for stations10

above 2000 ma.s.l. during the 1961–2003 period, Liu et al. (2006) found that minT
trends were consistently greater (+0.041 �C a�1) than those of maxT (+0.018 �C a�1),
especially in the winter and spring months. Yang et al. (2012), focusing their analysis
on CH-N (which corresponds to the southern TP) in a more recent period (1971–2007),
showed a significant increase of 0.031 �C a�1 for meanT. Yang et al. (2006) analyzed15

five stations located in a more limited area of CH-N: the northern side of Mt. Everest
(therefore, including the two stations also considered in this study) from 1971 to 2004.
The warming is observed to be influenced more markedly by the minT increase.

The trend analysis carried out in this study for KO-N over the last two decades agrees
with these studies in regards to both the considerable increase of minT (0.034 �C a�1)20

and the seasonal consistency of trends, related to all three T variables, outside the
monsoon months. However, we observe that in recent years, maxT is increasing more
than the rest of the TP (0.039 �C a�1). In general we observed an increase of meanT
(0.037 �C a�1) comparable to that reported by Yang et al. (2012) (0.031 �C a�1) in the
1971–2007 period.25

With all these regional studies, PYRAMID shares the higher T trends outside the
monsoon period. However, in contrast with studies located south of the Himalayan
ridge, which observed a prevalence of maxT increase, PYRAMID experienced a con-
sistent minT increase (0.072 �C a�1 for PYRAMID vs. 0.003 �C a�1 for KO-S sta-

5927

D
i
s
c
u

s
s
i
o

n
P

a
p

e
r

|
D

i
s
c
u

s
s
i
o

n
P

a
p

e
r

|
D

i
s
c
u

s
s
i
o

n
P

a
p

e
r

|
D

i
s
c
u

s
s
i
o

n
P

a
p

e
r

|

tions), while the maxT increase is decidedly weaker (0.009 �C a�1 for PYRAMID vs.
0.060 �C a�1 for KO-S stations). The remarkable minT trend of PYRAMID is higher, but
more similar to the pattern of change commonly described on the TP, in particular in
CH-N, and also in this study (0.072 �C a�1 for PYRAMID vs. 0.034 �C a�1 for KO-N sta-
tions), while the maxT increase is weaker (0.009 �C a�1 for PYRAMID vs. 0.039 �C a�1

5

for KO-N stations).

6.2 Elevation dependency of temperature trends

Figure 7 shows T trends in the KO Basin for minT, meanT, and maxT relative to the
elevation during the 1994–2013 period. No linear pattern emerges. However, we can
observe the minT trend of the three stations located at higher altitude (PYRAMID and10

KO-N stations), which increases more than that of the lower stations (Fig. 7a, see also
Table 2). Reviewing the most recent studies in the surroundings, we found that they are
quite exclusively located on CH-N. These studies often show contradictory elevation
dependencies (Rangwala and Miller, 2012). A recent study by You et al. (2010) did
not find any significant elevation dependency in the warming rates of meanT between15

1961 and 2005. However, considering mostly the same stations, Liu et al. (2009) found
that the warming rates for minT were greater at higher elevations. Observations from
CH-S are much rarer. Shrestha et al. (1999) found elevation dependency in the rate
at which maxT were increasing in the Nepali Himalayas (CH-S), with higher rates at
higher elevations, but this study exclusively considered stations under 3000 ma.s.l.20

Furthermore we did not find for the Koshi Basin any significant elevation dependency
in the weakening rates of Prec.

6.3 Precipitation trends of the Koshi Basin compared to the regional pattern

Turner and Annamalai (2012), using the all-India rainfall data based on a weighted
mean of 306 stations, observed a negative precipitation trend since the 1950s in South25

Asia. According to Yao et al. (2012), using the Global Precipitation Climatology Project
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(GPCP) data, there is strong evidence that precipitation from 1979 to 2010 decreased
even in the Himalayas. In eastern CH-S, where the Koshi Basin is located, they esti-
mated a loss of 173 mm, showing a real decreasing trend starting from the early 1990s
(mean value between grid 9 and 11 in Fig. S18 of their paper).

On the TP, the observed pattern of change is opposite that of the monsoon weak-5

ening described by the authors cited above. Liu et al. (2010) described an increase in
precipitation in CH-N for the period of the 1980s to 2008. Su et al. (2006) described
a marked precipitation increase in the Yangtze River Basin (eastern CH-N). In a similar
way to the T analysis, Yang et al. (2006) considered 5 stations located on the north-
ern side of Mt. Everest (therefore, including the two stations also considered in this10

study) from 1971 to 2004 and observed an increasing, but not significant Prec trend.
The higher stationarity we observed is confirmed since 1971 for the two KO-N stations
considered in this study.

Di◆erent from the north side of Mt. Everest and from the general TP, we confirm the
general monsoon weakening in the KO-S, observing a substantial Prec decrease of15

15 % (�11.1 mma�1, 222 mm), but that is not significant for all stations. At PYRAMID,
the annual loss is relatively comparable with that of the KO-S (13.7 mma�1, 273 mm),
but at these high elevations, as we observed in Table 2, the weather is much more
drier (449 and 1527 mm, respectively). Therefore, the fractional loss is more than 3
times (52 %) that of the KO-S. Considering that the decreasing trend observed during20

the summer is more robust than the annual one (see above), the fractional loss of Prec
during the monsoon is 47 %, which means that currently, on average, the precipitation
at PYRAMID is the half of what it was twenty years ago.

6.4 Mechanisms responsible for temperature warming and
precipitation weakening25

According to Rangwala and Miller (2012), there are a number of mechanisms that can
cause enhanced warming rates at high elevation, and they often have strong seasonal
dependency. These mechanisms arise from either elevation based di◆erential changes
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in climate drivers, such as snow cover, clouds, specific humidity, aerosols, and soil
moisture, or di◆erential sensitivities of surface warming to changes in these drivers at
di◆erent elevations. This study does not aim to either realize a comprehensive review or
to demonstrate the causes that could have led to the climate change pattern observed
at PYRAMID, but our intent here is just to note the recent hypotheses advanced in the5

literature that fit with our observations for the region of investigation.
Snow/ice albedo is one of the strongest feedbacks in the climate system (Rang-

wala and Miller, 2012). Increases in minT are possible if decreases in snow cover are
accompanied by increases in soil moisture and surface humidity, which can facilitate
a greater diurnal retention of the daytime solar energy in the land surface and am-10

plify the longwave heating of the land surface at night (Rangwala et al., 2012). For
the Tibetan Plateau, Rikiishi and Nakasato (2006) found that the length of the snow
cover season declined at all elevations between 1966 and 2001. Moreover, minT can
be enhanced by nighttime increases in cloud cover. However, assessing changes in
clouds and quantifying cloud feedbacks will remain challenging in the near term. For15

the Tibetan Plateau, Duan and Wu (2006) found that low level nocturnal cloud cover
increased over the TP between 1961 and 2003 and that these increases explain part
of the observed increases in minT.

The maxT increase observed here during April (p < 0.05 in 2011, Fig. 4b) fits with
the warming reported by Pal and Al-Tabbaa (2010) which observed that within the pre-20

monsoon season only April shows significant changes in maxT in all Indian regions and
WH (1901–2003 period). According to Ramanathan et al. (2007), Gautam et al. (2010)
argued that the observed warming during the pre-monsoon period (April–June) can
be ascribed not only to the global greenhouse warming, but also to the solar radia-
tion absorption caused by the large amount of aerosol (mineral dust mixed with other25

carbonaceous material) transported over the Gangetic-Himalayan region. As recently
reported by Marinoni et al. (2013), April represents the month for which the transport
of absorbing carbonaceous aerosol (i.e. black carbon) is maximized in our region of
investigation (Khumbu Valley). At this regards Putero et al. (2013) show evidences for
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a possible influence of open fire occurrence in South Asia particular abundant dur-
ing this period of the year. However the significant decreasing of maxT observed in
May (p < 0.05) and the slight significant decreasing during the monsoon months from
June to August (p < 0.10) appear to deviate from the scenario proposed for April. In
this respect it should be kept in mind that the radioactive dynamical interactions of5

aerosol with the monsoon cycle are extremely complex and di◆erent processes can
interact with each other. As an instance, as reported by Qian et al. (2011), the de-
position of absorbing aerosol on snow and the snow albedo feedback processes can
play a prominent role in Himalayas and TP inducing large radioactive flux changes and
surface temperature perturbation.10

Recent studies associate the precipitation decrease over India during the second
half of 20th century (e.g., Ramanathan et al., 2005; Lau and Kim, 2006) to the signif-
icant tropospheric warming over the tropical area from the Indian Ocean to the west-
ern Pacific (e.g., Wu, 2005), while westerlies are strengthening (Zhao et al., 2012).
Other authors (e.g., Bollasina et al., 2011) attribute the monsoon weakening to human-15

influenced aerosol emissions. In fact an increase of aerosols over South Asia has been
well documented (Ramanathan et al., 2005; Lau and Kim, 2006) and climate model ex-
periments suggest that sulfate aerosol may significantly reduce monsoon precipitation
(Mitchell and Johns, 1997). Despite a historical weakening of the monsoon circula-
tion, most studies project an increase of the seasonal monsoon rainfall under global20

warming. At this regards Levy II et al., 2013 find that the dramatic emission reductions
(35–80 %) in anthropogenic aerosols and their precursors projected by Representative
Concentration Pathway (RCP) 4.5 (Moss et al., 2010) result an increasing trend by
the second half of the 21st century in South Asia and in particular over the Himalaya
(Palazzi et al., 2013).25
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6.5 Linking climate change patterns observed at high elevation
with glacier responses

6.5.1 Impact of temperature increase

Air temperature and precipitation are the two factors most commonly related to glacier
fluctuations. However, there still exists a seasonal gap in order to explain the shrink-5

ing of summer accumulation-type glaciers (typical of CH) due to large temperature in-
creases observed in the region during winter (Ueno and Aryal, 2008), as is the case for
the south slopes of Mt. Everest. Furthermore, in this study we noted a slightly significant
decline in summer maxT and stationary meanT. The real increase of T has been ob-
served for minT, but given the mean elevation of glaciers (5695 ma.s.l. in 1992) and the10

mean elevation range of glacier fronts (4568–4817 ma.s.l. in 1992, mean 4817 ma.s.l.,
249 m of SD) (Thakuri et al., 2014), this increase for minT can be most likely considered
ine◆ective for melting processes, since T is still less than 0 �C. This inference can be as-
certained analyzing Fig. 8, created in order to link temperature increases and altitudinal
glacier distribution (data from Thakuri et al., 2014). The 0 �C isotherms, corresponding15

to the mean monthly minT and maxT, are plotted for 1994 and 2013. The elevation of
each 0 �C isotherm is calculated according to the accurate lapse rates computation car-
ried out in this study and the observed monthly T trends. We can note that in 1994 the
0 �C isotherm for minT reached the elevation band characterizing the glacier fronts only
from June to September. However, twenty years later, the upward of the 0 �C isotherm20

is modest (92 m) during these months, compared to the huge but ine◆ective rise for
melting processes (downstream from the glacier fronts) of December–November (even
854 m). The maxT has obviously a greater potential impact on glaciers. In fact the 0 �C
isotherm for of all months except January and February crosses the elevation bands
within which the glacier fronts are located ever since 1994. In this regard we observe25

that only April (224 m), December (212 m), and November (160 m) experienced an up-
ward of the 0 �C isotherm able to enhance the melting processes, but only close to the
glaciers fronts. We therefore point out that the impact caused by the increased tem-
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perature occurring in April most likely plays an important role not only in relation to this
case study, but also at the level of the Himalayan range. In fact, as mentioned above,
Pal and Al-Tabbaa (2010), observed that within the pre-monsoon season, only April
showed significant changes in maxT in all Indian regions and WH (1901–2003 period).

6.5.2 Impact of precipitation decrease5

As regards the precipitation, in this study we noted a strong and significant decreasing
Prec trend for all months, corresponding to a fractional loss of 47 % during the monsoon
season which indicates that, on average, the precipitation at PYRAMID is currently half
of what it was twenty years ago. This climate change pattern confirms and clarifies the
observation of Thakuri et al. (2014), who noted that the southern Mt. Everest glaciers10

experienced a shrinkage acceleration over the last twenty years (1992–2011), as un-
derlined by an upward shift of SLA with a velocity almost three times greater than
the previous period (1962–1992). The authors, without the support of climatic data,
proposed the hypothesis that Mt. Everest glaciers are shrinking faster since the early
1990s mainly as a result of a weakening of precipitation over the last decades. In fact15

they observed a double upward shift in the SLA of the largest glaciers (south-oriented
and with a higher altitude accumulation zone): a clear signal of a significant decrease
in accumulation. Wagnon et al. (2013) have recently reached the same conclusion,
but also in this case without the support of any climatic studies. Bolch et al. (2011)
and Nuimura et al. (2012) registered a higher mass loss rate during the last decade20

(2000–2010).
Furthermore Quincey et al. (2009) and Peters et al. (2010) observed lower glacier

flow velocity in the region over the last decades. Many studies highlight how the present
condition of ice stagnation of glaciers in the Mt Everest region, and in general in CH-
S, is attributable to low flow velocity generated by generally negative mass balances25

(Bolch et al., 2008; Quincey et al., 2009; Scherler et al., 2011). Our observations allow
attributing the lower glacier flow velocity to lower accumulation due to weaker precip-
itation, which can thus be considered the main climatic factor driving the current ice
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stagnation of tongues. In this regard we need to keep in mind that changes in veloc-
ity are among the main triggers for the formation of supraglacial and proglacial lakes
(Salerno et al., 2012; Quincey et al., 2009), which we know to be susceptible to GLOFs.

6.5.3 Trend analysis of annual probability of snowfall

Figure 9 analyses how the changes observed for the meanT at PYRAMID have af-5

fected the probability of snowfall on total cumulated annual precipitation in the last
twenty years. The increase of meanT observed outside the monsoon period, when the
precipitation is almost completely composed by snow (Fig. 2), brought a significant
decrease of solid phase (0.7 % a�1, p < 0.05). Extending this analysis to the eleva-
tion bands characterizing the glaciers distribution (see Fig. 8), through the temper-10

ature lapse rate calculated here, we observe that at the level of the mean glaciers
(5695 ma.s.l.) the probability of snowfall is stationary (+0.04 % a�1), while it decreases
at the mean elevation of SLAs (5345 ma.s.l. in 1992, Thakuri et al., 2014), but not sig-
nificantly (�0.38 % a�1, p > 0.1). The reduction becomes significant at lower altitudes.
In particular, at the mean elevation of glacier fronts (4817 ma.s.l.) the probability of15

snowfall is �0.56 % a�1 (p < 0.05), i.e. at these altitudesthe probability of snow on an-
nual base is currently 11 % (p < 0.05) less than twenty years ago. We can conclude
this analysis summarizing that a significant change in precipitation phase has occurred
close to the terminal portions of glaciers, corresponding broadly to the glaciers ablation
zones (around 10 %, p < 0.5), while the lower temperature of the upper glaciers zones20

has so far guaranteed a stationary condition.

7 Conclusion

Most relevant studies on temperature trends were conducted on the Tibetan Plateau,
the Indian subcontinent (including the WH) and the Upper Indus Basin, while studies
on the mountainous regions along the southern slope of the central Himalayas in Nepal25
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(CH-S) are limited. Although Shrestha et al. (1999) analyzed the maximum temperature
trends over Nepal during the period 1971–1994, studies on recent temperature trends
over CH-S are still lacking and, before this study, completely absent as regards high
elevation. This paper addresses seasonal variability of minimum, maximum, and mean
temperatures and precipitation at high elevation onthe southern slopes of Mt. Everest.5

Moreover, we complete this analysis with data from all the existing weather stations
located on both sides of the Himalayan range (Koshi Basin) for the 1994–2013 period,
during which a rapider glacier mass loss occurred.

At high elevation on the southern slopes of Mt. Everest, we observed the following:

1. The main increases in air temperature are almost completely concentrated during10

the post-monsoon months. The pre-monsoon period experienced a slighter and
insignificant increase, while the monsoon season is generally stationary. This sea-
sonal temperature change pattern is shared with the entire Koshi Basin, and it is
also observed in the regional studies related to the northern and southern slopes
of the Himalayan range. Surprisingly, at high elevation the maximum temperature15

decreases significantly in May and slightly during the monsoon months from June
to August.

2. The minimum temperature increased much more than the maximum tempera-
ture. This remarkable minimum temperature trend is more similar to the pattern of
change commonly described on the Tibetan Plateau and confirmed in this study20

in the northern Koshi Basin. However, this trend is in contrast with studies located
south of the Himalayan ridge. As proved by this study, the southern Koshi Basin
experienced a prevalence of maximum temperature increases. No linear pattern
emerges in the elevation dependency of temperature trends. We only observed
higher minimum temperature trends at higher altitudes.25

3. The total annual precipitation has considerably decreased. The annual rate of
decrease at high elevation is similar to the one at lower altitudes on the southern
side of the Koshi Basin, but the drier conditions of this remote environment make
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the fractional loss relatively more consistent. The precipitation at high elevation
during the monsoon period is currently half of what it was twenty years ago. These
observations confirm the monsoon weakening observed by previous studies in
India and even in the Himalayas since the early 1980s. As opposed to the northern
side of the Koshi Basin that shows in this study certain stability, as positive or5

stationary trends have been observed by previous studies on the TP and more
specifically in northern central Himalaya.

4. There is a significantly lower probability of snowfall in the glaciers ablation zones,
while the lower temperature of the upper glaciers zones have so far guaranteed
a stationary condition.10

In general, this study contributes to change the perspective on how the climatic driver
(temperature vs. precipitation) led the glacier responses in the last twenty years. to
a change perspective related to the climatic driver (temperature vs. precipitation) led
the glacier responses in the last twenty years.

Without demonstrating the causes that could have led to the climate change pattern15

observed at the PYRAMID, we simply note the recent literature on hypotheses that
accord with our observations. for the case study.

In conclusion, we have here observed that weather stations at low elevations are
not able to suitably describe the climate changes occurring at high altitudes and thus
correctly interpret the impact observed on the cryosphere. This consideration stresses20

the great importance of long-term ground measurements at high elevation.

The Supplement related to this article is available online at
doi:10.5194/tcd-8-5911-2014-supplement.
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Table 1. List of surface stations belonging to PYRAMID Observatory Laboratory network lo-
cated along the south slopes of Mt. Everest (upper DK Basin).

Station ID Location Latitude Longitude Elevation Sampling Data Availability % of daily missing data
� N � E m a.s.l. Frequency From To Air Temperature Precipitation

AWS3 Lukla 27.70 86.72 2660 1 h 2 Nov 2004 31 Dec 2012 23 20
AWSN Namche 27.80 86.71 3570 1 h 27 Oct 2001 31 Dec 2012 21 27
AWS2 Pheriche 27.90 86.82 4260 1 h 25 Oct 2001 31 Dec 2013 15 22
AWS0 Pyramid 27.96 86.81 5035 2 h 1 Jan 1994 31 Dec 2005 19 16
AWS1 Pyramid 27.96 86.81 5035 1 h 1 Jan 2000 31 Dec 2013 10 21
ABC Pyramid 27.96 86.82 5079 1 h 1 Mar 2006 31 Dec 2011 5 1
AWS4 Kala Patthar 27.99 86.83 5600 10 min 1 Jan 2009 31 Dec 2013 28 38
AWS5 South Col 27.96 86.93 7986 10 min 1 May 2008 31 Oct 2011 39 100
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Table 2. List of ground weather stations located in the Koshi Basin and descriptive statistics of
the Sen’s slopes for minimum, maximum, and mean air temperatures and total precipitation for
the 1994–2012 period. The annual mean air temperature, the total annual mean precipitation,
and the percentage of missing daily values is also reported.

Air Temperature Precipitation

Annual Missing MinT MaxT MeanT Annual Missing Prec
Latitude Longitude Elevation mean values trend trend trend total values trend

ID Station Name � N � N m a.s.l. �C % �C a�1 �C a�1 �C a�1 mm % mm a�1

KO-S (NEPAL)

1024 DHULIKHEL 27.61 85.55 1552 17.1 2 �0.012 0.041 0.026
1036 PANCHKHAL 27.68 85.63 865 21.4 10 0.038 0.051b 0.038a 1191 10 �25.0b

1058 TARKE GHYANG 28.00 85.55 2480 3669 10 �21.9
1101 NAGDAHA 27.68 86.10 850 1369 3 �1.4
1103 JIRI 27.63 86.23 2003 14.4 1 0.013 0.020 0.014a 2484 4 6.6
1202 CHAURIKHARK 27.70 86.71 2619 2148 2 1.3
1206 OKHALDHUNGA 27.31 86.50 1720 17.6 2 �0.017 0.042 0.000 1786 3 �5.1
1210 KURULE GHAT 27.13 86.41 497 1017 2 �23.4a

1211 KHOTANG BAZAR 27.03 86.83 1295 1324 4 15.9
1222 DIKTEL 27.21 86.80 1623 1402 6 10.4
1301 NUM 27.55 87.28 1497 4537 6 �54.3c

1303 CHAINPUR (EAST) 27.28 87.33 1329 19.1 0 �0.127b 0.024 �0.064a 1469 0 �1.1
1304 PAKHRIBAS 27.05 87.28 1680 16.7 0 �0.005 0.036b 0.015 1540 4 �3.7
1307 DHANKUTA 26.98 87.35 1210 20.0 0 �0.002 0.153d 0.071d 942 6 �9.2a

1314 TERHATHUM 27.13 87.55 1633 18.2 10 0.033 0.066a 0.049b 1052 6 �13.1a

1317 CHEPUWA 27.46 87.25 2590 2531 5 �41.9b

1322 MACHUWAGHAT 26.96 87.16 158 1429 6 �22.9a

1403 LUNGTHUNG 27.55 87.78 1780 2347 1 2.6
1405 TAPLEJUNG 27.35 87.66 1732 16.6 1 0.060b 0.085c 0.071c 1966 3 �11.6
1419 PHIDIM 27.15 87.75 1205 21.2 7 0.047b 0.082c 0.067c 1287 2 �13.6b

MEAN 27.33 87.00 1587 17.9 2 0.003 0.060a 0.029a 1527 4 �11.1
PYRAMID 27.96 86.81 5035 �2.4 0 0.072d 0.009 0.044b 449 0 �13.7d

KO-N (TIBET) DINGRI 28.63 87.08 4.302 3.5 0 0.037a 0.041a 0.037b 309 0 �0.1
NYALAM 28.18 85.97 3.811 4.1 0 0.032a 0.036a 0.036a 616 0 �0.2

MEAN 28.41 86.53 4.057 3.8 0.1 0.034a 0.039a 0.037b 463 0 �0.1

Level of significance (a
p value=0.1, b

p value=0.05, c
p value=0.01, and d

p value=0.001).
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Table 3. Descriptive statistics of the Sen’s slopes on a seasonal basis for minimum, maximum,
and mean air temperatures and total precipitation of weather stations located in the Koshi Basin
for the 1994–2012 period. The Nepali and Tibetan stations are aggregated as mean values.

Minimum Temperature Maximum Temperature Mean Temperature Total Precipitation
Location Pre- Monsoon Post- Annual Pre- Monsoon Post- Annual Pre- Monsoon Post- Annual Pre- Monsoon Post- Annual

SOUTHERN KOSHI 0.012 �0.005 �0.001 0.003 0.076a 0.052 0.069a 0.060a 0.043 0.020 0.030 0.030a 0.8 �8.6 �2.5 �11.1
BASIN (KO-S,NEPAL)

PYRAMID (NEPAL) 0.067a 0.041a 0.151d 0.072d 0.024 �0.028 0.049 0.009 0.035 0.015 0.124c 0.044c �2.5c �9.3c �1.4c �13.7d

NORTHERN KOSHI 0.042a 0.019 0.086b 0.034a 0.023 0.030 0.071b 0.039a 0.042a 0.013 0.084b 0.037b 2.2 0.4 �3.3b �0.1
BASIN (KO-N,TIBET)

Level of significance (a
p value=0.1, b

p value=0.05, c
p value=0.01, and d

p value=0.001). Annual and seasonal temperature trends are expressed as �Ca�1.
Annual precipitation trend is expressed as mma�1, while the seasonal precipitation trends are in mm(4months)a�1.
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Figure 1. (a) Location of the study area in the Himalaya, where the abbreviations WH, CH, EH
represents the Western, Central and Eastern Himalaya, respectively (the suxes -N and -S
indicate the northern and southern slopes). (b) Focused map on the spatial distribution of all
meteorological stations used in this study, where KO and DK stand for the Koshi and Dudh Koshi
Basins, respectively; SNP represents the Sagarmatha National Park. (c) Hypsometric curve of
SNP (upper DK Basin) and altitudinal glacier distribution. Along this curve, the locations of
meteorological stations belonging to PYRAMID Observatory Laboratory are presented.
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Figure 2. Mean monthly cumulated precipitation subdivided into snowfall and rainfall and min-
imum, maximum, and mean temperature at 5050 ma.s.l. (reference period 1994–2013). The
bars represent the SD.
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Figure 3. Temperature and precipitation monthly time series (1994–2013) reconstructed at high
elevations of Mt. Everest (PYRAMID): minimum (a), maximum (b), and mean temperature (c),
and precipitation (d). Uncertainty at 95 % is presented as gray bar. The red lines represents the
robust linear fitting of the time series characterized by the associated Sen’s slope. According to
Dytham (2011), the intercepts are calculated by taking the slopes back from every observation
to the origin. The intercepts used in here represent the median values of the intercepts calcu-
lated for every point (Lavagnini et al., 2011). For precipitation the linear fitting refers at the right
axis.
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Figure 4. Trend analysis for (a) minimum, (b) maximum, and (c) mean air temperatures and (d)
total precipitation in the upper DK Basin. The top graph of each meteorological variable shows
the monthly trend (dark line) and uncertainty due to the reconstruction process (gray bars).
The central grid displays the results of the sequential Mann–Kendall (seqMK) test applied at
the monthly level. On the left, the color bar represents the normalized Kendall’s tau coecient
µ(⌧). The color tones below �1.96 and above 1.96 are significant (↵ = 5%). On the right, the
monthly Sen’s slopes and the relevant significance levels for the 1994–2013 period (� p value=
0.1, ⇤

p value= 0.05, ⇤⇤
p value= 0.01, and ⇤⇤⇤

p value= 0.001). The bottom graph plots the
progressive (black line) and retrograde (dotted line) µ(⌧) applied on the annual scale. On the
right, the annual Sen’s slope is shown for the 1994–2013 period.
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Figure 5. Lapse rates of (a) mean annual air temperature and (b) total annual precipitation in
the Koshi Basin for the last 10 years (2003–2012). The daily missing data threshold is set to
10 %. Only stations presenting at least 5 years of data (black points) are considered to create
the regressions (the bars represent two SD). Gray points indicate the stations presenting less
than 5 years of data.
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Figure 6. Spatial distribution of the Sen’s slopes in the Koshi Basin for minimum (a), maximum
(b), and mean (c) air temperature and (d) total precipitation for the 1994–2013 period. Data are
reported in Table 2.
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Figure 7. Elevation dependency of minimum (a), maximum (b), and mean (c) air temperatures
with the Sen’s slopes for the 1994–2013 period. The circle indicates stations with less than
10 % of missing daily data, and the star indicates stations showing a trend with p value < 0.1.
The red marker represents the trend and the associated uncertainty (two SD) referred to the
reconstructed time series for the AWS1 station (Pyramid). Data are reported in Table 2.
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Figure 8. Linkage between the temperature increases and altitudinal glacier distribution. The
0 �C isotherms corresponding to the mean monthly minimum and maximum temperature are
plotted for the 1994 and 2013 years according the observed T trends and lapse rates.
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Figure 9. Trend analysis of annual probability of snowfall on total cumulated precipitation. The
red lines represents the robust linear fitting of the time series characterized by the associated
Sen’s slope (more details in the caption of Fig. 3).
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Supplementary Material 1 

Reconstruction methods of the daily temperature and precipitation time series at Pyramid station (5035 
m a.s.l.) 

In the following, we describe the missing daily data reconstruction performed on daily T 
(minimum, maximum, and mean) and Prec time series collected at Pyramid (5035 m a.s.l.) for the 
1994-2013 period. As already mentioned in the main text, we consider AWS1 as the reference station 
(REF) for the reconstruction, which has been operating continuously from 2000 to the present. This 
station replaced AWS0 (1994-2005). These two stations have a recorded percentage of missing daily 
values of approximately 20% over the last twenty years (Table 1). The other five stations (ABC, 
AWSKP, AWS2, AWSN and AWS3) taken into account for the reconstruction process will be referred 
to as secondary stations. 

The time series reconstruction process considers four steps: 
1) Pre-processing of data 
2) Infilling method 
3) Multiple imputation technique 
4) Monthly aggregation of data 

Step 1 – Pre-processing of data 

Table 1 shows the sampling frequency of stations (ranging from 10 minutes to 2 hours). After an 
accurate data quality control according to Ikoma et al., 2007, a daily aggregation of the time series 
(temporal homogenization) is performed. Daily data have been computed only if the 100% of sub-daily 
data are available; otherwise, it is considered missing. These rules ensure a maximum quality of daily 
values with a loss of information limited to the first and last day of the failure events. 

Step 2 – Infilling method 

The selected daily infilling method is based on a quantile mapping regression (e.g. Déqué 2007). 
This method estimates a rescaling function F between two time series. This function  ensures that the 
daily cumulated density function (cdf) of a secondary station reproduces the daily cdf of the REF over 
their over their common observation period. Applying the inverse function (F-1) to each secondary 
station, a new time series is computed for each of them. In the following, these new time series with the 
systematic bias corrected are indicated as ‘*’ (e.g., AWS0*, ABC*). In our case the bias is mainly due 
to the altitude gradient,  all stations being located along the same valley (Fig. 1b). 

A new time series (REF_filled) has been created  merging REF and the * time series according to a 
priority criterion based on the degree of correlation among data (Fig. S1). The specific rules of 
computing are described below: 

- all available data of REF are maintained in the final reconstruction without any further 
processing; 



- the priority criterion for infilling is based on the magnitude of correlation coefficient (r) 
between REF and each secondary station, for each variable (Table S1); In case the daily data of 
the secondary station with higher r is missing the station with the slight lower r is selected. 

We can observe from Table S1 that AWS0, located few tens of meters far from REF, presenting r = 
0.99 and r = 0.97 for temperature and precipitation, respectively, has been the first choice. The 82% of 
missing daily values of temperature  and 72% of precipitation are filled using the AWS0*. The second 
choice is ABC. Together these two stations cover more than the 90% of missing values; the whole 
infilling procedure allows for filling the 86% and the 91% of the overall missing values of temperature 
and precipitation, respectively. 

  
Table S1. Correlation coefficients (r) between the reference station (REF) and the other secondary 
stations for temperature and precipitation. Furthermore the table reports the number of daily data (n) 
that each station has provided to the reconstruction of the time series. 

 Stations Temperature Precipitation 

 
r n r n 

AWS0 0.99 2,144 (82.2%) 0.97 2,298 (72.2%) 

ABC 0.98 254 (9.7%) 0.84 646 (20.3%) 

AWSKP 0.96 48 (1.8%) 0.62 13 (0.4%) 

AWS2 0.94 95 (3.6%) 0.81 145 (4.6%) 

AWSN 0.92 66 (2.5%) 0.56 78 (2.5%) 

AWS3 0.87 0 (0.0%) 0.53 3 (0.1%) 
Total infilled missing 
values  2,607  3,183 

 

 

Figure S1. Scheme followed for the infilling process. Upper panel: daily mean temperature. Lower 
panel: precipitation. On the left, for each station, the daily data availability and the re-computed 



values, according to the quantile mapping procedure, are shown. On the right, a new time series 
(REF_filled) is created by merging REF (reference station) and the * time series, according to a 
priority criterion described in the text. In case all stations recorded some simultaneous gaps, a multiple 
imputation technique is applied to obtain the PYRAMID_daily time series. 

The uncertainty associated with REF_filled (𝜎𝑅𝐸𝐹_𝑓𝑖𝑙𝑙𝑒𝑑) time series derives from the quantile 
mapping procedure and in particular from the miss-correlation and possible non stationarity in the 
quantile relationship.  

In order to estimate the 𝜎𝑅𝐸𝐹_𝑓𝑖𝑙𝑙𝑒𝑑, the probability distribution of the residues between REF and 
*time series is considered. In order to take into account the possible seasonal variability of the 
uncertainty, residues  have been analyzed on monthly basis.  

The Kolmogorov-Smirnov test (Massey, 1951), applied to distribution of the residues, verifies 
their normality. As a consequence, the daily uncertainty  𝜎𝑅𝐸𝐹_𝑓𝑖𝑙𝑙𝑒𝑑  is estimated as the standard 
deviation of the residues. The estimated daily uncertainties  are reported in Table S2.  

Table S2. Daily uncertainty (expressed as °C and mm for temperature and precipitation, respectively) 
for each station associated with the daily data infilled through the quantile mapping regression. 

 

Minimum Temperature (minT)
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

AWS0 0.95 0.98 0.72 0.65 0.49 0.48 0.29 0.35 0.49 0.77 1.09 0.86
ABC 0.82 0.79 1.6 1.29 0.9 0.58 0.66 0.45 0.56 1 0.87 0.89
AWSKP 1.41 1.3 2.25 1.62 1.54 0.84 0.84 0.71 0.65 1.29 1.18 1.61
AWS2 2.06 2.09 2.11 1.85 1.49 1.11 0.88 0.78 0.99 1.99 2.15 1.87
AWSN 2.8 2.44 1.98 1.3 1.14 0.81 0.62 0.72 0.79 1.89 2.95 2.96
AWS3 3.18 2.48 2.35 1.33 1.31 1.25 0.82 0.8 0.88 2.02 3.39 3.23

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
AWS0 0.81 0.9 0.71 1.05 0.65 0.75 0.63 0.61 0.71 1.02 0.74 1.43
ABC 0.61 0.92 1.68 1.2 1.53 1 1.07 0.65 0.75 0.77 0.65 0.62
AWSKP 1.4 1.91 2 1.58 2.12 1.31 1.02 1.07 0.8 1.21 1.49 1.35
AWS2 2.2 2.05 2.07 1.71 1.62 1.13 1.06 0.99 1.12 1.47 1.91 1.9
AWSN 3.41 3.04 2.89 2.25 2.06 1.84 1.42 1.3 1.39 2.14 3.31 3.26
AWS3 4.08 4.11 3.99 2.68 2.6 2.55 2.2 2.23 2.62 3.11 4.15 3.91

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
AWS0 0.56 0.7 0.57 0.24 0.28 0.29 0.24 0.24 0.27 0.46 0.45 0.5
ABC 0.34 0.32 1.46 1.02 0.96 0.54 0.72 0.41 0.36 0.59 0.46 0.4
AWSKP 0.91 0.74 2.08 1.3 1.29 0.82 0.58 0.52 0.47 0.94 1.07 1.4
AWS2 1.8 1.88 1.71 1.38 1.1 0.66 0.5 0.43 0.57 1.56 1.88 1.53
AWSN 2.78 2.43 1.85 1.17 1.03 0.69 0.56 0.54 0.64 1.78 2.79 2.83
AWS3 3.09 2.44 2.43 1.41 1.25 1.15 0.75 0.79 1.03 1.91 3.16 3.06

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
AWS0 0.68 0.22 0.43 0.99 0.61 0.72 1.34 0.93 0.61 0.29 0.38 0.04
ABC 0.02 0.03 0.07 0.28 0.52 1.17 1.91 3.42 1.49 0.1 0.19 0.04
AWSKP 0.27 0.42 0.46 1.04 0.79 1.62 2.79 2.8 1.97 2.09 0.09 0.19
AWS2 0.31 0.15 0.22 0.42 0.7 2.36 4.71 3.68 2.04 1.93 0.6 0
AWSN 0.42 0.66 0.69 1.1 1.19 2.2 5.41 5.13 3.07 1.41 0.27 0.8
AWS3 0.14 0.29 0.43 0.68 0.44 2.06 5.35 5.11 4.57 0.88 0.43 0.11

Precipitation (P)

Maximum Temperature (maxT)

Mean Temperature (meanT)



Step 3 – Multiple imputation technique 

Unfortunately, all stations recorded some simultaneous gaps for a given variable: 5.7% and 4.3% 
for temperature and precipitation, respectively. For these cases, we applied a multiple imputation 
technique (the Regularized Expectation Maximization algorithm, RegEM; Schneider, 2001) to obtain 
the final PYRAMID_daily time series (Fig. S1). 

This algorithm considers more available meteorological variables. In our case, we feed the 
procedure with the minimum, maximum and mean temperatures, precipitation, atmospheric pressure 
and relative humidity. The additional two variables (atmospheric pressure and relative humidity) 
allowed for a reduction of the estimated uncertainty associated with the computing of these missing 
data (σRegEM). 

RegEM has been applied to the daily missing data on a monthly basis, considering the possible 
seasonal effect on the uncertainty. Table S3 reports the number of days imputed to the complete 
PYRAMID_daily time series for each month and for each variable. The daily standard error 
σRegEM estimated by the RegEM algorithm (Table S4) has been associated with each imputed data 
filled into the complete and final time series reconstructions for daily minimum, maximum, and mean 
temperatures and precipitation. 

Table S3. Number of days imputed through RegEM 

Variable Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

minT 0 1 1 35 87 48 68 71 60 33 10 0 

maxT 0 1 1 35 87 48 68 71 60 33 10 0 

meanT 0 1 1 35 87 48 68 71 60 33 10 0 

Prec 13 31 14 52 99 48 31 9 1 9 4 0 

             

Table S4. Uncertainty (°C and mm for temperature and precipitation, respectively) associated to the 
daily imputed thought RegEM 

 Variable Jan Feb Mar Apr May Jun Jul Ago Sep Oct Nov Dic 

minT - 3.25 2.89 2.34 2.21 1.95 0.83 0.96 1.37 2.54 2.46 - 

maxT - 3.64 3.22 2.82 2.47 1.87 1.34 1.31 1.44 2.30 2.55 - 

meanT - 3.20 2.82 2.34 2.07 1.58 0.72 0.84 1.16 2.17 2.29 - 

p 0.18 0.35 0.65 0.86 0.93 2.73 4.54 4.51 2.73 1.59 0.69 - 

 

Step 4- Monthly aggregation 

Finally, the PYRAMID_daily time series, for each variable, have been aggregated on the monthly 
scale (hereinafter referred to as PYRAMID). The uncertainty associated with each value of the 
PYRAMID (named σm) is estimated considering the propagation of the daily uncertainty to the 
monthly one through the computation of the mean (for temperature) or of the sum (for precipitation). 



The propagation of the uncertainty from the daily data di to the monthly one is different if we 
consider the monthly average Mm (as for temperature) or the monthly accumulation Mc (as for 
precipitation): 

𝜎𝑚 = �∑ �𝜕𝑀𝑚
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where  𝑀𝑐 = ∑ 𝑑𝑖𝑁
𝑖=1   

N is the number of days of a given month and 𝜎𝑑𝑗the daily uncertainty as :  

�
𝜎𝑑𝑗 = 0                      𝑖𝑓 𝑡ℎ𝑒 𝑑𝑎𝑡𝑎  𝑏𝑒𝑙𝑜𝑛𝑔𝑠 𝑡𝑜 𝑡ℎ𝑒 𝑅𝐸𝐹
𝜎𝑑𝑗 = 𝜎𝑅𝐸𝐹_𝑓𝑖𝑙𝑙𝑒𝑑    𝑖𝑓 𝑡ℎ𝑒 𝑑𝑎𝑡𝑎  𝑖𝑠 𝑖𝑚𝑝𝑢𝑡𝑒𝑑 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑖𝑛𝑓𝑖𝑙𝑙𝑖𝑛𝑔 𝑠𝑡𝑒𝑝
𝜎𝑑𝑗 = 𝜎𝑅𝑒𝑔𝐸𝑀          𝑖𝑓 𝑡ℎ𝑒 𝑑𝑎𝑡𝑎 𝑖𝑠 𝑖𝑚𝑝𝑢𝑡𝑒𝑑 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑅𝑒𝑔𝐸𝑀

�  

Finally, we estimated the uncertainty associated with the annual Sen’s slopes (1994-2013) of each 
time series through a Monte Carlo uncertainty analysis (e.g., James and Oldenburg 1997):  

- For each month value, a random realization of the normal distribution with zero-mean and σm 
standard deviation is computed.  

- This uncertainty is added to each monthly estimate coming from eq. (1) or (2), obtaining a time 
series perturbed by the uncertainty. 

- The Sen’s slope and associated p-value is computed.  
- The process is repeated until the convergence of the mean value of the Sen’s slope and the 

associated standard deviation. In these regards, we observed that approximately 5000 runs are 
enough to ensure the convergence with a threshold of 10-5 °C a-1 and 10-3 mm a-1 for 
temperature and precipitation, respectively. 

Table S5 reports the Sen’s slopes for the 1994-2013 period calculated for each reconstructed 
monthly time series (PYRAMID), associated intervals of confidence (95%), median p-value and the 
associated [5% and 95%] quantiles. 

Table S5. Sen’s slopes for the 1994-2013 period calculated for each reconstructed monthly time series 
(PYRAMID), associated intervals of confidence (95%), median p-value and the associated  [5% and 
95%] quantiles.  



Time series   Sen’s slope Interval of 
confidence (95%)   p-value quantiles  

[5% and 95%] 

PYRAMID minT  0.072 °C a-1 +/- 0.011  0.0021 [0.0001-0.0212] 

PYRAMID maxT  0.009 °C a-1 +/- 0.012  0.7212 [0.2843-0.9741] 

PYRAMID meanT  0.044 °C a-1 +/- 0.008  0.035 [0.0053-0.1443] 

       

PYRAMID Prec   -13.66 mm a-1 +/- 2.36   0.0021 [0.0002-0.0252] 
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Supplementary Material 2 

Further analysis on the non-stationarity of the reconstructed daily precipitation time series at Pyramid 
station  

The analysis described in the following aims at assessing whether the decreasing trend of precipitation 
observed for the daily time series reconstructed at Pyramid (1994-2013) is due to a reduction of 
duration or to a reduction of intensity. 

To this goal we considered two different periods p, say p1 = 1994-1998 and p2 = 2009-2013, which 
correspond to the first and last five years of the whole analysis period p0 = 1994-2013. For a given 
week w, the mean weekly-cumulated precipitation 𝑅𝑅𝑤𝑝  is defined as 𝑅𝑅𝑤𝑝 = �∑ 𝑅𝑅𝑤,𝑦𝑁

𝑦=1 � 𝑁⁄ , where 
N is the number of years during the period p. 

The difference between the mean weekly-cumulated precipitation 𝑅𝑅𝑤𝑝1 and 𝑅𝑅𝑤𝑝2 may be attributed to 
a change in the corresponding duration and/or intensity. To separate the relative contributions, we 
defined two descriptors:  

1-The duration of precipitation for a given week w of the year y is described by the number of wet days 
𝑊𝑤,𝑦, where a “wet day” is defined by the threshold RR>1 mm. Then, the mean 𝑊𝑤

𝑝 over a given 
period p of N years is computed as:  

𝑊𝑤
𝑝 = 1

𝑁 ∑ 𝑊𝑤,𝑦𝑁
𝑦=1      (1) 

2- The daily intensity of precipitation for a given week w of the year y is computed as the cumulative 
precipitation 𝑅𝑅𝑤,𝑦 divided by the number of wet days 𝑊𝑤,𝑦 . Then, a mean intensity index 𝑆𝐷𝐼𝐼𝑤𝑝  over 
a given period p of N years is computed as: 

𝑆𝐷𝐼𝐼𝑤𝑝 = 1
𝑁 ∑

𝑅𝑅𝑤,𝑦
𝑊𝑤,𝑦

𝑁
𝑦=1     (2) 

An attempt to quantify the contribution to the variation in precipitation arising from variation in 
duration and/or intensity is to consider one of the two terms stationary over the whole period. This is a 
rough approximation as the non-stationarity may not be linear. However, an estimation of the relative 
contribution arising from the change in duration can be expressed considering the intensity of 
precipitation as stationary over the whole period p0 (𝑆𝐷𝐼𝐼𝑤𝑝0) and computing the variation of 
precipitation due only to a variation in duration, i.e. (𝑊𝑤

𝑝2 −𝑊𝑤
𝑝1) ∗ 𝑆𝐷𝐼𝐼𝑤𝑝0. The relative contribution 

RLD to the total change (𝑅𝑅𝑤𝑝2 − 𝑅𝑅𝑤𝑝1)  can be estimated as:  

𝑅𝐿𝐷 = (𝑊𝑤
𝑝2−𝑊𝑤

𝑝1)∗𝑆𝐷𝐼𝐼𝑤𝑝0

(𝑅𝑅𝑤
𝑝2−𝑅𝑅𝑤

𝑝1) ∗ 100  (3) 

 



The indexes proposed above are shown in figure S6 in dark blue area for the 1994-1998 period and 
light blue area for the 2009-2013 period for the 𝑊𝑤

𝑝, 𝑆𝐷𝐼𝐼𝑤𝑝  and 𝑅𝑅𝑤𝑝  (panel a, b and c respectively). 
For each index, we defined as residues the difference between the two periods (red bar plot). 

The RLD (shown in red on the right axis of the panel c) indicates that the early and late monsoon are 
more affected by the reduction in duration than intensity, while it is the opposite during the monsoon.   

 

 

Figure S6. Panel a: Mean number of wet day per week 𝑊𝑤
𝑝. Panel b: Mean daily precipitation intensity 

𝑆𝐷𝐼𝐼𝑤𝑝  (mm). Panel c: Mean weekly-cumulated precipitation 𝑅𝑅𝑤𝑝  and relative contribution of the 
change in duration RLD in % (red line) 
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Abstract. This contribution examines glacier changes on
the south side of Mt. Everest from 1962 to 2011 consid-
ering five intermediate periods using optical satellite im-
agery. The investigated glaciers cover⇠ 400 km2 and present
among the largest debris coverage (32%) and the highest
elevations (5720m) of the world. We found an overall sur-
face area loss of 13.0± 3.1% (median 0.42± 0.06% a�1),
an upward shift of 182± 22 m (3.7± 0.5m a�1) in snow-
line altitude (SLA), a terminus retreat of 403± 9m (median
6.1± 0.2m a�1), and an increase of 17.6± 3.1% (median
0.20± 0.06% a�1) in debris coverage between 1962 and
2011. The recession process of glaciers has been relentlessly
continuous over the past 50 years. Moreover, we observed
that (i) glaciers that have increased the debris coverage have
experienced a reduced termini retreat (r = 0.87, p < 0.001).
Furthermore, more negative mass balances (i.e., upward
shift of SLA) induce increases of debris coverage (r = 0.79,
p < 0.001); (ii) since early 1990s, we observed a slight but
statistically insignificant acceleration of the surface area loss
(0.35± 0.13% a�1 in 1962–1992 vs 0.43± 0.25% a�1 in
1992–2011), but an significant upward shift of SLA which
increased almost three times (2.2± 0.8m a�1 in 1962–1992
vs 6.1± 1.4m a�1 in 1992–2011). However, the accelerated
shrinkage in recent decades (both in terms of surface area
loss and SLA shift) has only significantly affected glaciers
with the largest sizes (> 10 km2), presenting accumulation
zones at higher elevations (r = 0.61, p < 0.001) and along

the preferable south–north direction of the monsoons. More-
over, the largest glaciers present median upward shifts of the
SLA (220 m) that are nearly double than that of the smallest
(119m); this finding leads to a hypothesis that Mt. Everest
glaciers are shrinking, not only due to warming temperatures,
but also as a result of weakening Asian monsoons registered
over the last few decades. We conclude that the shrinkage of
the glaciers in south of Mt. Everest is less than that of others
in the western and eastern Himalaya and southern and east-
ern Tibetan Plateau. Their position in higher elevations have
likely reduced the impact of warming on these glaciers, but
have not been excluded from a relentlessly continuous and
slow recession process over the past 50 years.

1 Introduction

The controversies concerning the possibly faster glacial
shrinkage in the Himalaya than in any other part of the world
(Cogley et al., 2010; Bagla, 2009) have focused global atten-
tion on necessity for a more comprehensive study in this re-
gion. Current uncertainties are mainly attributed to a lack of
measurements, both of glaciers and of climatic forcing agents
(Bolch et al., 2012). The need for a fine-scale investigation is
particularly evident on the south slope of Mt. Everest, which
is one of the most heavily glacierized parts of the Himalaya.
Glaciers here are characterized by abundant debris coverage
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Figure 1. (a) Location of the study area: the Sagarmatha National Park (SNP), where the abbreviations CH, WH, EH, and TP represent the
central Himalaya, the western Himalaya, the eastern Himalaya, and the Tibetan Plateau, respectively (suffixes -N and -S indicate the northern
and southern slopes). (b) Focused map of the SNP in 2011 showing the distribution of 29 glaciers considered in this study with a surface area
> 1 km2. (c) The hypsometric curve of the glaciers in 2011.

(Scherler et al., 2011; Salerno et al., 2012), an effect that has
often been neglected in predictions of future water availabil-
ity.
Some previous studies have discussed that debris-covered

glaciers behave unlike clean glaciers (Nakawo et al., 1999;
Benn et al., 2012). Scherler et al. (2011) studied debris-
covered glaciers around the Himalayan range for a period
of 2000–2008 and showed that heavy debris coverage influ-
ences terminus behaviors by stabilizing the terminus posi-
tion change. However, Kääb et al. (2012), in a comprehen-
sive study on the glacier mass change from 2003–2008 in the
Himalaya, suggested that debris-covered ice thins at a rate
similar to that of exposed ice. Significant mass loss despite
thick debris cover was also reported by Bolch et al. (2011),
Nuimura et al. (2012), and Pieczonka et al. (2013). Hence,
the relation of length changes to mass balance is even weaker
for debris-covered than for debris-free glaciers and there is a
need for further assessment of the role of debris mantles.
This contribution examines the glacier changes on the

south side of Mt. Everest as part of an effort to better define
the glaciers status in the Himalaya. We extend the analysis of
Salerno et al. (2008) carried out on the glacier surface area
change (1Surf) on two historical maps (the period ranging
from the 1950s to 1992). First of all, we cover a longer period
(ranging from the 1960s to 2011) increasing furthermore the
temporal resolution with six medium-high resolution satellite
imagery, with the assistance of all available historical maps.
Secondly, we make a complete analysis of terminus position
change (1Term), shift of snow-line altitude (1SLA), and
changes in debris coverage (1DebrisCov). The results are
compared with those obtained in previous studies in this area
and along the Himalaya and the Tibetan Plateau range. We

conclude by attempting to link the observed impacts with the
climate change drivers.

2 Study area

The current study is focused on the Mt. Everest region, and
in particular in the Sagarmatha (Mt. Everest) National Park
(SNP) (27.75� to 28.11� N; 85.98� to 86.51� E) that lies in
eastern Nepal in the southern part of the central Himalaya
(CH-S) (Fig. 1a). The park area (1148 km2), extending from
an elevation of 2845m at Jorsale to 8848m a.s.l., covers the
upper catchment of the Dudh Koshi river (Manfredi et al.,
2010; Amatya et al., 2010). Land cover classification shows
that less than 10% of the park area is forested (Salerno et
al., 2010a; Bajracharya et al., 2010). The SNP is the world’s
highest protected area with over 30 000 tourists in 2008
(Salerno et al., 2010b, 2013). This region is one of the heav-
ily glacierized parts of the Himalaya with almost one-third
of the park territory characterized by ice cover. Bajracharya
and Mool (2009) indicate that there are 278 glaciers in the
Dudh Koshi Basin, with 40 glaciers accounting for most of
the glacierized area (70%) and all of these being valley-
type. Most of the large glaciers are debris-covered type, with
their ablation zone almost entirely covered by surface debris
(Fig. 1b).
Several debris-covered glaciers have stagnant ice at their

termini that have potential to develop widespread melting
ponds and build up moraine-dammed lakes (Bolch et al.,
2008b; Quincey et al., 2009). Gardelle et al. (2011) note that
the southern side of Mt. Everest is the region that is most
characterized by glacial lakes in the Hindu Kush Himalaya.
Salerno et al. (2012) reported a total of 624 lakes in the
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park including 17 proglacial lakes, 437 supraglacial lakes,
and 170 unconnected lakes. In general, they observed that
supraglacial lakes occupy from approximately 0.3 to 2% of
downstream glacier surfaces.
The glacier hypsometric curve plotted, using the glacier

outlines of 2011 and the Advanced Spaceborne Thermal
Emission and Reflection Radiometer Global Digital Eleva-
tion Model (ASTER GDEM, a product of METI and NASA),
Version 2 indicates that the glacier surfaces are distributed
from around 4300m to above 8000m a.s.l. with more than
75% glacier surfaces lying between 5000m and 6500m a.s.l.
(Fig. 1c); the area-weighted mean elevation of the glacier
is 5720m a.s.l in 2011. These glaciers are identified as
summer-accumulation type fed mainly by summer precipi-
tation from the South Asian monsoon system, whereas the
winter precipitation caused by mid-latitude westerly wind
is minimal (Ageta and Fujita, 1996; Tartari et al., 2002).
The prevailing direction of the monsoons is S–N and SW–
NE (Rao, 1976; Ichiyanagi et al., 2007). Based on the me-
teorological observations at the Pyramid Laboratory Ob-
servatory (5050m a.s.l.), the mean annual air temperature
is �2.5± 0.5 �C. In summer (June–September), air tem-
perature is typically above 0 �C, the maximum occurs in
July, and shows a typical variation associated with cloudi-
ness. In contrast, thermal range is very high during win-
ter owing to less cloudy conditions. In winter, the maxi-
mum daily temperature is usually below 0 �C, especially in
February, the coldest month. Mean total annual precipitation
is 516± 75mma�1, with about 88% of the annual amount
recorded during the summer months (June–September). The
vertical gradients of temperature, precipitation and solar radi-
ation has been calculated using meteorological stations from
90 to 5600m a.s.l. (data from Nepal Department of Hydrol-
ogy and Meteorology – DHM – and Ev-K2-CNR Commit-
tee). We found a temperature lapse rate of �0.0059 �m�1, a
solar radiation gradient of +0.024Wm�2 m�1, valid for the
2800–5000m a.s.l. elevation range, and for pre- and post-
monsoon months, while the monsoon period is affected by
high cloud cover. The precipitation increases with altitude
by +0.067mm [month]m�1 until around 2800m a.s.l. after-
wards it starts decreasing (�0.017mm [month]m�1).

3 Data and methods

3.1 Data sources

The analyses of 1Term, 1Surf, 1SLA and 1DebrisCov
of Mt. Everest glaciers were performed from 1962 to 2011
using satellite imagery, with the assistance of all available
historical maps (Table 1). We analyzed the glacier changes
within five periods: 1962–1975, 1975–1992, 1992–2000,
2000–2008, and 2008–2011.
All satellite data were acquired after the monsoon season

during the period from October-December. These images are

characterized by low cloud cover and correspond to time just
after the end of the snow accumulation and ablation period
for that year; this allows for homogeneous comparisons (Paul
et al., 2009). These months also coincides with the minimum
ablation period on glaciers. The declassified Corona KH-4
(hereafter Corona-62) was used as a main data source for the
base year of the analysis (1962). The Khumbu Himal map of
late 1950s (Schneider, 1967; Salerno et al., 2008; hereafter
KHmap-50s) and the topographic map of the Indian survey
of 1963 (hereafter TISmap-63) were used to complement the
results achieved using Corona-62 since the Corona-62 had
the complex image geometry and absence of satellite camera
specification for its rectification. The KHmap-50s has clear
glacier boundaries, but the TISmap-63 has less discernible
glacier outlines; thus, the first map was used for analysis re-
lated to1Surf,1Term, and1SLA, while use of the TISmap-
63 was limited to 1Term. The Corona KH-4B (Corona-70)
image covers only a small portion of the northeast part of
the study area. Therefore, the Landsat MultiSpectral Scan-
ner (MSS) (1975) (Landsat-75) was used as the main data
source, although its pixel resolution is significantly lower.
Moreover, we compared the 1992 Landsat Thematic Map-
per (TM) scene (Landsat-92) with the official topographic
map of Nepal from same year (OTNmap-92). Concerning the
more recent years, we used Landsat ETM+ scenes from 2000
(Landsat-00), 2011 (Landsat-11), and an ALOS AVNIR-2
scene (ALOS-08).
The ASTER GDEM, vers. 2 tiles for the Mt. Ever-

est region were downloaded from http://gdem.ersdac.
jspacesystems.or.jp. The vertical and horizontal accuracy of
the GDEM are⇠ 20 m and⇠ 30m, respectively (http://www.
jspacesystems.or.jp/ersdac/GDEM/E/4.html). We decided to
use the ASTER GDEM instead of the Shuttle Radar Topog-
raphy Mission (SRTM) Digital Elevation Model (DEM) con-
sidering the higher resolution (30 m and 90 m, respectively)
and the large data gaps of the SRTM DEM in this study area
(Bolch et al., 2011). Furthermore, the ASTER GDEM shows
better performance in mountain terrains (Frey et al., 2012).

3.2 Gap fill and pan-sharpening of Landsat SLC-off
data

The problem of the scan line corrector failure (SLC-off) gap
(Parkinson et al., 2006) in Landsat-11 was corrected using
the IDL (Interactive Data Language) Extension-gap fill tool
in ENVI® software that uses a local linear histogram match-
ing algorithm in the application of another image from same
year (Chen et al., 2011). The effect of the SLC-off gap in
our study area can be assumed to be minimal due to the cen-
tral location of our study area in the Landsat scene. More
than 1/3 of our study area was not affected by the data gaps
and the glaciers’ boundaries were manually delineated tak-
ing the interpolation uncertainties into account. The Landsat-
11 multispectral bands (30m) were pan-sharpened for vi-
sual improvement (Rodriguez-Galiano et al., 2012) using the
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Table 1. Data sources used in this study.

Abbreviation used in the text Satellite image Acquisition date Spatial resolution (m) Sensor Scene ID

Corona-62 Corona 15 Dec 1962 ⇠ 8 KH-4 DS009050054DF172_172
DS009050054DA174_174
DS009050054DA175_175

Corona-70 Corona 20 Nov 1970 ⇠ 5 KH-4B DS1112-1023DA163_163
DS1112-1023DF157_157

Landsat-75 Landsat 4 2 Nov 1975 60 MultiSpectral Scanner (MSS) LM21510411975306AAA05
Landsat-92 Landsat 5 17 Nov 1992 30 Thematic Mapper (TM) ETP140R41_5T19921117
Landsat-00 Landsat 7 30 Oct 2000 15a Enhanced Thematic Mapper Plus (ETM+) LE71400412000304SGS00
ALOS-08 Advanced Land Observation Satellite (ALOS) 24 Oct 2008 10 Advanced Visible and Near Infrared ALAV2A146473040

Radiometer type 2 (AVNIR-2)
Landsat-11 Landsat 7 30 Nov 2011 15a, b ETM+ LE71400412011334EDC00

Abbreviation used in the text Topographic map Acquisition date Scale Acquisition technique

KHmap-50s Khumbu Himal map (Schneider Map) late 1950s 1 : 50000 Photographic survey in 1921, terrestrial
photogrammetric survey of 1935 and
1939, field survey and terrestrial photogrammetry
in 1955–1963 (Schneider, 1967; Byers, 1997)

TISmap-63 Topographic map of Indian survey 1963 1 : 50000 Vertical aerial photographic survey 1957–1959
and field survey in 1963 (Yamada, 1998)

OTNmap-92 Official topographic map of Nepal 1992 1 : 50000 Aerial photogrammetry (1992) and field survey (1996),
published in 1997 by Government of Nepal

a Pan-sharpened images;
b SLC-off image.

Figure 2. Glacier delineation in (a) panchromatic Corona-62; (b) SLC-off gap filled Landsat-11. The stripes in the images are meant for
mean length change calculation.

panchromatic band (15m) acquired by same satellite and on
the same date.

3.3 Data registration

All of the imagery and maps were co-registered in the same
coordinate system of WGS 1984 UTM Zone 45. The Land-
sat scenes were provided in standard terrain-corrected level
(Level 1T) with the use of ground control points (GCPs)
and necessary elevation data (https://earthexplorer.usgs.gov).
The ALOS-08 image used here was orthorectified and cor-
rected for atmospheric effects in Salerno et al. (2012). The
Corona images were co-registered and rectified through the
polynomial transformation and spline adjustment using more
than 120 known GCPs obtained from the reference ALOS-08
image, including mountain peaks, river crossings, and identi-
fiable rocks (Grosse et al., 2005; Lorenz, 2004). The polyno-
mial transformation uses a least squares fitting algorithm and

ensures the global accuracy of images (Rosenholm and Ak-
erman, 1998), but does not guarantee local accuracy, whereas
the spline adjustment improves for local accuracy, which is
based on a piecewise polynomial that maintains continuity
and smoothness between adjacent polynomials (Kresse and
Danko, 2011). The overall root mean square error (RMSE)
of GCPs in Corona registration was around 8m. The ERDAS
IMAGINE® software was used for processing the Corona
image. The images were resampled to new pixel size (8m)
using the nearest neighbor method, most commonly applied
resampling technique (Thompson et al., 2011; Brahmbhatt et
al., 2012).

3.4 Interpretation and mapping of glacier features

The automated glacier mapping from satellite imagery is
relatively accurate for clean ice, but it is hindered for the
extensive debris-covered glaciers (Racoviteanu et al., 2008;
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Paul et al., 2013). Though few automated approaches to map
the debris-covered parts exist, the results are less accurate
and need intensive manual post-correction (Paul et al., 2004;
Bhambri et al., 2011; Rastner et al., 2013). In this study, the
glacier outlines were manually delineated using an on-screen
digitizing method based on visual interpretation and false-
color composite (FCC) developed from multispectral bands
and assisted by the GDEM (Fig. 2a and b). The well es-
tablished the band ratio (TM4/TM5) technique (Paul et al.,
2004) was used to obtain a clear vision of snow and ice por-
tion that assisted in the manual digitization. In the ablation
part of the glacier where debris mantles are present, the delin-
eation of the outline was performed by identifying lateral and
frontal moraine and using the thermal band for the Landsat
TM and ETM images. Streams issuing from beneath glacier
were used as additional indication of its boundary.
For the 1Term calculation, a band of stripes with a dis-

tance of 50m between each stripe in the band was drawn
parallel to the main flow direction of the glacier (Fig. 2), and
the 1Term was calculated as the average length of the inter-
section of the stripes with the glacier outlines (cf. Koblet et
al., 2010; Bhambri et al., 2012).
The snow lines were retrieved manually from each satel-

lite image and map. The snow lines on glaciers were dis-
tinguished from the images as the boundary between the
bright white snow and the darker ice by visual interpreta-
tion and using FCC (Karpilo, 2009). The kinematic “Hess
method” (Hess, 1904) was used to identify the snow line
in the KHmap-50s, which involves the delineation of the
boundary between the accumulation and ablation zone in a
glacier using the inflection of elevation contour lines on the
topographic map (Leonard and Fountain, 2003). Then, the
SLA, as a measure of equilibrium-line altitude (ELA; Mc-
Fadden et al., 2011; Rabatel et al., 2012), was calculated
as the average altitude of the identified snow line using the
ASTER GDEM. The SLA derived from the “Hess method”
for the map represents the long-term ELA and, thus, does
not indicate the position of the snow line in a particular year.
However, the snow line position obtained from satellite im-
agery represents the transient snow line of the year that varies
along the year, but remains stable after the end of summer,
corresponding to the end of the ablation season (Rabatel et
al., 2005; Pelto, 2011). The map-based SLA was useful for
understanding the representativeness of the snow line posi-
tion derived from the Corona image, which has some limita-
tions for accurately identifying the snow line because of its
panchromatic nature.
The ASTER GDEM along with glacier outlines were used

to derive morphological features (slope, aspect, elevation).
The mean elevation, aspect, and slope of each glacier were
computed as arithmetic mean of each pixel of the GDEM in-
tersected by the glacier outline. Concerning the glacier iden-
tification and cataloging, we followed the classification of
Salerno et al. (2008), which in turn is based on the inventory
of the International Centre for Integrated Mountain Develop-

ment (ICIMOD) (Mool et al., 2001). In agreement with this
study, we named only those glaciers whose area exceeded
a threshold of 1 km2. In this way, we identified 29 glaciers,
while the smaller glaciers (< 1 km2) were categorized into
“other glaciers” group.

3.5 Uncertainty of measurement

The measurement accuracy of the position of a single point
in the space using GIS (geographical information system) is
limited by resolution of source data used (i.e., the scale factor
for cartography and the pixel resolution for satellite image),
defined as LRE (linear resolution error), and by the error of
referencing (RE, registration error). This approach is usually
adopted in studies of glacial front (1Term) (Hall et al., 2003;
Ye et al., 2006). Concerning the glacier surface and debris
coverage, the uncertainty of measurement was calculated as
a product of the LRE and the perimeter (l) (Salerno et al.,
2012). Then, the uncertainty with 1Surf and 1DebrisCov
was derived according to standard error propagation rule,
root of sum of squares (RSS) of the mapping error for the
single scene. The co-registration errors were approximated
and adjusted during the measurement. For further details on
methodology adopted here for uncertainty analysis, we refer
to Tartari et al. (2008) and Salerno et al. (2012). The eleva-
tion error associated with 1SLA was estimated as the RSS
between of the pixel resolution combined with the mean sur-
face slope (Pelto, 2011) and the vertical error associated to
the GDEM (20m). Concerning the uncertainty in the SLA
estimation due to temporal variation of surface elevation, we
consider them negligible as there was no significant eleva-
tion change around SLA (Bolch et al., 2011) compared to
the GDEM vertical accuracy, and thus have no impact on the
results (Rabatel et al., 2013).
In this study, the uncertainty of measurement ranges from

6 to 30m for1Term and from 21 to 35m for1SLA. In both
cases, as discussed below and shown in Fig. 3 and Table 2,
the magnitude of the uncertainty is relatively low if com-
pared with the observed changes, indicating good accuracy
of the results. However, the errors associated with1Surf and
1DebrisCov range from approximately 2 to 10% for both of
variables. In particular, Fig. 3 and Table 2 indicate that until
early 1990s, this uncertainty, due to low sensor resolution,
is high and needs to be carefully considered in the change
evaluations.

3.6 The ELA-climate model

To evaluate the role of climatic drivers in the 1SLA, we
used the simple ELA-climate model by Kuhn (1981). This
model has been widely used in the European Alps (Ker-
schner, 1997), New Zealand (Hoelzle et al., 2007) and the
Himalaya (Kayastha and Harrison, 2008) to estimate the cli-
mate drivers changes required for explaining the observed
SLA change. The model (Eq.1) requires temperature lapse
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Figure 3. Spatio-temporal changes in Mt. Everest region; (a) terminus position change (1Term), (b) surface area change (1Surf), (c) shift of
snow-line altitude (1SLA), and (d) debris area coverage change (1DebrisCov). For each plot, upper left box plot represents the annual rates
of change of the glaciers in the analyzed periods. The red point in the box indicates the mean. The lower left plot describes the cumulative
changes with associated uncertainty. On the right side, the map represents the spatial variation of the glaciers. Data are in Table S1 of the
Supplement. All percentages refer to the initial year of the analysis (1962).
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Table 2. Glacier changes from 1962 to 2011 in the Mt. Everest region.

Period Terminus position change (1Term) Surface area change (1Surf) Snow-line altitude shift (1SLA) Debris coverage change (1DebrisCov)

Cumulative Median annual Cumulative Absolute Median annual Cumulative Mean annual Median annual Cumulative Absolute Median annual
length rate area rate rate altitude rate rate area rate rate

(m) (m a�1) (%) (km2 a�1) (% a�1) (m) (m a�1) (m a�1) (%) (km2 a�1) (% a�1)

1962–1975 �116± 30 �6.0± 2.3 �1.7± 9.7 �0.51± 0.05 �0.27± 0.75 26± 35 2.0± 2.7 1.3± 2.7 3.8± 10.6 0.25± 0.01 0.22± 0.28
1975–1992 �208± 11 �2.6± 1.9 �4.8± 4.1 �0.75± 0.08 �0.29± 0.65 66± 25 2.4± 2.2 2.6± 2.2 5.7± 4.4 0.10± 0.01 0.19± 0.68
1992–2000 �285± 9 �7.0± 1.6 �7.7± 3.0 �1.48± 0.07 �0.39± 0.60 94± 22 3.5± 3.2 2.3± 3.2 8.8± 4.0 0.35± 0.02 0.28± 0.72
2000–2008 �367± 6 �5.8± 1.1 �11.3± 2.3 �1.83± 0.06 �0.46± 0.38 151± 21 7.1± 2.7 6.7± 2.7 15.8± 2.6 0.76± 0.03 0.68± 0.56
2008–2011 �403± 9 �3.0± 3.0 �13.0± 3.1 �2.30± 0.07 �0.52± 0.99 182± 22 10.6± 7.3 8.7± 7.3 17.6± 3.1 0.55± 0.02 0.55± 1.19
1962–2011 �403± 9 �6.1± 0.2 �13.0± 3.1 �1.08± 0.03 �0.42± 0.06 182± 22 3.7± 0.5 3.9± 0.5 17.6± 3.1 0.32± 0.01 0.20± 0.06

rate, mass balance and radiation gradients, latent heat of fu-
sion and length of melting season.
The model is expressed as,

@bw
@z

1h + �bw = T

L


@R

@z
1h + �R + �

✓
@Ta
@z

1h + �Ta

◆�
, (1)

where 1h= an observed change in ELA (m), T = length
of melting season (d), L= latent heat of fusion (kJ kg�1),
� = constant (MJm�2 d�1 K�1), @bw

�
@z =mass balance

gradient (kg m�2 m�1), @Ta
�
@z = temperature lapse rate

(Km�1), @R/@z = net radiation gradient (MJm�2 m�1 d�1),
�Ta = bias in air temperature (K), �bw = bias in mass balance
(kg m�2), and �R = bias in net radiation (MJm�2 d�1). We
applied the model using the temperature lapse rate and the net
radiation gradient calculated for this case study as described
above, the mass balance gradient of 5± 1 mm w.e. a�1 m�1

provided by Fujita et al. (2006), T = 100 d; L= 334 kJ kg�1,
� = 1.7MJm�2 d�1 K�1 as described in Kuhn (1981).
Concerning the limitations of this model, we need first

of all to consider that the SLA as a proxy to ELA; we as-
sume that there is little, or no ablation during winter sea-
son. Furthermore, this model just considers a single mass
balance gradient value, while some authors, e.g., Wagnon
et al. (2013) recently found an average mass balance gradi-
ent of 4.5 mm w.e. a�1 m�1 for Mera Glacier (in the Dudh
Koshi Basin), similar to the gradient provided by Fujita et
al. (2006), but point out its variability in relation to local to-
pographic conditions.

3.7 Statistical analysis

The normality of the data is tested using the Shapiro–Wilk
test. The null hypothesis for the Shapiro–Wilk test is that
samples x1, x2. . . .xn belong to a normally distributed pop-
ulation. If the p value (p)> 0.05, we consider the series to
be normally distributed; otherwise, it is not normal (Shapiro
and Wilk, 1965). We used the paired t test for comparing the
means of two series. The null hypothesis is that the differ-
ence between paired observations is zero (p < 0.05) (Wal-
ford, 2011). If the series were not normal, we first used a
log transformation to apply the paired t test for a normally
distributed series. The parallelism between the regressions
of SLAs time series is tested by the analysis of covariance

(ANCOVA) (Dette and Neumeyer, 2001). All tests are im-
plemented in the R software environment.

4 Results

Table 2 provides a general summary of the changes that oc-
curred from 1962 to 2011. Our main findings, however, are
visualized in Fig. 3, which has been subdivided into four
sections (a–d), corresponding to four selected indicators of
change (terminus, surface area, SLA, and debris coverage).
The spatial differences are presented on the right side of each
section, and the temporal changes are shown on the left side.
On the left side, in the upper panel of each section, the box
plots show the annual rates of change for the analyzed period,
while the cumulative changes and their associated uncertain-
ties are presented in the lower panels. All data presented and
discussed in this paper are reported in Tables S1 and S2 of
the Supplement.

4.1 Glacier terminus position change

Overall, the Mt. Everest glaciers experienced a 1Term of
�403± 9m (� = 533m) (Fig. 3a2 and Table 2) as the mean
(�301± 9m as median), corresponding to an annual mean
rate of �8.2± 0.2m a�1 (� = 10.8m a�1) and a median
value equal to�6.1± 0.2m a�1 from 1962 to 2011 (Fig. 3a1
and Table 2). We found that the distribution of the annual
retreat rates in all observed periods (Shapiro–Wilk test) was
always far from normal because a few glaciers experienced
a retreat that was much higher than the retreat of others (see
box plots in Fig. 3a1). Therefore, we consider the median
values of 1Term to be more representative of the change.
Figure 3a2 depicts a generally continuous and constant

retreat over the last 50 years. We thus tested these proper-
ties of the observed trend. First, we evaluated the continuity
of the process, checking whether each period showed a re-
treat that was significantly different from zero. Second, we
tested the possible acceleration of the retreat by comparing
the annual rates of change between each period and previ-
ous. In both cases, we first provided a log transformation
of the data to apply the paired t test for a normally dis-
tributed series. In the first case, we observed that the retreat
of each period was always significantly different from zero

www.the-cryosphere.net/8/1297/2014/ The Cryosphere, 8, 1297–1315, 2014



1304 S. Thakuri et al.: Tracing glacier changes since the 1960s on the south slope of Mt. Everest

(the weakest significance was found in the 1962–1975 pe-
riod). However, when evaluating the possible acceleration,
we found no significant differences among the annual rates
of change (p > 0.1). The result of this test can be further ob-
served in Fig. 3a1, considering the distribution of the median
annual rates. In fact, the retreat rate has decreased since 1992,
although not significantly.
In Fig. 3a3, we can observe the spatial distribution for

the overall period of analysis of 1962–2011. We observed
that two glaciers (Duwo and Cholo) experienced an over-
all advance. These glaciers advanced until 1992, and then
they began retreating, similarly to the other glaciers. Fur-
thermore, we can observe that most of the western glaciers
have retreated more than the eastern ones, except for the Imja
Glacier.
As mentioned above, for the first years of the analy-

sis, we used the Corona-62 with two topographic maps
(KHmap-50s and TISmap-63). Comparing these data sources
with the Landsat-75, we observed that the KHmap-
50s (6.1± 1.9m a�1) shows a closer mean retreat to
the Corona-62 (8.2± 0.2m a�1) than to the TISmap-63
(13.3± 2.6m a�1), which seems to overestimate the 1Term,
probably due to inaccurate representation of the glacier
boundary in TISmap-63 as found for other topographic maps
in the Himalaya (Bhambri and Bolch, 2009).

4.2 Glacier surface area change

The Mt. Everest glaciers experienced a 1Surf of
�52.8± 11.0 km2 (from 404.6 to 351.8 km2), corresponding
to an overall change of�13.0± 3.1% (�0.27± 0.06% a�1),
from 1962 to 2011 (Fig. 3b2 and Table 2). The mean annual
shrinkage rate calculated for each glacier in the period
from 1962–2011 was 0.51± 0.06% a�1 (� = 0.38), and the
median rate was 0.42± 0.06% a�1 (Fig. 3b1). By testing the
annual loss rate (Shapiro–Wilk test) of each glacier in each
observed period, we observed (similarly to the terminus
retreat) that it was never normally distributed (see box plots
in Fig. 3b1). Therefore, in this case as well, we consider it to
be more representative of change in the median values.
We can observe a continuous surface area loss since

the 1960s that appears to have accelerated in recent years
(Fig. 3b2). In fact, the rate of median annual area loss was
0.27± 0.75% a�1 in 1962–1975 and has increased to the rate
of loss of 0.48± 0.55% a�1, in 2000–2011 period (Fig. 3b1).
We thus tested these trend properties using same procedure
that we had adopted for evaluating the 1Term. In this case,
we again first provided a log transformation of the series.
We observed that the surface area loss of each period was
always significantly different from zero. The weakest signif-
icance was found in the 1962–1975 period. In fact, Fig. 3b2
and Table 2 show lower observed surface change (1.7%) for
this period, which, although significant, is associated with the
highest uncertainty (9.7%). However, in evaluating the pos-
sible acceleration of the surface area losses, we found slight

but statistically insignificant acceleration of the surface area
between the rates of area loss in the 1962–1992 period (me-
dian 0.35± 0.13% a�1, 0.015 km2 a�1) and the 1992–2011
period (median 0.43± 0.25% a�1, 0.039 km2 a�1) indicating
that for the 1992–2011 period, each glacier is retreating on
average at nearly the double rate than the previous period.
The area loss observed in the first period (1962–1975) us-

ing Corona-62 and Landsat-75 was robust using different
data sources, as described in the methods section and shown
in Table 1. Comparing the KHmap-50s with the Landsat-
75, we obtain a glacier area loss of 0.22± 0.64% a�1,
which is very close to the value obtained using Corona-62
(0.27% a�1). Moreover, for some glaciers, we were able to
substitute high resolution Corona-70 with Landsat-75 to pro-
vide information about the accuracy of the Landsat data. The
comparison of Corona-62 and Corona-70 provided a mean
rate of 0.26% a�1, confirming that between late 1950s and
early 1970s, the glacier surface losses were very small.
Figure 3b3 represents a distinct spatial pattern of glacier

1Surf. All of the glaciers experienced surface area losses
between 1962 and 2011. However, the southern glaciers lost
higher surface area than the northern glaciers.

4.3 Snow Line Altitude change

Overall, from 1962 to 2011, the SLA of Mt. Everest glaciers
shifted upward by 182± 22m (� = 114) from 5289m to
5471m a.s.l.; this increase corresponds to a mean annual rate
of 3.7± 0.5m a�1 (� = 2.3) (Fig. 3c1, 3c2, and Table 2). The
distribution of the annual rate of the SLA shift in all of the
observed periods is in this case normal (Shapiro–Wilk test;
see box plots in Fig. 3c1). Therefore, the mean values are
suitable for describing the 1SLA.
In Fig. 3c2, the overall trend in 1SLA shows a contin-

uous upward shift in the last 50 years. In fact, in Fig. 3c1,
we can observe that the mean annual upward rate of the
SLA was 2.0± 2.7m a�1 in 1962–1975 and achieved the
highest shift rate of 10.6± 7.3m a�1 in the 2008–2011 pe-
riod. In this case, we tested the possible continuity and
acceleration of trend following the same procedure ap-
plied above. We observed a statistically significant upward
shift of the SLA (p = 0.02), except during the first period
of 1962–1975. Moreover, we found significant differences
(p < 0.001) in the annual upward shift of the SLA between
periods 1962–1992 (mean = 2.2± 0.8m a�1) and 1992–2011
(mean = 6.1± 1.4m a�1).
Figure 3c3 represents the spatial distribution of the SLA

for the overall 1962–2011 period. In this case, the spatial
pattern is not distinct. The glaciers with the minimum and
maximum SLA in 2011 are Cholo (5152m) and Imja (5742
m), respectively.
Furthermore, as mentioned above, we calculated the SLA

using the KHmap-50s with the “Hess method,” which pro-
vides an average position of the average snow line for the
1950s. We observed the SLA at 5272m a.s.l., which is not
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very different from the SLA at 5289m a.s.l., as derived from
Corona-62.

4.4 Glacier debris-covered area change

Overall, the debris-covered area has increased by
17.6± 3.1% (0.36± 0.06% a�1) (Fig. 3d2 and Ta-
ble 2) from 1962 to 2011. The mean annual increase
rate calculated for each glacier in the 1962–2011 period
is 0.28± 0.06% a�1(� = 0.34), and the median rate is
0.20± 0.06% a�1 (Fig. 3d1). The debris-covered area was
approximately 24.5% of the total glacier area in 1962 and
32.0% in 2011. In the same area, Nuimura et al (2012)
reported 34.8% of debris-covered area in 2003–2004. In
correspondence of the increase of debris coverage we ob-
served the consequent decreasing of debris free area (Fig. S2
in the Supplement). Testing the annual rate of 1DebrisCov
with the Shapiro–Wilk test, we observed that the increase of
the debris-covered area is not normally distributed among all
glaciers (Fig. 3d1). Therefore, we also consider the median
values to be more representative of change in the case of
1DebrisCov.
In Fig. 3d2, we present the overall 1DebrisCov trend,

which indicates a general continuous increase of debris cover
area over the last 50 years. The debris cover increase be-
gan to be statistically significant for each glacier only af-
ter 2000 (p < 0.01) years. Evaluating the possible acceler-
ation, we found no significant differences among the annual
rates of changes (p > 0.1). The result of this test can be ob-
served in Fig. 3d1, which considers the distribution of me-
dian annual rates. Since 2000, the rates of debris-covered
area change appear to be decreasing, although not signifi-
cantly. Furthermore, we observed a significant relationship
between 1DebrisCov and 1SLA during the 1962–2011 pe-
riod (r = 0.79, p < 0.01). In this regards, Bolch et al. (2008)
observed that debris cover increases during periods of high
ablation as more englacially stored debris is exposed. In
Fig. 3d3, we can observe the spatial distribution of the debris-
covered area (%) in the overall period of analysis of 1962–
2011. We observe that the glaciers experienced an overall in-
crease in the debris-covered area, except the glaciers Imja,
Kdu_gr125, Langdak, and Langmuche for which local ef-
fects could have played important role.

5 Discussion

5.1 Comparison among terminus position change,
surface area loss and the relevant mass budget
observations

Mass budget measurements are the main index used for
climate change impact studies on glaciers, as by Fujita et
al. (2006), Bolch et al. (2011), Nuimura et al. (2012), and
Gardelle et al. (2013) as this index can be directly linked to
climate while length and area change show a delayed signal

Figure 4. Comparison for 10 selected glaciers using the terminus
position change (1Term), glacier surface area loss (1Surf), and
shift of snow-line altitude (1SLA) calculated in this study and
relevant mass downwasting observations of Bolch et al. (2011),
Nuimura et al. (2012). Furthermore, the mass balance data of
Gardelle et al. (2013) are reported.

(Oerlemans, 2001). However, conducting mass-balance mea-
surements is not a trivial task, due to the technical require-
ments and practical constraints (Bolch et al., 2012); these
measurements are thus not often used in extensive studies.
Most of the authors, in fact, analyze glacier terminus position
and surface (Bolch et al., 2012; Yao et al., 2012; Kulkarni et
al., 2011; Scherler et al., 2011). However, we need to con-
sider the limitations of these variables especially for debris-
covered glaciers, which experience more downwasting than
area loss (Bolch et al., 2008; Tennant et al., 2012). In this re-
gard, we decided to compare our findings in terms of1Term,
1Surf, and1SLAwith the corresponding mass budget infor-
mation provided by other authors to evaluate whether these
factors are suitable indices in this context. We present here
in Table 3 and Fig. 4 the mass balance data derived from
geodetic methods for 10 glaciers located in our study area
according to Bolch et al. (2011), Nuimura et al. (2012), and
Gardelle et al. (2013). Bolch et al. (2011) and Nuimura et
al. (2012) find a higher mass loss rate during the last decade.
Furthermore, these estimations are reinforced by the rate pro-
vided in Gardelle et al. (2013) for the period (2000-2011).
Figure 4 shows that, for the same glaciers, we observed

a 1Term that was only slightly higher in the second period
(2000–2011) than in the previous one (1992–2000), while
the 1Surf and the 1SLA were both approximately 4 times
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Table 3. Rates of mass balance, 1Term, 1Surf, and 1SLA for 10 common glaciers.

Variable Period Change rate Source

Mass balance 1970–2002 �0.21± 0.10 Bolch et al. (2011)
(m w.e. a�1) 2002–2007 �0.79± 0.52

1992–2000 �0.07± 0.20 Nuimura et al. (2012)
2000–2008 �0.45± 0.60
2000-2011 �0.41± 0.21 Gardelle et al. (2013)

1Term (m a�1) 1992-2000 �8.6± 1.6 This study
2000–2011 �10.6± 1.0

1Surf (% a�1) 1992–2000 �0.13± 0.30
2000–2011 �0.40± 0.15

1SLA (m a�1) 1992–2000 3.9± 3.2
2000–2011 10.9± 2.8

higher in the last decade, as observed using mass budget data.
Such behavior is expected given the lag in response time be-
cause downwasting leads to more volume loss then retreat
(Oerlemans, 2001; Hambrey and Alean, 2004). This com-
parison shows that, for this region, the glacier surface area
loss and the shift of snow-line altitude (i.e., the shift of late
summer snow line) can be considered suitable indicators for
a broad description of glacial response to the recent climate
change.

5.2 Comparison with other parts of the Himalaya and
high-mountain Asia

Bolch et al. (2012) recently noted that length and surface area
changes suggest that most Himalayan glaciers have been re-
treating since the mid-19th century. Yao et al. (2012) reported
the glacier status over the past 30 years in the Himalaya and
the Tibetan Plateau. They observed that the shrinkage gener-
ally decreases from the Himalaya to the continental interior,
and it is most pronounced in the southeastern Himalayan re-
gion.
In Nepal, Yao et al. (2012) considered only three bench-

mark glaciers for evaluating the Term retreat during the
1974–1999 period and the same set of glaciers analyzed here
(Koshi Basin) for evaluating the surface area loss, but for a
shorter period (1976–2000) than in the present study. They
reported a1Term of 6.9m a�1 based on the three glaciers lo-
cated outside our study area. During a similar period (1975–
2000), we calculated a median retreat of 4.4± 0.8m a�1 for
all 29 glaciers and a median retreat of 6.1± 0.2m a�1 for
the 1962–2011 period. Further, in comparing the same set of
glaciers and during the same period we found a termini re-
treat rate (9m a�1) lower than the rate (19m a�1) provided
by Bajracharya and Mool (2009), probably due to the higher
resolution of data source used in this study (furthermore in
Fig. S1 of the Supplement). Concerning the Surf area loss,

Yao et al. (2012) reported a decrease of 0.15% a�1, while
during a similar period (1975–2000), we calculate an area
loss of 0.25± 0.40% a�1. We can observe that although the
retreat rates are comparable between the studies, with re-
gards to 1Surf, we observed a greater area loss; this differ-
ence could be because both satellites used in 1975 and 1976
(Landsat MSS) had a broad resolution (60m) leading to a
large uncertainty in the estimates and, hence the studies take
the uncertainty into account. Moreover, we sustain that the
recent area loss estimation (0.63% a�1) provided by Shang-
guan et al. (2014) for the same set of glaciers analyzed here
during the 1976–2009 period is overestimated probably for
the misleading glacier boundary interpretation especially in
the upper glacier area in 1976 due to the low resolution Land-
sat MSS image and adverse snow conditions, while our inter-
pretation is reinforced by the higher resolution of Corona-70
image. Moreover, we point out that the present study cor-
responds to zone III of the analysis in Yao et al. (2012),
defined by the authors as the central Himalaya and includ-
ing both the north (Tibet) and south (Nepal) slopes of the
Himalayan range, represented by the Mt. Qomolangma Na-
tional Nature Preserve and the Koshi Basin, respectively. The
average termini retreat and area loss rates for zone III have
been established by the authors at 6.3m a�1 and 0.41% a�1,
respectively. However, the glacier behavior is not homoge-
nous in the central Himalaya, so this mean loses significance,
particularly considering the different area loss observed for
the northern and southern parts. In fact, according to Nie et
al. (2010) and as reported by Yao et al. (2012), the area loss
rate is 0.50% a�1 (1976–2006) in the north; during the same
period in the south, the area loss rate is about half that, ac-
cording to the present study, and one third of that, according
to Yao et al. (2012). Likewise, an area loss of 0.3% a�1 for
the 1974-2008 period was provided by Ye et al. (2009) on the
northern side, and 0.15% a�1 for the period ranging from
the 1950s to 1992 (similar to our observation 0.16% a�1
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Figure 5. Recent studies on the variations of Himalayan glaciers
concerning both the terminus retreat (a) and the surface area loss
(b). Data and references of this figure are presented Table S4 of the
Supplement.

during 1962–1992) (Salerno et al., 2008) and 0.12% a�1
for selected glaciers for the 1962–2005 period (Bolch et al.,
2008a), both located in the southern side. Therefore, to ex-
plore possible differences in the surroundings of the south
slopes of Mt. Everest, we decided to separately consider the
northern and southern parts of the central, western and east-
ern Himalaya (CH, WH, and EH, respectively, with the suf-
fixes -N and -S). Following this scheme, the present case
study and all of Nepal are located in CH-S. Evidence from
the Tibetan Plateau (TP) is presented separately (Fig. 1a).
Figure 5 reports the most recent studies on the changes

of Himalayan glaciers concerning both the terminus re-
treat (Fig. 5a) and the area loss (Fig. 5b). In general, we
can observe that the CH-S, in terms of both 1Term and
1Surf,registered among the lowest changes of the entire Hi-
malaya and the TP. The northern and the southern central
Himalaya (CH-N and CH-S) share the lower termini retreat,
while the record is held by the CH-S glaciers regarding the
lowest area loss, if we consider that the recent study of Bas-
nett et al. (2013) on Sikkim Himalaya, although this area is
geographically part of EH-S, is adjacent to the eastern CH-
S border. The lower 1Term and 1Surf observed in CH-S
region, compared with the other parts of the Himalaya and
the TP, can be ascribed both to the abundance of debris cover
(Scherler et al., 2011; Bolch et al., 2012) and to the altitude of
these glaciers. Scherler et al. (2011) defined the southern cen-
tral Himalaya as the region with the glaciers that contain the
highest debris coverage (⇠ 36%) and considered the abun-

Figure 6. Validation of the SLA trend of 1962-2011 period (green
line) for three selected glaciers (Lobuje, Khangri, and Imja) using
the satellite imagery reported in Table 1 with additional 20 Landsat
ETM+ imagery (red points) of 2000–2011 period (shaded region).

dance of debris coverage to be a significant factor in reducing
the melt rate of these glaciers, preserving their surfaces from
further recession. In this regards, we observed a strong di-
rect relationship between 1DebrisCov and 1Term (divided
by the length of the ablation area) (r = 0.87, p < 0.01 for
1962–2011 period) which means that the glaciers who have
increased the debris coverage have experienced a reduced
termini retreat. We remember here that, Bolch et al. (2008a,
2011) noted the highest rate of mass downwasting is located
in the transition zone between the active and the stagnant
glacier parts of the debris covered glaciers.
However, of no less importance is the altitude of these

glaciers. In fact, as reported by Bolch et al. (2012), with
a mean elevation of 5600m a.s.l., the highest glaciers of
the Himalayan range are located in CH. In this regards,
Wagnon et al. (2013), in the same zone analyzed here (Dudh
Koshi Basin) show that a low elevation glacier (Phokalde,
5430 to 5690m a.s.l.) presents a more negative mass balance
(0.72± 0.28m w.e. a�1) than a higher elevation one (Mera,
4940 to 6420m a.s.l.) which experienced a mass balance rate
of �0.23± 0.28m w.e. a�1 between 2009 and 2012. On the
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Figure 7. Differences among three-dimensional classes of glaciers (< 2.5 km2; 2.5–10 km2; > 10 km2) in terms of cumulative changes in
the overall 1962–2011 period: (a) terminus retreat (m); (c) surface area loss (%); (e) shift of SLA (m). Differences in terms of annual rate of
change between 1962–1992 and 1992–2011 periods; (b) annual terminus retreat rate (m a�1); (d) annual surface area loss rate (% a�1); (f)
shift rate of SLA (m a�1). All percentages refer to the initial year of the analysis (1962).

south slope of Mt. Everest, the area-weighted mean eleva-
tion of the glaciers is 5720m a.s.l in 2011. Therefore, it is
highly likely that the summit of the world has preserved these
glaciers from excessive melting better than in the other parts
of the Himalaya and the TP.

5.3 Snow-line altitude change and climate relation

The snow-line is characterized by seasonal fluctuations
(Mernild et al., 2013; Pelto et al., 2013). To avoid the possible
risk of introducing this variability into the inter-annual anal-
ysis, we enforced our 1962–2011 trend exploiting the avail-

ability of 20 Landsat ETM+ imagery for 2000–2011 period.
Three glaciers were selected according to their size: Lobuje,
Khangri and Imja (Table S3 in the Supplement). Figure 6
shows, for all three cases, that the trend estimated just us-
ing three time steps (year 2000, 2008, and 2011) (green line)
represents correctly the upward shift of SLA described using
all available imagery. We statistically ensure this statement
testing the parallelism of SLAs time series. In all three cases,
the test shows all three comparisons are significantly paral-
lel (F = 1.0, p > 0.3; F = 1.7, p > 0.2; F = 0.0, p > 0.9 for
Lobuje, Khangri, and Imja, respectively).
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Bolch et al. (2012), considering the mean elevation as
a rough proxy for the ELA, reported an ELA of about
5600m a.s.l. in CH. For the south slope of the Mt. Ever-
est region, Owen and Benn (2005) indicated an elevation of
5200 m a.s.l. for the 1980s, while Asahi (2010) noted an
altitude of 5400m a.s.l. in the early 1990s. In this study,
comparing the same years, we observed a SLA position of
5315m a.s.l. in 1975 and 5355m a.s.l. in 1992, correspond-
ing to a lower shift. Kayastha and Harrison (2008) observed
an upward of ELA by 0.9± 1.1m a�1 (29± 35m) during
the 1959–1992 period using the toe-to-headwall altitude ra-
tio (THAR) method with TISmap-63 and the aerial photos
of 1992, from which the OTNmap-92 was delineated. In a
comparable period (1962–1992), we calculated an upward
shift of SLA by 2.2± 0.8m a�1 (66± 24m) based on satel-
lite data. The difference between the calculation of Kayastha
and Harisson (2008) and our calculation is mainly due to dif-
ferent methodologies applied and the data set used. Surely, if
a suitable scene is available, the SLA derived directly from
the satellite imagery is more representative of a specific year
than the map-based estimation.
The SLA trend qualitatively indicates the mass-balance

variation of glaciers (Chinn et al., 2005). Variations in SLA
derived from satellite imagery can be used as a proxy for
providing indications of local climate variability (Fujita and
Nuimura, 2011; McFadden et al., 2011, Rabatel et al., 2012).
In this case study, the SLA is significantly moving up-
wards, with an accelerated rate after 1992, indicating that the
glaciers in this region are experiencing an increasingly neg-
ative mass balance as it is suggested with the mass down-
wasting observations of Bolch et al. (2011) and Nuimura
et al. (2012) (Fig. 4). The observed upward shift of the
snow line could be interpreted as a direct response to high-
temperature events, reduced precipitation, or increased so-
lar radiation (Hooke, 2005). To evaluate the role of cli-
matic drivers in the1SLA, we used the simple ELA-climate
model by Kuhn (1981). Using this model, we estimated that
for the observed 182 m upward shift of SLA in the 1962–
2011 period, a temperature increase of 1.1 �C, or a precipi-
tation decrease of 543mm, or a solar imbalance increase of
1.8MJm�2 d�1 is required. By reacting to this climate per-
turbation, the SLA shifted by 182 m upward.
Concerning the temperatures, on the south slope of Mt.

Everest, Diodato et al. (2012) established the longest tem-
perature series (1901–2009) for this high elevation area, tak-
ing advantage of both land data obtained from the “Pyramid”
meteorological observatory (5050m) for the 1994–2005 pe-
riod and gridded temperature data for extending the time se-
ries. They observed an increasing trend of 0.01 �C a�1 in the
last century (+0.9 �C), which can be attributed mainly to the
1980–2008 period (0.03 �C a�1, +0.8 �C). Likewise, Lami
et al. (2010), using only the land data from the “Pyramid”
stations (5050 m) for the 1992–2008 period, reported an in-
creasing trend of 0.04 �C a�1 (+0.7 �C). However, we need
to consider that the recent global warming trend is more dom-

inant in the winter season (Jones and Moberg, 2003). Cook
et al. (2003) re-examined a longer Kathmandu mean temper-
ature record and compared it with a gridded data set based
on records from neighboring northern India; both showed a
cooling trend in the monsoon season (June to September) for
the 1901–1995 period. Summer cooling trends during the last
few decades of the twentieth century have also been docu-
mented for the Tibetan Plateau (Liu and Chen, 2000). Ac-
cording to Diodato et al. (2012), the temperature in this zone
increased by more than +0.8/+0.9 �C during our study pe-
riod (1962–2011), corresponding to 70–80% of the temper-
ature increase required to justify the upward shift of SLA
(+1.1 �C), even if, this rise has probably not occurred in the
summer period when the ablation process is concentrated and
thus, less impacting on glaciers shrinkage.
For the precipitation, Sharma et al. (2000) showed an in-

creased tendency from 1948–1993 in the Dudh Koshi Basin.
Additionally, Salerno et al. (2008) noted an increasing trend
for higher elevations until the early 1990s. From these years
of analysis, many researchers have highlighted a mainly de-
creasing trend in the Himalayan range (Wu, 2005; Thomp-
son et al., 2006; Naidu et al., 2009). According to Yao
et al. (2012), using the Global Precipitation Climatology
Project (GPCP) data, the Asian monsoon lost 173 mm in this
region for the 1979–2010 period, with a real decreasing trend
starting from the early 1990s (mean value between grid 9 and
11 in Fig. S18 of their paper). We have already noted that
we would have recorded a decrease of 543mm if the only
factor responsible for the higher SLA were the precipitation.
Current knowledge shows that precipitation can be held re-
sponsible for approximately 30% of the negative balance of
glaciers in the study region (e.g., Yao et al., 2012; Palazzi et
al., 2013).
Establishing the influence of solar radiation on the neg-

ative mass balance of these glaciers is much more difficult
considering the complete global lack of long-term measure-
ments of this variable at high elevations. For the North-
ern Hemisphere, Wild et al. (2005) reported a general de-
crease of sunlight over land surfaces, using the popular ex-
pression “global dimming,” on the order of 2 to 5Wm�2

decade�1 (1960–1990 period), corresponding to a decline
of 4 to 9%. A partial recovery (“global brightening”) has
been registered more recently (1986–2000) at many loca-
tions (2.2Wm�2 decade�1, corresponding to a rise of 2%).
According to Wild (2009), changes in solar radiation can be
due to (1) changes in cloud cover and optical properties, (2)
changes in water vapor, and (3) changes in the mass and op-
tical properties of aerosols. However, sensitivity studies indi-
cate that considerable changes in water vapor would be nec-
essary to explain the observed solar radiation trends, while
changes in cloud and aerosol characteristics are the domi-
nant factors (Wild, 1997). Since early 1990s, reduced emis-
sions have been registered in Asia, with a resulting decline of
aerosol concentrations (Streets et al., 2009). This trend rever-
sal in aerosol levels fits the general picture of a widespread
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transition from dimming to brightening (Ramanathan et al.,
2005). Furthermore, the weakness of the monsoon could cor-
respond to minor cloud coverage; both factors are favorable
for hypotheses of an increase in solar radiation in this region.
Furthermore, the aerosol–cloud interactions cause an ampli-
fication of dimming and brightening trends in pristine envi-
ronments (Kaufman et al., 2005; Wild, 2009). The average
solar radiation at the 5050 m elevation is 12.4MJm�2 d�1

(143.5Wm�2) (Tartari et al., 2002). The increase of nearly
15% (1.8MJm�2 d�1 or 19.7Wm�2) of solar radiation, ac-
cording to the ELA-climate model, is large if compared with
the 2% of global rise reported for recent years, but it cannot
be excluded, according to Kaufman et al. (2005) and Wild
(2009), that the aerosol-cloud interactions cause an amplifi-
cation of dimming and brightening trends in pristine environ-
ments.

5.4 Acceleration of the recession process

We observed clear signs of glacier changes since the 1960s
on the south slope of the Mt. Everest region. All of the vari-
ables analyzed showed a continuing deglaciation trend. The
phenomenon appears to be accelerated in recent decades,
particularly with regards to the loss of surface area and the
upward shift of the SLA. Based on this evidence, we de-
cided to deepen the analysis to shed light on what may be
the boundary conditions favoring the process and the possi-
ble drivers of change. Many authors (Salerno et al., 2008;
Yao et al., 2012) have already shown that the glacier area
loss rate is related to size of the glacier. Therefore, we di-
vided the glaciers into three-dimensional classes (< 2.5 km2;
2.5–10 km2; > 10 km2) that were defined to contain a simi-
lar number of glaciers in each class. For each variable, we
analyzed the differences in cumulative changes in the overall
period (1962–2011) (Fig. 7a, c, e) and the differences in the
annual rate of change between two periods (1962–1992 and
1992–2011) (Fig. 7b, d, f).
In Fig. 7a, we observe that the cumulative terminus re-

treat, in the overall 1962–2011 period, is 55 m (median)
for glaciers < 2.5 km2 and 433m (median) for glaciers
> 10 km2. If we compare these values with the length of the
ablation area of the glacier we would get a percentage of ter-
minus retreat double for the largest glaciers (2.3%, 4.3%,
respectively for the 1962–2011 period). In order to under-
stand this divergent glacier behavior we need to deepen the
possible linkage between 1Term and the other variables of
change. As discussed earlier, the terminus retreat of each
glacier is strongly related to the increase of debris cover-
age (r = 0.87, p < 0.001 for 1DebrisCov vs 1Term/length
of the ablation zone). Although we did not find any signif-
icant correlation with the glacier elevation, the termini re-
treat is related to the 1SLA (r = 0.67, p < 0.01 for 1SLA
vs1Term/length of the ablation zone), that means more neg-
ative glacier mass balances induce an increasing of debris
coverage (r = 0.79, p < 0.01 for 1SLA vs 1DebrisCov)

(e.g., Chiarle et al., 2007; Rickenmann and Zimmermann,
1993) and a lower glacier retreat. As discussed below, we ob-
served higher 1SLA for larger glaciers (r = 0.60, p < 0.01)
and thus, we can consider clarified the reason because larger
glaciers experienced double terminus retreats.
We have already discussed that these glaciers, regardless

of size, did not show a significant increase in the annual re-
treat rate. In Fig. 7b, we note that the annual retreat rate is
increasing for all classes and especially for the glaciers of
greater size, but these differences are not significant even
considering the glaciers’ size (p = 0.41, p = 0.52, p = 0.13,
from small to large, respectively), which means that each
class contains a significant number of glaciers that are not
currently accelerating the process.
Regarding the glacier surface area losses, we showed a

general decrease of 13.0± 3.1% between 1962 and 2011.
In Fig. 7c, we can observe that the percentage of area loss
is 9.0± 3.3% for the glaciers > 10 km2, but that this per-
centage rises to 36.0± 4.8% for the glaciers < 2.5 km2. For
the glaciers< 1 km2, this percentage rises to 42.0± 5.8%.
Comparing the annual rate of area loss, we note an inter-
esting change (Fig. 7d): the rate is increasing in the 1992–
2011 period from the previous period for all classes, but it
is especially increasing for glaciers of larger size. By testing
the significance of these differences, only the rate of glaciers
> 10 km2 were significant between two periods. The p val-
ues were 0.13, 0.80, and 0.03, from small to large, respec-
tively, compared to the overall significant area loss, as high-
lighted above.
A similar picture emerges if we consider the changes in the

SLA (Fig. 7f). Significant differences were found between
two periods only for glaciers > 10 km2 (p = 0.15, p = 0.25,
and p = 0.03, from small to large, respectively) compared to
a significant overall shift in SLA, as highlighted above. It
is also interesting to note (Fig. 7e) that these glaciers pre-
sented median upward shifts equal to more than 220 m, while
smaller glaciers showed increases of 119m (approximately
half).
Based on all these evidences, we can say that from the

1960s to today, the glaciers that have undergone the most cli-
mate impact are small ones, but it is also true that over the
last 2 decades, the condition of larger glaciers has worsened
much more. To find the reasons for this differential acceler-
ation, first of all, we have to consider that the glaciers size
is significantly correlated with the mean and the minimum
(i.e., SLA) elevation of the accumulation zone (r = 0.61,
p < 0.01; r = 0.54, p < 0.01), while it is not significantly
correlated with the mean as well as the minimum eleva-
tion of ablation zone. Therefore, larger glaciers present ac-
cumulation zones at higher elevations. Moreover, we found
the largest glaciers are mainly south oriented (r = 0.62,
p < 0.05). In this regards, Salerno et al. (2008) observed that
in the period ranging from the 1950s to 1992, larger glaciers
decreased less in size and that some of them were on the rise.
This divergent behavior was explained by considering the

The Cryosphere, 8, 1297–1315, 2014 www.the-cryosphere.net/8/1297/2014/



S. Thakuri et al.: Tracing glacier changes since the 1960s on the south slope of Mt. Everest 1311

increase of precipitation registered in those years that favored
the south-oriented glaciers (along the preferential monsoon
axis) and those that were located at higher elevations, thus
less subjected to the temperature warming effects. This inter-
pretation agrees with Fowler and Archer (2006), who exam-
ined the upper Indus Basin and found that the temperature
change could play a pronounced effect on glaciers located at
lower altitudes, while the precipitation change could be the
main driver of mass balance and1SLA of glaciers located at
higher altitudes, which have surface temperatures lower than
the melting point. The veracity of this statement must match
the present study because the glaciers of the south slopes of
Mt. Everest are among the highest glaciers in the world, as
mentioned above, and these altitudes have preserved these
glaciers, more than the other parts of the Himalaya, from ex-
cessive melting. Therefore, the double upward shift of SLA
of the largest glaciers (i.e., south-oriented and with higher
altitude accumulation zone) compared to the smallest and
the acceleration observed for these glaciers in term of shifts
in SLA and surface area loss indicate the weakening of the
Asian monsoon, which has led to a loss of 173mm of precip-
itation in this region for the 1979–2010 period (e.g., Yao et
al., 2012; Palazzi et al., 2013). Following the same reasoning
for the acceleration observed from the 1990s, this loss could
be mainly due to a minor accumulation that involved more
large glaciers than an increase in melting at these elevations.
Wagnon et al. (2013) recently arrived at the same conclu-
sion. In fact, analyzing two glaciers in the Dudh Koshi Basin,
they justify the observed negative mass balances mainly as
the consequence of weakening of the Asian monsoon.

6 Conclusions

We have provided a comprehensive picture of the glacier
changes to the south of Mt. Everest since the early 1960s.
We considered five intermediate periods and analyzed avail-
able optical satellite imagery. An overall reduction in glacier
area of 13.0± 3.1% was observed, which was accompa-
nied by an upward shift of the snow-line altitude (SLA)
of 182± 22m, a terminus retreat of 403± 9m, and an in-
crease of the debris coverage of 17.6± 3.1%. Over the last
20 years, we noted an acceleration of the surface area loss
and SLA. However, the increased recession velocity has only
significantly affected the glaciers of the largest sizes. These
glaciers present median upward shifts equal to more than
220m, while the smaller ones have increases of about half of
that. Temperature variations, despite being the primary cause
eliciting glacier response, cannot alone account for why these
glaciers, located at higher altitudes, reordered such a high
upward shift of SLA and why their annual rate of area loss
increased much more than that of the other glaciers. We pro-
pose that in the case of larger glaciers that have accelerated
area loss processes, the effects of the current weakening of
the Asian monsoon were added to the effects of increasing

temperatures because the glaciers’ orientation is aligned with
the prevailing precipitation, which makes these glaciers more
sensitive to variations in precipitation than to variations in
temperatures.
Moreover, we noted that the shrinkage of these glaciers

is lower than in the entire Himalayan range. Their location at
higher elevations have reduced the warming impact, but have
not been able to exclude these glaciers from a relentlessly
continuous and slow recession process over the past 50 years.

The Supplement related to this article is available online
at doi:10.5194/tc-8-1297-2014-supplement.
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Table S1. A complete set of data on glacier surface area (Surf), terminus (Term), snow-line altitude (SLA) and 
debris cover area (DebrisCov) for all analysed glaciers. 
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Ama Dablam 10.6 10.5 10.4 10.3 9.8 9.6 39 -44 -56 -86 -39 -186 5183 5199 5247 5264 5337 5387 23 23 25 24 25 26

Bhote Koshi 43.7 43.6 43.2 43.1 42.9 42.7 -140 -215 -80 -146 -42 -623 5224 5382 5492 5544 5606 5632 27 30 37 40 41 41

Chhule 10.2 9.8 9.1 8.8 8.0 7.7 -65 -40 -152 -169 -7 -433 5139 5231 5288 5342 5368 5364 18 24 20 21 26 28

Chhutingpo 8.5 9.3 7.6 7.2 6.5 7.0 -78 -136 -168 -45 0 -427 5324 5257 5321 5299 5360 5372 - - 5 4 5 5

Cholo 2.3 2.9 1.9 1.5 1.4 1.4 234 212 -74 -15 0 357 4987 4946 5062 5098 5124 5152 40 35 45 59 62 63

Cholotse 2.5 1.7 1.5 1.5 1.5 1.5 0 96 0 -98 -28 -30 5078 5141 5183 5195 5262 5244 44 63 66 76 82 75

Duwo 2.2 2.2 2.1 2.2 2.1 2.1 182 172 -99 0 0 255 - 4984 4969 4985 5039 - 33 39 40 48 -

Imja 28.1 28.0 27.0 27.2 26.4 25.5 -862 -458 -336 -255 -207 -2119 5340 5480 5655 5673 5691 5742 25 23 23 23 25 27

Kdu_gr125 1.9 1.7 1.5 1.4 1.0 0.9 -182 -153 -88 -123 -56 -601 5444 5462 5448 5423 5444 5442 17 - 0 - - 12

Kdu_gr181 1.3 1.1 1.4 0.7 0.6 0.6 0 0 0 0 0 0 5219 - - - 5350 - - - - - 4 -

Kdu_gr38 2.8 2.1 1.6 0.9 0.8 0.7 -142 -420 -192 -345 -45 -1143 5208 5305 5246 5298 5368 5490 - - 2 - - 18

Khangri 18.6 19.1 18.6 17.9 18.5 17.2 0 0 0 0 0 0 5352 5383 5432 5451 5533 5584 25 27 30 32 33 37

Khumbu 40.1 38.9 38.0 38.4 38.4 37.5 0 54 -14 0 0 41 5403 5545 5519 5508 5681 5730 15 19 19 20 23 24

Kyajo 1.6 1.7 1.2 1.0 1.0 1.0 65 -110 0 0 -9 -54 5433 - 5385 5325 5388 5366 - - - - 9 35

Langdak 3.0 2.6 2.0 2.3 2.1 2.2 -117 -426 -103 -115 -103 -863 5193 5094 5249 5206 5214 5220 39 27 38 35 40 41

Langmuche 5.5 4.9 3.7 3.3 2.9 2.8 -598 -350 -27 -203 -112 -1290 5184 5150 5168 5147 5202 5191 12 16 3 6 8 10

Lhotse 15.6 16.8 15.9 15.3 15.4 14.6 0 231 -63 -188 -42 -62 5463 5429 5425 5544 5664 5713 36 31 40 42 45 42

Lobuje 2.0 1.7 1.7 1.8 1.7 1.7 0 -20 -37 0 0 -57 5347 5350 5418 5522 5578 5628 34 35 39 41 43 46

Lumsamba 20.4 21.6 22.9 20.8 19.3 18.4 0 0 0 0 0 0 5445 5518 5454 5480 5582 5608 23 24 19 22 29 31

Machhermo 2.1 2.5 1.9 1.1 1.2 1.2 -166 -302 25 105 0 -339 5361 - 5443 5330 5303 5552 9 - - - - 26

Melung 12.0 11.6 11.4 11.3 10.9 10.8 -234 -425 -45 -170 -46 -919 5263 5339 5386 5440 5493 5480 29 29 32 32 34 30

Nare 9.3 7.6 6.9 6.6 6.0 5.8 -359 -48 -329 -165 -66 -966 5332 5308 5295 5266 5356 5436 15 20 25 24 25 27

Nareyargaip 6.9 6.1 6.4 5.9 5.5 5.5 -186 -74 -40 0 0 -301 5361 5452 5442 5460 5509 5528 27 37 35 41 47 40

Ngojumba 98.7 98.7 98.3 98.0 97.7 97.3 -82 -176 -48 -125 -24 -455 5381 5532 5496 5507 5568 5570 27 27 26 27 28 30

Nuptse 9.2 9.2 8.8 8.0 8.1 7.9 -79 92 0 0 0 14 5515 5505 5615 5569 5574 5588 28 31 35 36 38 37

Phunki 2.0 1.7 1.7 1.8 1.7 1.6 -156 -296 -189 -174 0 -815 - - - - 5028 - - - - - - -

Thyangbo 15.3 14.7 13.6 12.1 8.8 8.6 -210 -36 -72 0 -143 -460 5079 5049 5139 5247 5271 5289 12 10 9 12 20 26

Tingbo 1.5 1.4 1.3 1.2 1.1 1.2 -169 68 -64 0 0 -165 5402 5262 5271 5328 5370 5431 21 40 38 39 40

W-Lhotse 5.6 5.0 4.7 5.0 4.5 4.4 -52 114 16 -46 -70 -39 5299 5252 5280 5384 5398 5492 31 33 37 36 39 40
Other glaciers    
(< 1 km2)

21.0 19.4 19.0 16.7 12.4 12.1 - - - - - - - - - - - - - - - - -

Glacier Debris-cover area (% )Surface area (km2) SLA (m a.s.l.)Terminus difference (m)



Table S2. Morphological parameters (slope, aspect, elevation and length) of the glaciers for 1962-2011. 
 
 

 
  

Avg. Min Max. Avg. Min Max. Avg. Min Max. Avg. Min Max. Avg. Min Max. Avg. Min Max.

Ama Dablam 29.6 28.1 26.9 29.8 28.7 29.5 236 227 234 236 244 239 5422 4768 6640 5355 4715 6665 5374 4758 6417 5412 4736 6672 5412 4775 6359 5425 4787 6359 4.32

Bhote Koshi 24.3 25.9 24.8 23.6 25.0 24.2 174 170 174 136 168 172 5552 4725 6979 5574 4739 7097 5578 4739 7080 5525 4758 6893 5555 4772 6893 5559 4766 6899 10.46

Chhule 25.3 26.6 24.8 23.5 24.0 21.2 133 120 119 113 111 112 5318 4818 6545 5151 4818 6286 5112 4766 6264 5119 4766 6268 5080 4787 5836 5240 4809 6220 6.02

Chhutingpo 27.3 27.6 26.7 26.0 28.0 26.4 149 133 140 126 155 144 5519 4915 6182 5539 4856 6288 5554 4905 6206 5552 4947 6182 5636 5081 6182 5598 5008 6188 0.95

Cholo 35.7 35.5 31.8 33.1 30.0 30.7 105 105 104 101 103 103 5258 4519 6442 5239 4420 6423 5193 4358 6442 5006 4422 6248 4907 4422 6146 4940 4407 6215 2.21

Cholotse 33.5 27.5 24.2 23.6 24.4 24.6 248 244 226 225 209 235 5338 4865 6281 5319 4883 6301 5270 4846 6301 5111 4857 5588 5098 4851 5660 5108 4879 5662 1.65

Duwo 30.3 32.9 31.9 34.2 30.0 30.1 210 237 227 215 217 218 5198 4746 6654 5169 4719 6452 5191 4719 6452 5236 4749 6332 5101 4744 5973 5103 4740 5973 1.70

Imja 30.2 33.1 32.1 33.5 32.8 33.1 210 204 210 168 215 218 5768 4980 7971 5807 4981 8226 5833 4986 8226 5844 4989 7803 5877 4981 7803 5877 5007 7803 6.89

Kdu_gr125 26.1 27.9 25.7 24.9 18.2 17.6 168 170 172 170 164 162 5540 5118 6005 5592 5255 6097 5605 5258 6097 5601 5329 6102 5522 5332 5759 5515 5361 5695 0.85

Kdu_gr181 46.9 41.7 41.0 41.4 41.8 43.1 215 231 239 231 243 233 5526 4834 6547 5677 4844 6572 5541 4724 6572 5544 4936 6572 5480 4899 6527 5548 4991 6527 -

Kdu_gr38 38.4 40.7 38.0 39.8 38.8 39.7 87 85 77 75 90 74 5463 4800 6603 5487 4878 6527 5478 4939 6527 5594 4917 6504 5708 4917 6529 5626 4947 6511 0.57

Khangri 25.2 25.4 24.7 23.3 23.2 23.3 168 160 167 153 160 160 5597 5081 7105 5581 5027 7111 5605 5027 7111 5558 5100 6844 5568 5100 6844 5557 5091 6844 3.73

Khumbu 29.7 30.6 30.4 30.2 29.7 29.5 212 211 212 192 205 207 6058 4844 8289 6116 4876 8159 6163 4876 8260 6175 4900 8250 6152 4909 8250 6150 4880 8260 8.99

Kyajo 19.4 20.7 15.9 15.8 16.0 13.9 120 123 113 113 115 117 5419 5224 5939 5428 5224 5922 5385 5224 5575 5387 5224 5583 5393 5224 5595 5369 5224 5540 -

Langdak 23.7 25.6 21.4 24.3 22.3 25.9 143 148 130 141 127 166 5287 4803 6164 5399 4795 6179 5285 4737 6179 5315 4824 6126 5307 4820 5880 5297 4842 6155 2.65

Langmuche 35.8 40.6 39.0 40.4 40.7 40.4 114 99 105 97 116 91 5484 4348 6819 5613 4355 6804 5546 4370 6659 5673 4369 6804 5774 4418 6819 5681 4361 6804 2.61

Lhotse 31.3 33.3 31.7 29.6 29.8 30.7 206 203 207 203 202 207 5818 4800 8400 5907 4758 8467 5890 4758 8467 5818 4794 8472 5829 4816 8238 5907 4816 8472 5.53

Lobuje 23.7 22.3 21.9 22.8 21.8 21.2 134 137 145 130 139 140 5361 4960 5940 5379 4959 5997 5356 4923 5997 5382 4960 5885 5357 4960 5852 5352 4960 5843 1.98

Lumsamba 26.4 27.6 26.7 26.5 27.8 26.4 187 192 191 165 186 186 5784 4799 7274 5830 4908 7262 5796 4908 7262 5825 4931 7270 5866 4896 7274 5865 4931 7262 8.18

Machhermo 25.5 27.0 24.9 24.4 25.5 22.6 168 145 145 150 143 149 5505 5165 5991 5321 4819 5808 5447 5166 5808 5499 5208 5808 5499 5176 5814 5468 5166 5808 -

Melung 21.0 22.4 22.1 23.1 24.2 20.9 150 145 144 130 144 146 5349 4834 6600 5211 4950 5632 5164 4950 5578 5144 4950 5588 5157 4949 5530 5407 4950 6600 5.67

Nare 29.0 31.2 29.9 31.9 29.5 30.6 234 228 233 184 239 241 5382 4563 6388 5476 4721 6427 5482 4752 6476 5441 4803 6482 5392 4825 6305 5423 4827 6317 2.72

Nareyargaip 28.2 28.1 26.8 26.4 25.3 25.7 207 214 212 194 213 213 5596 5142 6672 5581 5129 6538 5535 5129 6665 5522 5105 6467 5503 5110 6294 5508 5110 6281 2.22

Ngojumba 23.8 24.5 24.0 24.1 24.5 23.9 185 179 184 133 182 181 5798 4680 8151 5814 4684 8115 5824 4674 8067 5848 4673 8109 5873 4684 8164 5844 4684 8115 15.79

Nuptse 30.8 30.9 31.0 28.9 29.2 29.2 214 212 218 147 211 210 5750 4932 7716 5804 4885 7754 5823 4885 7754 5744 4904 7716 5776 4932 7737 5769 4933 7716 5.15

Phunki 45.7 50.5 50.1 47.8 46.8 48.0 218 207 210 216 215 221 5367 4664 6548 5466 4720 6553 5465 4720 6553 5347 4811 6554 5304 4811 6548 5333 4823 6548 -

Thyangbo 37.0 37.6 36.7 37.2 33.1 33.0 139 131 129 131 130 123 5456 4324 6828 5417 4397 6638 5469 4335 6793 5490 4335 6783 5328 4385 6420 5323 4363 6480 2.91

Tingbo 33.3 36.3 34.8 30.4 29.3 30.9 250 241 241 235 241 237 5460 4899 6631 5576 4937 6677 5440 4886 6090 5342 4899 5955 5289 4899 5888 5347 4894 5955 1.33

W-Lhotse 32.6 35.0 35.7 33.2 34.4 33.4 210 201 203 196 204 197 5625 4942 7465 5727 4954 7649 5742 4954 7649 5633 4935 7072 5746 4924 7496 5654 4955 7072 2.94
Other glaciers     
(<1 km2) 35.8 35.0 33.6 37.3 36.4 36.2 198 160 193 186 188 182 5397 4235 6441 5248 4359 6433 5365 4235 6442 5437 4498 6442 5397 4469 6442 5402 4533 6442 -
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Table S3. Additional snow-line altitudes (SLAs) derived from 20 Landsat ETM+ imagery of 2000-2011 period 
for three selected glaciers: Lobuje, Khangri, and Imja. All these images, acquired in the October-December 
period, present no or minimum cloud cover. 
 

Date Scene ID 
SLA position on glacier (m a.s.l.) 
Lobuje Khangri  Imja 

10/14/2000 LE71400412000288SGS00 5521 5476 5669 
10/17/2001 LE71400412001290SGS00 5514 5471 5644 
10/20/2002 LE71400412002293SGS00 5494 5458 5657 
11/8/2003 LE71400412003312ASN01 5575 5471 5657 

10/25/2004 LE71400412004299PFS00 5555 5471 5663 
11/10/2004 LE71400412004315PFS00 5568 5493 5682 
10/28/2005 LE71400412005301PFS00 5548 5489 5672 
11/13/2005 LE71400412005317EDC00 5591 5498 5685 
11/16/2006 LE71400412006320PFS00 5581 5492 5695 
12/2/2006 LE71400412006336SGS00 5571 5502 5660 

10/18/2007 LE71400412007291PFS00 5564 5492 5673 
11/19/2007 LE71400412007323PFS00 5579 5478 5695 
10/20/2008 LE71400412008294PFS03 5524 5505 5660 
12/7/2008 LE71400412008342SGS00 5576 5544 5664 

10/23/2009 LE71400412009296SGS00 5545 5500 5695 
11/8/2009 LE71400412009312SGS00 5549 5537 5720 

10/26/2010 LE71400412010299SGS00 5558 5509 5697 
11/11/2010 LE71400412010315PFS00 5549 5543 5672 
10/29/2011 LE71400412011302EDC00 5593 5526 5742 
12/16/2011 LE71400412011350PFS01 5612 5566 5733 

 
 
 
  



Table S4. Reference studies on the surface area and terminus glacier changes in the Himalaya and Tibetan 
Plateau. 
 

 

 

 

 

 

 

 

 

 

Geographic 
regiona Period Rate

Area               
(km2 approx.)b Location Source

(a) Surface area loss (% a-1)
CH-S 1962-2011 0.27 400 Sagarmatha (Mt. Everest) National Park  

(SNP) Nepal
This study

CH-S 1976-2000 0.15 1100 Koshi basin Nepal Yao et al. (2012)

CH-S 1950s-1992 0.14 400 SNP Nepal Salerno et al. (2008)

CH-S 1962-2005 0.12 90 North-East of SNP Nepal Bolch et al. (2008)

CH-N 1976-2006 0.50 2700 Mt.Qomolangma National Nature 
Preserve, TP

Nie et al. (2010)

CH-N 1974-2008 0.30 150 Mt. Qomolangma region, TP Ye et al. (2009)

CH-N 1970-2001 0.29 650 Pumqu river basin, Tibetan Plataeu Jin et al. (2005)

WH-S 1960-2004 0.40 6300 Western Himalaya Kulkarni et al. (2011)

WH-S 1962-2004 0.50 2077 Chenab, Parbati and Baspa Kulkarni et al. (2007)

WH-N 1969-2010 0.34 90 Kang Tatze Massif, Ladakh Schmidt and Nusser (2012)

WH-N 1976-2003 0.30 80 Naimona’nyi region Ye et al. (2006b)

EH-S 1990-2010 0.17 200 Sikkim Himalaya Basnett et al. (2013)

EH-S 1997-2004 0.38 400 Tista basin Kulkarni et al. (2011)

EH-S 1963-1993 0.30 130 Bhutan Karma et al. (2003)

EH-N 1970-2009 0.32 150 Boshula, mountain, Southeastern TP Wang et al. (2011)

TP 1970-2001 0.20 900 Nam Co Basin, Southeast of West 
Nyainqentanglha

Yao et al. (2012)

TP 1976-2009 0.30 800 Nam Co basin Bolch et al. (2010)

(b) Terminus retreat (m a-1)
CH-S 1962-2011 8.2 400 (29) SNP Nepal This study

CH-S 1970-1979 2.4 33 (11) Khumbu region Yamada et al. (1992)

CH-S 1974-1999 6.9 7 (3) Nepal Himalaya Yao et al. (2012)

CH-N 1960-2001 7.1 130 (3) Mt. Qomolangma region, TP Ren et al. (2006)

CH-N 1980-2001 6.4 30 (2) Mt. Xixiabangma, TP Ren et al. (2006)

WH-S 1962-2008 14.4 15 (2) Garhwal Himalaya Mehta et al. (2011)

WH 1960s-2000 16.6 -- (20) Garhwal, Kumaun, Himachal  and 
sourrounding

Yao et al. (2012)

EH-S 1963-1993 27.0 130 (66) Bhutan Himalaya Karma et al. (2003)

EH-S 1976-2005 13.0 -- (26) Sikkim Himalaya Raina (2009)

TP 1970-2007 16.3 55 (5) Nyainqentanglha mountain region Yao et al. (2012)

a CH, WH, EH, and TP represent Central Himalaya, Western Himalaya, Eastern Himalaya and T ibetan Plateau,
  respectively (suffixes -N and -S indicate the north and south, respectively);
b Numbers in bracket represent the number of glaciers



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S1. The terminus of Khumbu glacier based on the 1962 Corona, 1992 Landsat TM, and 2011 Landsat 
ETM+ imagery. We can observe that since 1962 there is no retreat of the distal part of the terminus.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. S2. Transition zone between debris cover and debris-free ice area of, (a) Khumbu glacier and (b) Imja 
glacier.  The images clearly show an increase in the debris cover area between 1962 and 2011. 
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ABSTRACT. In this paper, we link increased Imja Tsho (Lake) with changes in Imja Glacier (area: ~25 
km2) under the effect of climate change using multi-temporal satellite imagery and local climate data. 
Between 1962 and 2013, Imja Lake has expanded from 0.029 ± 0.010 km2 to 1.352 ± 0.054 km2 
(0.026 ± 0.001 km2 a-1). The average glacier flow velocity was 37 ± 30 m a-1 in 1992-93; 31 ± 15 m a-1 
in 2000-01, and 21 ± 15 m a-1 in 2013-14, indicating a reduction in the glacier velocity. An average 
glacier elevation change of -1.59 ± 0.71 m a-1 observed for 2001-14 period with a rate of -1.78 ± 0.80 
m a-1 in 2008-14 and -1.40 ± 0.63 m a-1 in 2001-08. We underline that the decrease in velocity is 
mainly associated with reduced accumulation due to significantly decreasing precipitation in the last 
decades and increased ablation due to increasing of maximum temperature that effectively impact the 
glacier during the post-monsoon months. The decreasing glacier flow velocities and the increasing 
mass losses induce the formation and subsequent expansion of glacial lakes under a favourable 
topography as boundary condition.  
 
KEYWORDS: glacier flow velocity, elevation change, glacial lake, Everest 
 
 
 

1. INTRODUCTION 
 
The Everest region is most characterized by large 
debris-covered glaciers (Scherler and others, 
2011) and many glacial lakes (Gardelle and 
others, 2011; Salerno and others, 2012). Previous 
studies revealed that areas of proglacial lakes 
increased on the south slopes of Mt. Everest since 
the early 1960s (Bolch and others, 2008a; Tartari 
and others, 2008; Gardelle and others, 2011). 
Many studies have indicated that the current 
moraine-dammed or ice-dammed lakes are the 
consequences of coalescence and the growth of 
supraglacial lakes (e.g., Fujita and others, 2009; 
Watanabe and others, 2009; Thompson and 
others, 2012). Such lakes pose a potential threat of 
the glacial lake outburst floods (GLOFs; e.g., 
Richardson and Reynolds, 2000; Bajracharya and 
others, 2007; Benn and others, 2012) with the 
potential consequent loss of human lives and 
properties in the downstream valley. One of such 

proglacial lakes in the Everest region, Imja Tsho 
(Lake), that evolved and in the continuing growth 
since the early 1960s, has been of great research 
interest due to its potential GLOF risk (e.g., 
Yamada, 1998; Bajracharya and others, 2007; 
Fujita and others, 2009). 

Glacier flow velocity (Vf) and elevation change 
(∆E) are key variables that reflect the glacier status 
and provide information about the influence of 
ongoing climate change (Cuffey and Paterson, 
2010; Paul and others, 2013). In the Everest 
region, using the geodetic approach, Bolch and 
others (2011) studied the mass change for 10 
glaciers and found that the glaciers have exhibited 
a significant mass loss of 0.32 ± 0.08 m a-1 w.e. in 
1970-2007 and 0.79 ± 0.52 m a-1 w.e. in 2002-
2007. However, Gardelle and others (2013) 
reported lower mass loss (0.41 ± 0.21 m a-1 w.e.) 
in 1999-2011. Some other studies (Scherler and 
others, 2008; Bolch and others, 2008a; Quincey 
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and others, 2009; Peters and others, 2010) have 
addressed Vf for selected glaciers for a short span 
of time (from days to a few years) and highlighted 
that the present condition of ice stagnation in the 
lower ablation region of glaciers is attributable to 
low Vf generated by a general negative mass 
balance, but it is not yet clear how the velocities 
are evolving due to lack of contiguous 
measurements. Quincey and others (2009), 
measuring the glacier velocities between 1992 
and 2002 in this region, indicated a general flow 
recession of the glaciers and demonstrated that the 
stagnant snouts are characterized by very low 
(<2°) surface slope, suggesting a strong 
topographic control on the glacier flow in the 
region. 

With regard to glacial lakes, previous studies in 
the Everest region addressed the evolution of lakes 
(Tartari and others, 2008; Gardelle and others, 
2011; Somos-Valenzuela and others, 2014), their 
potential GLOF hazard or risk (Yamada, 1998; 
Bolch and others, 2008a; Watanabe and others, 
2009; Benn and others, 2012), and the condition 
of formation (Benn and others, 2001; Fujita and 
others, 2009; Sakai and Fujita, 2010; Salerno and 
others, 2012) using field and remote sensing 
methods. Bolch and others (2008), Quincey and 
others (2009), and Salerno and others (2012) 
pointed out that changes in the Vf are a possible 
trigger for the formation of glacial lakes. However, 
still there are no studies addressing the nexus 
between contemporary variation of glacier 
properties and lakes surface evolution. 

Considering Imja Lake as one of the most 
potentially dangerous proglacial lakes, in this 
paper, we present temporal variation of Imja 
Glacier and Imja Lake between 1960s and 2014, 
with particular emphasize in last two decades 
with the aim of linking the glacier properties to the 
evolution of lake surface area (Surf). Further, we 
present local temperature and precipitation 
behaviours and discuss on, how could they 
potentially drive the changes? 
 
 
2. STUDY AREA 
 
Imja Glacier (27.86 to 27.96 N; 86.90 to 86.98 E), 
covering an area of 24.7 km2 in 2013 (this study), 
lies in the Sagarmatha (Mt. Everest) National Park 
(SNP), the upper catchment area of the Dudh 
Koshi river in Nepal Himalaya (Fig. 1). In this 
study, we consider three branches/glaciers that 
extend towards South (Amphu Lapcha), East 
(Imja), and Northeast (Lhotse Shar), collectively as 
Imja Glacier by following the name for this 
complex as in Salerno and others (2008) and 

Thakuri and others (2014), that is, in line with the 
GLIMS database (GLIMS and NSIDC, 2005, 
updated 2014). Even though three of such glaciers 
have a separate ice divide in the accumulation 
area, they were connected to each other through 
their tongues, but from the last few years, tongue 
of Amphu Lapcha branch is no more connected to 
Imja-Lhotse Shar. 
 
The Everest region is one of the most heavily 
glacierized parts of the Himalaya. Most of the 
large glaciers are D-type i.e. the ablation zone is 
partially covered with supraglacial debris (Fujii 
and Higuchi, 1977). Recently, Thakuri and others 
(2014) presented 29 glaciers (> 1 km2) and other 
small glaciers   (< 1 km2), covering an area of 
nearly 350 km2 (in 2011) out of 1148 km2 of the 
SNP. They found a glacier surface loss of 13%, an 
average terminus retreat of ~ 400 m, a snow-line 
altitude (SLA) upward shifting of 180 m, and an 
increasing of debris-coverage by 17% from the  
1960s to 2011  at the  south slope of  Mt.  Everest.  
Salerno   and    others (2012) reported a total of 
624 lakes in the SNP: 17 proglacial, 437 
supraglacial, and 170 unconnected lakes. Further, 
they presented that 0.3 to 2.0% of the glacier 
ablation surface is covered by supraglacial lakes. 

Imja Glacier is one of the largest debris-covered 
glaciers in the region, extending from an elevation 
of ~ 5000 to 7800 m asl. with an area-weighted 
mean elevation of 5877 m. Nearly 80% of the 
glacier Surf lies between an elevation range of 
5000 - 6500 m (Fig. 1c). In 2011, the glacier had 
an average slope of 33°, an average SLA position 
at 5742 m, and 27 % of the glacier Surf was 
covered by debris (Thakuri and others, 2014). Imja 
Lake evolved close to the glacier terminus (~ 5000 
m asl.) during the 1960s. The frontal ice of Imja 
Glacier is calving into Imja Lake and the lake is 
continuously increasing in size (e.g., Fujita and 
others, 2009). Based on a recent study of Somos-
Valenzuela and others (2014), the lake had Surf of 
1.257 km2 (2012). In the same study, the sonar 
bathymetric survey in 2012 has indicated a 
maximum depth of the lake 116.3 ± 5.2 m with an 
estimated volume of 61.7 ± 3.7 million m3. 

The climate of this region is characterized by the 
south Asian monsoon and the westerlies. Imja 
Glacier is a summer accumulation type, the 
glacier mainly fed by the monsoon, as the winter 
precipitation caused by westerly wind is minimal 
(Salerno and others, 2014). The prevailing 
direction of the monsoons is South–North and 
Southwest–Northeast (e.g., Ichiyanagi and others, 
2007). The observation records from the 
automatic weather stations (AWSs;) at the Pyramid 
Observatory Laboratory (27.96 N, 86.81 E;
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Fig. 1. Location of the reference study site in the map of Nepal (a) and the Dudh Koshi river basin (b), is marked by a 
rectangular box. The focused map of the site (c) shows Imja Glacier and Lake (s) in 2013. Further, the surface area - 
elevation curve for Imja Glacier is inset to (c).  
 
 

elevation 5050 m asl.) from 1994 to 2013 show 
an annual mean temperature (MeanT) of –2.4 ± 
0.5°C and a total annual precipitation of 449 ± 75 
mm a-1, with about 90 % of the annual 
precipitation amount recorded during the summer 
months (Jun–Sep). The temperature decreases with 
altitude (0.6 °C per 100 m) and the precipitation 
increases (116 mm per 100 m) until ~ 2600 m and 
decreases afterwards, along the Dudh Koshi river 
valley (Salerno and others, 2014). 

 
3. DATA AND METHODS 
 
3.1 Data sources 
 
Multi-temporal satellite imagery from different 
sensors and topographic maps were used for 
assessing glacier properties and lake Surf 
variations (Table 1). 

Additionally, 1) topographic map of 1963 (cf. 
Thakuri and others, 2014); 2) all Landsat ETM+ 
scenes of 2001 and one scene every year from 
2002 to 2012 (20 scenes) after the ablation season 
(Oct to Dec), and 3) Landsat 8 OLI scenes of 2014  

 

(8 scenes), with no or minimum cloud cover, were 
used for the lake study. For glacier study, same 
datasets as in Thakuri and others (2014) were used 
until 2011 and the analysis was updated to 2013 
by using Landsat 8 OLI data of 10 Oct, 2013 
(Table 1) for homogeneous comparison between 
the glacier, lakes, and climate. Furthermore, the 
Advanced Spaceborne Thermal Emission and 
Reflection Radiometer Global Digital Elevation 
Model (ASTER GDEM) version 2, a product of 
METI and NASA, was used. For climate 
interpretation, the same datasets as in Salerno and 
others (2014) were used. 

Landsat data were used (retrieved from, 
https://earthexplorer.usgs.gov) for the velocity 
measurements in three periods: 1992-93, 2000-
01, and 2013-14, as they were freely available. 
The analysis could be extended until the 
beginning of 1990s with 30 m resolution data and 
15 m from 1999, however we reinforced the 
results by comparison with previous study that 
used ASTER data. Due to the partial coverage of 
Imja Glacier by 2014 ASTER scene, we were able 
to compare the ∆E for only lower ablation part of 
the glacier. 
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Table 1. Datasets used in the study  

* Vf  Glacier flow velocity; ∆E  Elevation change 
** Panchromatic band and pan-sharpened image. 

 
 
3.2 Methods 
 
3.2.1 Lake surface area (Surf) 

To extract the lake outlines from the Landsat 
imagery, the normalized difference water index 
(NDWI, [NIR-BLUE]/[NIR+BLUE]), originally 
proposed by McFeeters (1996) and successfully 
applied by Bolch and others (2008a) for our 
region, was applied with a manual post-correction 
for shadowed areas and ice parts. When the 
NDWI method was not appropriate (like, in 
topographic map and panchromatic Corona 
imagery) the lake boundaries were manually 
digitized. 
 
The uncertainties of mapping a single glacial lake 
from an image were estimated as a product of the 
linear resolution error (LRE) and the perimeter (l) 
(Fujita and others, 2009; Salerno and others, 
2012). As of these studies, we used 0.5 pixel 
resolution for the LRE assuming that the lake 
margin passes through centre of the pixel along its 
perimeter. Then, the uncertainties in the changes 
of surface area (∆Surf) were derived according to 
standard error propagation rule, the root of sum of 

square (RSS, !"#$%&'("&) = ! !!! + !!!  where e1 
and e2 are uncertainties from first and second 
scenes) of the mapping uncertainty for the single 
scene. We did not consider the coregistration 
error, as the comparison was not by pixel to pixel. 
 
3.2.2 Glacier variables 
 
In this study, different glacier variables are 
analysed: ∆E, Vf, Surf, terminus, SLA, and debris 
coverage. Detail methods are provided for ∆E and 
Vf  here, while for other   variables, we applied the 
 

same methods and uncertainties as in Thakuri and 
others (2014). 

a. Glacier flow velocity (Vf) 

The velocities were derived from the image pairs 
using feature-tracking method on the glacier 
surface using the normalized cross-correlation 
(NCC) algorithm in the Correlation Image Analysis 
Software (CIAS; Kääb and Vollmer, 2000). The 
NCC algorithm was used among several other 
options of image correlation because none of the 
single method outperforms among them. It is a 
simple and widely used algorithm for correlation 
of images that performs better in narrow glaciers 
(Heid and Kääb, 2012; Paul and others, 2013). 
The image pairs were coregistered before image 
correlation. The root mean square error (RMSExy) 
after the coregistration was 21.2, 12.8, and 4.9 m 
for 1992-93, 2000-01, and 2013-14, respectively. 
The potential outlier values higher than 100 m 
offset, and the maximum correlation coefficient 
lower than 0.6 were discarded. The gaps 
remaining after the removals of outlier values 
were filled linearly using kriging interpolation.   

The potential uses of Landsat data for velocity 
measurements are well-demonstrated in previous 
studies (e.g., Kääb and others, 2006; Paul and 
others, 2013). Deriving velocities from Landsat 
imagery with 30 m (TM) and 15 m (ETM+ pan) 
spatial resolution entails certain limitations that 
need to be considered while interpreting the 
results. Paul and others (2013) asserted that the 
accuracy of velocity measured using high to very-
high resolution SAR data with a time interval of 
one orbital cycle is about 10 m a-1, similar to the 
accuracy for medium-resolution optical satellite 
imagery (e.g. Landsat ETM+ pan) that is on the 

Acquisition date Mission/Sensor Resolution (m) Scene ID Application* 

15 Dec, 1962 Corona KH-4 ~8 DS009050054DA175_175  Lake 
20 Nov, 1970 Corona KH-4B ~5 DS1112-1023DF157_157  Lake 
2 Nov, 1975  Landsat 4 MSS 60 LM21510411975306AAA05  Lake 
17 Nov, 1992 Landsat 5 TM 30 LT51400411992322ISP00 Vf, Lake 
04 Nov, 1993 Landsat 5 TM 30 LT51400411993308ISP00 Vf 
30 Oct, 2000 Landsat 7 ETM+ 15** LE71400412000304SGS00 Vf , Lake 
17 Oct, 2001 Landsat 7 ETM+ 15** LE71400412001290SGS00 Vf 
10 Oct, 2013 Landsat 8 OLI 15** LC81400412013283LGN00 Vf, Lake 
22 May, 2014 Landsat 8 OLI 15** LC81400412014142LGN00 Vf, Lake 
24 Oct, 2008 ALOS AVNIR 2 10 ALAV2A14647304  Lake 
20 Dec, 2001 Terra ASTER 15 AST_L1A_00312202001050229_2009

0617073207_20295 
∆E 

06 Jan, 2008 Terra ASTER 15 AST_L1A_00301062008045936_2009
0617065646_14098 

∆E 

22 Nov, 2014  Terra ASTER 15 AST_L1A_00311222014045939_2014
1210051220_17098 

∆E 
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order of 15 m a-1 for images acquired one year 
apart. Landsat data covers a wide spatial and 
temporal range and produce good results for fast 
flowing glaciers, however the capacity to capture 
the Vf of very slowly flowing glaciers can be 
limited by their resolution. Previous studies 
indicated that displacement values below a pixel 
have high uncertainty. In this study, the images 
coregistration errors – RMSExy - that was 
calculated after the coregistration of image pairs 
for measuring the velocity did not exceed one 
pixel of the image. Thus, we consider an average 
uncertainty of one pixel size.  

b. Glacier elevation change (∆E) 

The digital elevation model (DEM) differencing 
method was used for computing the glacier ∆E 
from the multi-spectral Terra ASTER images (Paul 
and Haeberli, 2008; Bolch and others, 2011). The 
ASTER has four VNIR (15 m) bands including a 
backward looking band (3B) that has stereoscopic 
viewing capabilities for generating DEMs (Toutin, 
2008; Kamp and others, 2005). We generated 30 
m DEMs for 2001, 2008, and 2014 from the cloud 
free ASTER stereo bands, Nadir (3N) and 
backward looking (3B). For coregistration of the 
ASTER stereo bands, around 25-ground control 
points (GCPs) were obtained for the identifiable 
objects (e.g., mountain peaks, river crossings, 
rocks) in the Landsat OLI of 2013. The elevation 
information was obtained from the ASTER GDEM. 
The coregistration model was accepted when the 
RMSEs of GCPs were less than a pixel (15 m) and 
applied enhanced Automated Terrain Extractor 
(eATE) function in Leica Photogrammetric Suite 
(LPS) of ERDAS Imagine software.  
 
The elevation differences between the generated 
DEMs of 2001- 2008, and 2001 - 2014 were 
calculated considering 2001 as the reference 
DEM. The generated DEMs were coregistered, 
using method by Nuth and Kääb (2011), to ensure 
the comparability and quality of the DEMs. We 
applied the computed horizontal and vertical (i.e. 
RMSEx,y,z) shift to the 2008 and 2014 DEMs. We 
filtered the elevation difference values > 7.5 m a-1 
(higher than 3σ) as possible outliers in the 
measurement considering the length of analysis 
period (Nuth and Kääb, 2011; Nuimura and 
others, 2012). The remaining gaps were filled 
linearly using the kriging interpolation. 
 
The measurement uncertainties of the ∆E were 
estimated using the Normalized Median Absolute 
Deviation (NMAD; Höhle and Höhle, 2009) 
derived from a sample of terrain outside the 
glacier. The NMAD is a robust method for 
uncertainties estimation and is considered to be 

less sensitive to outliers than the standard 
deviation or RMSE method. It is calculated as, 
 
!"#$ = 1.4826 ∗!"#$%&! ∆ℎ! − !!∆! ,! 
 
where  ∆ℎ!  represents the individual errors i = 1, 2, 
…., n and !∆!  is the median of the errors.  
The estimated NMAD were 4.4 m for the ∆E 
between 2001 and 2008, and 9.2 m for the 2001 
and 2014. 
 
 
4. RESULTS  
 
4.1 Glacier variations 
  
4.1.1 Glacier surface area (Surf), terminus, and 

snow-line altitude (SLA) variation  
 
The Surf of Imja Glacier reduced from 28.1 ± 0.5 
km2 (1962) to 24.7 ± 0.6 km2 (2013) with a rate of 
-0.067 ± 0.014 km a-1 (-0.24 % a-1) (Fig. 2; Table 
2). Previous studies (Bolch and others, 2008b; 
Thakuri and others, 2014) indicated an 
accelerated glacier shrinkage after 1990s in the 
Everest region. We found that Imja Glacier has 
experienced a loss of 0.11 ± 0.05 km2 a-1 in 1992 
to 2013 compared to 0.04 ± 0.03 km a-1 from 
1962 to 1992, nearly three times more and in 
agreement with those studies.  
 
The terminus of Imja Glacier has retreated by 
2256 ± 9 m (~ 44 m a-1) from 1962 to 2013 (Table 
2). This rate of change is the highest one within 
the SNP (cf., Thakuri and others, 2014). This could 
be attributed to the presence of the proglacial Imja 
Lake, which enhance glacier melt and favours 
mass loss due to calving. A higher retreat of 
debris-covered glaciers with proglacial lakes than 
without proglacial lakes was also found in Sikkim 
Himalaya (Basnett and others, 2013). Further, the 
SLA position in Imja Glacier has shifted upward 
by 456 ± 30 m (average ~ 9 m a-1), from 5340 ± 
20 m to 5796 ± 21 m between 1962 and 2013 
(Fig. 2b) The upwards shift of the SLA indicates a 
clear negative trend for mass balance. Figure 2c 
and Table 2 shows an increasing DebrisCov area 
from 5.59 ± 0.09 km2 to 6.93 ± 0.16 km2 (average 
0.026 ± 0.004 km2 a-1) between 1962 and 2013. It 
was estimated without considering the common 
glacier Surf (2013) impacted by the evolution of 
the lake in all year.   
 
Figure 2d presents the glacier ∆Surf by elevation 
for two periods: 1962-1992 and 1992-2013. The 
comparison between them stresses an opposite 
trend: for 1962-1992, the main Surf reductions  
are below 5750 m, while there is an increasing  at 
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Fig. 2. Changes in Imja Glacier variables. (a) Surface area (Surf), (b) Snow-line altitude (SLA), and  (c) Debris-covered 
(DebrisCov) area between 1962 and 2013; (d) The glacier Surf change (∆Surf) by elevation in 1962-1992 and 1992-
2013 periods. In the same plot, the SLA positions are marked for 1962 and 2013.  

 
 
 
Table 2. Data on surface area (Surf), terminus, snow-line altitude (SLA), debris-covered (DebrisCov) area, and 
morphological parameters for Imja Glacier and lakes in 1962-2013 period 

 

 

* DebrisCov area was calculated by excluding common (2013 Imja Lake) glacier Surf impacted by Imja Lake growth in all years 
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ΔSurf)(km2))

1962'92#
1992'13#

retreat) advance)

SLA13#

SLA62#

Variable/parameter 1962 1975 1992 2000 2008 2011 2013 

Imja Glacier        

Surf (km2) 28.1 ± 0.5  28.0 ± 2.2 27.0 ± 0.8 27.2 ± 0.6 26.4 ± 0.4 25.5 ± 0.6 24.7 ± 0.6 

Terminus change (m) 0 -862 ±30 -1320±11 -1656±9 -1911±6 -2118±9 -2256±9 

SLA (m) 5340±20 5480±35 5655±25 5673±21 5691±21 5742±21 5796±21 

DebrisCov area (km2)* 5.59±0.09 5.11±0.41 5.53±0.16 5.71±0.12 6.28±0.09 6.65±0.15 6.93±0.16 

Slope (°) 30 33 32 33 33 33 33 

Aspect (°) 210 204 210 212 215 218 218 

Min elevation (m) 4980 4981 4986 4989 4981 5007 5023 

Max elevation (m) 7971 8226 8226 7803 7803 7803 7808 

Mean elevation (m) 5768 5807 5833 5844 5877 5877 5898 

        

Imja Lake        

Surf (km2) 0.029±0.010 0.139±0.019 0.704±0.029 0.841±0.036 1.013±0.046 1.243±0.054 1.352±0.054 

Perimeter (km) 2.605 

 

2.533 3.888 4.793 4.829 5.939 6.866 

Supraglacial lakes        

Surf (km2) 0.037 ±0.014 - 0.077±0.038 0.065±0.029 0.066±0.024 0.082±0.045 0.102±0.045 

Number 8 - 16 23 24 25 25 

a 

b 

c 

d 
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Table 3. Glacier elevation change (∆E) 

 
Period Imja Glacier  

For 10 common 
glaciers*  

Source 

 2008-2014 –1.78 ± 0.80 - This study  

∆E m a-1 2001-2014 –1.59 ± 0.71  - 
 

 2001-2008 –1.40 ± 0.63 –0.73 ± 0.63 !!
 2002-2007 –1.45± 0.52 –0.79 ± 0.52 Bolch and others (2011) 

∆m m a-1 w.e. 2000-2008 –0.93± 0.60 –0.45 ± 0.60 Nuimura and others (2012) 
 1999-2011 −0.70 ± 0.52  −0.41 ± 0.21  Gardelle and others (2013) 
 
* in the south of Mt. Everest as in Bolch and others (2011); ∆E elevation change; ∆m mass change  

 
 
higher elevation. For 1992-2013, a clearly 
decreasing of glacier Surf was observed even in 
further higher elevations (until 6200 m). Such 
different behaviours are a response to climate as 
discussed in Section 5.2. 
 
4.1.2 Glacier elevation change (∆E) 
 
Imja Glacier has experienced an average ∆E of –
1.59 ± 0.71 m a-1 for 2001-14 compared to –1.40 
± 0.63 m a-1 in 2001-08 indicating an increased 
negative rate (–1.78 ± 0.80 m a-1 in 2008-14) in 
the last few years. However, the difference is not 
significant given the high uncertainty (Fig. 3, Table 
3). The glacier area close to Imja Lake in 2001 has 
experienced a ∆E of -2.30 ± 0.71 m a-1 in 2001-14 
period, relatively higher than the rest of the 
glacier, due to the expansion of the lake from 
2001 to 2014. 
 

 
Fig. 3. Glacier elevation change (∆E) of Imja Glacier for 
2001-2014 period 

The observed rate of ∆E for Imja Glacier was the 
highest one among the analysed glaciers of this 
region. During calculation of ∆E for Imja Glacier 
in 2001-2008, we simultaneously considered 
other glaciers in SNP and found that glaciers in 
this region (102.5 km2) have experienced an 
overall ∆E of –0.66 ± 0.63 m a-1. The estimated ∆E 
for 2001-08 is comparable with previous findings. 
Bolch and others (2011), Nuimura and others 
(2012), and Gardelle and others (2013) studied the 
mass loss for 10 glaciers in the Everest region 
(Table 3). We found a mass loss of -0.62 ± 0.68 m 
a-1 w.e. (0.73 ± 0.63 m a-1) for 2001-2008 
considering the same glaciers set (using ice 
density 850 ± 60 kg m-3 by Huss, 2013). 
Furthermore, all three studies reported the highest 
negative mass loss for Imja Glacier (Imja–Lhotse 
Shar; Table 5 of Gardelle and others, 2015 and 
Table 3 in this study). Bolch and others (2011) and 
Nuimura and others (2012) further affirmed an 
accelerated rate of mass loss in 2000-2008 
compared to the previous period and suggested 
that the glacier surfaces connecting to a glacial 
lake in their terminus have experienced higher 
surface lowering.  
 
4.1.3 Glacier flow velocity (Vf)  
 
The computed velocities of Imja Glacier suggest 
an overall decreasing pattern of flow velocities 
(Fig. 4; Table 4). The glacier-wide average Vf was 
37 ± 30 m a-1 in 1992-93, 31 ± 15 m a-1 in 2000-
01, and 21 ± 15 m a-1 in 2013-14. On comparing 
the velocity profiles along the central flow line in 
each glacier’s branch (α, β, or γ) for each period 
(Fig. 4b), we observe that lower Vf towards the 
terminus and higher velocities towards the glacier 
upward. Further, it indicates a clear decreasing of 
the Vf overtime. 
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Fig. 4. Changes in the glacier flow velocity (V

f
). (a) The V

f
 of glacier in three measurement times between 1990s and 

2014; The estimated positions of the transition zone between debris-covered and debris-free glacier parts are 
marked by dotted blue lines; (b) The V

f
 profiles along the glacier central flow lines (α – Lhotse Shar, β – Imja, and γ$– 

Amphu Lapcha) as shown in Figure 5c. 
 
 
Table 4. Flow velocity (Vf!)!of Imja glacier  

Measurement!
Time!

Computed!Vf!!(m!yr41)!for!
Uncertainty!!
(m!yr41)!

Debris)
covered.
area.

Debris)
free.
area.

Glacier)
wide.

average.

1992401! 34! 57! 43! ±30!

2000401! 22! 45! 31! ±15!

2013414! 14! 33! 21! ±15!

  
The transition zone between debris-covered and 
debris-free glacier parts exhibits higher flow 
velocities (Fig. 4a), while glacier areas near Imja 
Lake have relatively lower velocities. In 1992-93, 
the glacier Vf was 34 ± 30 m a-1 and 57 ± 15 m a-1 
for DebrisCov and upper debris-free area, 
respectively, while in 2013-14, it was 14 ± 15 m 
a-1 and 33 ± 15 m a-1 for DebrisCov and debris-
free area respectively (Table 4). Considering the 
uncertainty of the measurement, we assert that Vf 
were very low or stagnant in the lower part of the 
glaciers, but the more striking differences were on 
the clean part of the glacier, where the decreasing 
Vf was apparently observed. Indeed, Vf has 
decreased by 43 % in 2013-14 compared to 
1992-93. This confirms that a general decreasing 
of Vf in recent years. Further, the glacier  

 

Fig. 5. Evolution of Imja Lake. (a) Temporal variation of 
surface area from 1962 to 2013. In the background, the 
Landsat 8 OLI image acquired on 10 October 2013; (b) 
Corona KH-4 scene of 2 Dec, 1962 and (c) again a 
Landsat scene of 2013 showing Imja Glacier and lake. 
Further, in (c), the central flow paths of the glacier’s 
three branches are annotated as α, β, and γ. 
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experienced a higher velocity loss where higher 
negative ∆E was observed in 2001-2014 period, 
indicating that the decreasing of Vf could be 
induced by a more negative glacier mass balance 
(Fig. 3 and 4). 
 
Few studies investigated the Vf in the region and 
most of them, only focused on the Khumbu glacier 
(Müller, 1968; Seko and others, 1998; Kodama 
and Mae, 1976; Nakawo and others, 1999; 
Luckman and others, 2007). Quincey and others 
(2007) estimated for a Lhotse Shar (α) branch, 
based on the Interferometry Synthetic Aperture 
Radar (InSAR) data of 29-30 March 1996, a glacier 
Vf of ~18 m a-1, which is lower than our observed 
values of 1990s and 2000s. As discussed by Willis 
(1995), the intra-annual variations of the Vf are 
determined by various factors and thus, the Vf 
changes over the year. Our results are in line with 
Bolch and others (2008a) who showed, using 

ASTER data, that velocities of more than 40 m a-1 
can be observed on the upper part of the Lhotse-
Shar branch of Imja Glacier and found 
significantly lower velocities downwards the 
glacier (toward its terminus) for the period 2000 to 
2003.  
 

4.2 Lake evolution 
 

4.2.1 Inter-annual variation of Imja Lake  
 

Table 2, Figure 5, and Figure 6 present the 
variation of Imja Lake from 1962 to 2013. Imja 
Lake appeared in the 1960s as small ponds (Fig. 
5b). The size of the lake (s) was 0.029 ± 0.010 
km2 in 1962 and has continuously increased to 
1.352 ± 0.054 km2 in 2013 (Fig. 6a) with the rate 
of 0.026 ± 0.001 km2 a-1. Imja Lake rapidly 
increased after 2008 (Fig. 6a).  

 

        

   

 
Fig. 6. Lake surface area change (∆Surf) and the climatic driver. (a) The ∆Surf of Imja Lake (~ 5000 m asl.) from 
1962 to 2013; (b) Numbers and surface area variation of the supraglacial lakes present in Imja Glacier; (c) Intra-
annual Surf variation for Imja Lake. The green line represents the surface anomaly (difference from mean, km2) for 
2001 and black circles for the 2014; (d) Variations of monthly minimum temperature (MinT), maximum temperature 
(MaxT), mean temperature (MeanT), and precipitation in 2001 from Pyramid station (5050 m asl.); The vertical bars 
in (a-c) represents uncertainty of measurement as described in the methods; (e) The 0°C isotherms of Nov. MaxT for 
the 1994 and 2013 are plotted. Further, the lakes distributions are indicated.  
 

0"

40"

80"

120"

160"

200"(15"

(10"

(5"

0"

5"

10"

Pr
ec
ip
ita

)o
n,
(m

m
),

Te
m
pe

ra
tu
re
,(°
C)
,

Precipita2on" MinT" MaxT" MeanT"

(0.2"

(0.1"

0.0"

0.1"

0.2"
Jan" Feb" Mar" Apr" May" Jun" Jul" Aug" Sep" Oct" Nov" Dec"

Su
rf
ac
e,
an

om
al
y, Surface"par2ally"to"

fully"frozen"
Surface"not"frozen"

Lake"2001"
"

Lake"2014"
"

c,

d,

a" b"

e"



 

 10 

 
 
Fig. 7. Imja Lake, as seen from the Landsat 8 OLI image, acquired (a) on 22 May, 2014 indicating partially frozen 
and reduced lake surface area (Surf) and (b) on November 2014. 
 
 
Based on the sonar bathymetric survey, Somos-
Valenzuela and others (2014) reported that the 
depth of Imja Lake has increased from 90.5 to 
116.3 ± 5.2 m and the volume raised from 35.8 ± 
0.7 million m3 to 61.7 ± 3.7 million m3 in 2002 to 
2012 period. They further indicated the Surf 
expansion rate for Imja Lake was 0.039 km2 a-2 in 
2002-2012, while in the same period we observed 
0.029 ± 0.007 km2 a-1. 

4.2.2 Intra-annual variation of Imja Lake 
 
Figure 6c and 7 presents the intra-annual variation 
for Imja Lake Surf. We considered 2001 (Fig. 6c, 
green-line) as the main data for this analysis due 
to availability of good quality images covering all 
seasons for this year, however we enforced the 
analysis with available data of 2014 (circles). The 
figure indicates Minimum Lake surface in May 
(starting decreasing from Jan), just before the 
beginning of monsoon. In just two months, 
corresponding to the beginning of the monsoon 
and the possible glacier melting (as highlighted 
observing the lake surface in this period is not 
frozen), the lake surface reached a sort of plateau 
in terms of size. The size of the lake can be 
considered constant from Jul - Jan. So, the 
variability among lake surface in Jul - Jan is very 
low. Therefore, their inter-annual trend as 
detected in Fig. 6a, is not influenced significantly 
by the intra-annual variability inevitably 
introduced in the analysis as the satellite images 
are referred to post-monsoon period when the 
lake surface, as we observed, is constant. 

4.2.3 Supraglacial lakes variation 
 
Imja Glacier includes several supraglacial lakes 
(ponds) on its surface. We found 25 supraglacial 
lakes (all below 5210 m), with a total area of 
0.102 ± 0.045 km2 in 2013, and 8 lakes in 
1962/63, with a total area of 0.037 ± 0.014 km2. 
The differences was about three times more for 
both lake number and size in 2013 compared to 

1960s. However, due to their very small sizes, the 
associated uncertainties in Surf are large (Fig. 6b). 
Such supraglacial lakes are ephemeral and very 
unstable in space and time as they can suddenly 
drain when they reach the sub-glacial drainage 
system (Benn and others, 2001). 
 
 
5. DISCUSSION  

5.1 Boundary conditions for evolution of lakes 
 
Topographic settings are important parameters as 
they provide a boundary condition for the 
evolution of lakes (Quincey and others, 2009; 
Sakai and Fujita, 2010; Salerno and others, 2012). 
Some previous studies (Reynolds, 2000; Quincey 
and others, 2007; Röhl, 2008; Sakai and Fujita, 
2010) demonstrated that in different parts of the 
world large glacial lakes can form on glaciers 
whose slope before lake formation is always < 2°, 
as surface gradient influences in ice dynamics. 
Further, Reynolds (2000) from the Bhutan 
Himalaya reported that isolated small ponds might 
form where the glacier slope is 6-10°. A glacial 
lake can develop due to low flow at high 
elevations and due to the occurrence of stagnant 
areas around the glacier terminus (Quincey and 
others, 2009). Lower slopes correspond to lower 
gravitational driving stresses that, by decreasing 
the glacier flow, allow the development of 
stagnant ice (Scherler and others, 2011), which is 
a favourable condition for the formation of lakes. 
 
Salerno and others (2012) demonstrated that 
where lakes formed, both glacier slope and the 
interaction between the two glacier parts occur: 
upglacier (with steep slopes) and downglacier 
(with gentle slopes) influence the velocity of 
glaciers and, consequently, creates a favourable 
condition for lake formation. Thus, they reported 
that Imja Glacier is representative of this case. We 
observed a gentle slope (13°) in the DebrisCov part 
of Imja Glacier (downglacier) and a steep slope 

May 2014 Nov 2014 
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(37°) in the upglacier part . The supraglacial lakes 
are mainly located in the first 2 km, where the 
slope, is ~10°. This is the upper limit of slope 
range by Reynolds (2000), so this fact and the 
interactions between the upglacier and 
downglacier slopes could be providing a 
favourable boundary condition for the evolution 
of supraglacial lakes on Imja Glacier. The growth 
of those lakes could still be prevented by slope 
limit or by local variations in the glacier velocity 
and surface morphology (Quincey and others, 
2007). Conversely, continuously increasing Imja 
Lake is situated in location just next to the glacier 
tongue that has experienced continuously 
decreasing flow velocity and has more or less 
stagnant ice, favouring the continuous expansion 
of the lake. 
 
Suzuki and others (2007), based on the inference 
from the calculated thermal resistance of debris-
covered glaciers, demonstrated that the 
development of glacial lakes at the terminus due 
to enhanced ablation is typical in glaciers with 
relatively thin debris layers. By analysing the 
difference in height between the glacier surface 
and the lateral moraine ridges, Sakai and Fujita 
(2010) observed that glaciers that record a 
relatively large decrease in their surface are likely 
to develop glacial lakes, thus providing evidence 
that glaciers with high ablation rates tend to 
develop glacial lakes. 
 
A decreasing glacier flow velocity can be 
attributed to a decreasing glacier surface slope, 
caused by an imbalance between the amounts of 
accumulation and ablation (mass balance). Both 
slope and thickness of the ice, as well as 
temperature, are the key influencing factors for 
glacier flow velocity (Cuffey and Paterson, 2010). 
Benn and others (2001) stated that a negative mass 
balance favours the growth of the lake. 
 
Here, we underline that the changes in the glacier 
Vf   favour the formation and expansion of lakes. 
The observed decreasing Vf induced by changes in 
the slope, caused in turn by negative ∆E in the 
ablation part, is likely a cause for the continuous 
growth of Imja Lake. Furthermore, the decreasing 
Vf due to more negative ∆E in the upper ablation 
part (Fig. 3 and Fig. 4a) might be a reason for the 
disintegration of Amphu Lapcha branch from the 
rest Imja-Lhotse Shar glaciers. These processes 
further enhance the debris-fall and the ice 
avalanche from the upper glacier zone. In this 
respect, low-velocity and high-ablation rates of 
the glacier seem to be the two key glacier factors 
linked with lake evolution. 
 

5.2 Climate as a driver of glacier and lake 
variation 
 
The observed responsible glacial factors of the 
lake evolution - the decreased Vf and the 
increased glacier thinning (i.e. negative ∆E) - 
could be attributed to changes in the precipitation 
that influence accumulation and the temperature 
that controls the ablation process of glacier. 

Climatic data from ground stations rarely exist for 
higher elevations (above 3000 m asl.). Salerno and 
others (2014) based on the available ground 
stations data presented spatio-temporal variations 
of the temperature and precipitation for the 1994-
2013 period in this region. The study found, at an 
elevation of ~ 5000 m, the annual minimum 
temperature (MinT) has increased more than MaxT 
(0.072 ± 0.011 °C a-1 MinT and 0.009 ± 0.012 °C 
a-1 MaxT) in the last two decades. In the same 
period, the MeanT has increased by 0.044 ± 
0.008 °C a-1. About the precipitation, they 
demonstrated at an elevation of ~ 5000 m, a 
significant decreasing (-9.3 ± 1.8 mm a-1) for all 
months, corresponding to a loss of 47% during the 
monsoon. Several previous studies have indicated 
the weakening of monsoon (e.g., Palazzi and 
others, 2013). For the period before 1990s, 
Sharma and others (2000) showed an increasing 
tendency of precipitation from 1948–1993 in the 
Dudh Koshi basin and further, as inferred in 
Salerno and others (2008) and Thakuri and others 
(2014) that the increasing of the precipitation has 
favoured the south-facing glaciers and thus, low 
shrinkage of the glaciers before 1990s. In this 
respect, the weakening of the monsoon 
precipitation has most likely led to the decreasing 
of the Vf, observed for Imja Glacier in 1990s to 
2014, due to lower accumulation on the glacier. 
 
In Figure 2d, the decreasing glacier ∆Surf only in 
the lower elevation before 1990s and along the 
much higher elevation after 1990s, could be 
explained by the observed temperature and 
precipitation behaviours during those periods. In 
the first period (1962-92), the glacier area loss in 
the lower elevation could be a result of an 
increasing temperature, while an increasing 
precipitation favoured glaciers above 5750 m. In 
the second period (1992-2013), although the loss 
of Surf in lower elevation was continued due to 
increasing temperature, a significant decreasing 
precipitation could have resulted the decreasing 
Surf in the higher elevations (above 5750 m). In 
conclusion, before 1990s, the glacier Surf has 
decreased mainly due to temperature, but after 
1990s, the precipitation has augmented Surf loss 
impacting the accumulation area. 
 



 

 12 

Figure 6e presents the 0°C isotherms of Nov 
MaxT, in the surrounding area of Imja Lake, for 
1994 and 2013 that was calculated using the 
temperature lapse rates derived from the station 
data (Salerno and others, 2014). The figure implies 
a significant shift (+168 m) of the isotherm 
extending from below the terminus position of 
Imja Glacier in 1994 to above the location of Imja 
Lake in 2013.  Significant shifts of the 0° MaxT 
isotherms from lower to higher elevation observed 
for Apr (+268 m) and Nov (+168 m) that crossed 
the lake, and for Dec (+201 m) that arrived to the 
lake, from 1994 to 2013, making the glacier more 
susceptible to melting by these shifts. 
 
The significant increase of Apr MaxT likely has not 
affected the evolution of lake surface, because 
during that month, the temperature of lake on the 
surface is below 0 °C and the lake is reviving from 
the coldest period, as can be observed from 
climate data (e.g. Fig. 6d). On the contrary, the 
increasing 0 °C MaxT isotherms in post-monsoon 
months can have longer melting process of the 
glacier by introducing an increased inflow to the 
lake that brought to constant lake surface as 
observed in Figure 6c, in recent year not 
justifiable by low precipitation. We observed only 
significant change of MaxT in Nov, Dec, and Apr 
months. No significant change was observed for 
MinT and MeanT that could influence for 
increasing glacier melting.  In this regard, in 
addition to decreasing precipitation that induced 
the lower velocities of the glacier, an increasing of 
MaxT has augmented the glacier melting and 
likely driving the evolution of the lakes. 
 
 
5. CONCLUSION  
 
This study implies that the evolution of Imja lake 
are driven by the climatic impacts on the glacier 
mass balance and thus, the glacier flow velocities 
in the Everest region. Using multi-temporal optical 
satellite imagery, we detected the changes in both 
Imja Glacier variables and Imja Lake surface and 
provided the possible nexus between their 
contemporary evolutions. From 1960s to 2013, 
Imja Glacier has experienced a loss of Surf (0.067 
± 0.014 km a-1) with an accelerated rate in the last 
two decades, a significant upward shift of the 
snow-line (~ 9 m a-1), a retreat of the terminus 
(~44 m a-1), and an increase in the debris-cover 
(0.026 ± 0.004 km2 a-1). Further, it has recently 
experienced a thinning of glacier ice and has 
shown an overall decreasing trend of flow 
velocities. The surface of Imja Lake and the 
number of supraglacial lakes on Imja Glacier 
increased coincidently with the glacier from 
1960s to 2013.   

We conclude that the weakening of the monsoon 
precipitation in the last decades, is most likely 
leading the decreasing of Vf due to lower 
accumulation and thus negative mass balance, 
and ultimately triggering to the evolution of the 
lake. Furthermore, in particular, increasing of 
maximum temperatures during the post-monsoon 
months is likely driving a rapid growth of the lake 
due to increased ablation of the glacier surface 
close to lake location. Such phenomenon could 
be prevalence for all glacial lakes in this region. 
The examination of glacier velocities together with 
lake variations from the region could therefore, 
provide a regional perspective on the evolution of 
lakes.  
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This study provides a complete mapping (October 2008) of glacial lakes and debris-covered glaciers in the
Mount Everest region. These types of analyses are essential in studies of the impact of recent climate change,
and therefore the uncertainty of measurements is discussed with the aim of creating a reference study for use
when glaciers and lakes are delineated using remote sensing imagery. Moreover, attention is focused on con-
ditions related to the formation of lakes, which is the greatest evidence of the impact of climate change at
high altitudes characterized by debris-covered glaciers. Regarding the formation process of supraglacial
lakes, our findings confirm that the slope of the glacier where lakes are located is primarily responsible for
the low flow velocity of this zone. Otherwise, this study is novel in its identification of a further boundary
condition. The slope of the glacier upstream is able to influence both the low flow velocity and the high ab-
lation rates at the glacier terminus. In fact, the imbalance between the two glacier zones generates the down-
slope passage of debris, snow and ice. We found the slope of the glacier upstream to be inversely correlated
with the relevant total surface of the lakes downstream. The multiple regression model developed in this
study, considering the slopes of the two glacier areas distinctly, has been able to predict 90% of the supragla-
cial lake surfaces. Concerning the surfaces of lakes not directly connected with glaciers (unconnected glacial
lakes), we found they are correlated with the dimensions of their drainage basin, whereas no correlation
was found with the glacier cover in the basin. Considering that the evaporation/precipitation ratio at these
altitudes is approximately 0.34, the evolution of these lakes appears to be a helpful sign for detecting the pre-
cipitation trend of these high-altitude regions.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Scherler et al. (2011) provide a comprehensive study along the en-
tire Hindu Kush-Himalaya range underlining the non-uniform response
of glaciers to climate change. In particular, the study highlights the im-
portance of debris cover for understanding glacier evolution, an effect
that has so far been neglected in predictions of future water availability.
The southern central Himalayas are the region with glaciers that pre-
sents the highest debris coverage. Supraglacial debris cover influences
the terminus dynamics and can thereby modify a glacier's response to
climate change. Supplementary material 1 describes previous studies
on glacier and lake distribution in the Mount Everest region. Recent
studies in this region have found several debris-covered glaciers with
stagnant ice in the glacier termini (Scherler et al., 2008; Quincey et al.,
2009). Although surface lowering indicates that such glaciers are

currently shrinking, their fronts remain remarkably stable. The retreat
rate of a debris-covered glacier is thus unsuitable as an indicator of re-
cent climate change (Scherler et al., 2011). Moreover, Jacobs et al.
(2012) note that the high mountains of Asia are subject to a mass loss
for the years 2003 through 2010 at a level that is significantly lower
(4±20 Gt yr-1) than previous estimates (47 to 55±20 Gt yr-1). Never-
theless, these glaciers have the potential to developwidespreadmelting
ponds and build upmoraine-dammed lakes (Ageta et al., 2000; Sakai et
al., 2000; Quincey et al., 2009).

Three types of glacial lakes can be distinguished according to Ageta et
al. (2000): (i) lakes that are not directly connected with glaciers but that
may have a glacier located in their basin, referred to in this paper as
unconnected glacial lakes; (ii) supraglacial lakes (melting ponds), which
develop on the surface of the glacier downstream; or (iii) proglacial
lakes, which are moraine-dammed lakes that are in contact with the gla-
cier front. Some of these lakes store large quantities of water and are sus-
ceptible to GLOFs (glacial lake outburst floods).

Little is known about the conditions of formation, distribution and
evolution of all of these three types of glacial lakes in the southern
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central Himalayas, even though these lakes are a suitable indicator for
evaluating the impact of climate change at high elevations (Richardson
andReynolds, 2000; Benn et al., 2001). Gardelle et al. (2010), considering
supraglacial and proglacial lakes, note that the southern side ofMt Everest
is the region that is most characterized by glacial lakes in the Hindu
Kush-Himalaya. Moreover, these lakes have indicated the largest surface
area increase of the lakes in the mountain range, estimated at +33%
(1990–2009), and thus indicates that the region is appropriate for this
survey.

In this context, the glacier and lake mapping indicates the need to
pay attention to the uncertainty of the topographical measurements
obtained from remote sensing imagery so that data can be analyzed
according to the correct relevance to their accuracy. In addition,
multi-temporal analysis usually employs data sources (map and sat-
ellite) with different degrees of uncertainty that should be taken
into account during temporal comparisons.

The overall aim of this work is to provide an updated and com-
plete outline of the three types of glacial lakes and glaciers in the
southern region of Mt Everest (October 2008). Considering that
these types of measurements are essential in recent studies of the im-
pact of climate change, the analysis on uncertainty of measurements
is discussed with the aim of proving this to be a reference study
that can be used when glaciers and lakes are measured using remote
sensing imagery. Moreover, the attention is focused on the conditions
of the formation of glacial lakes, specifically, unconnected and supra-
glacial lakes.

2. Study area

The current study is focused on the Everest-region and in particu-
lar in the Sagarmatha (Mt Everest) National Park (SNP), the highest
protected mountainous area in the world, situated in Solu-Khumbu

District in the north-eastern region of Nepal (Fig. 1). This area in-
cludes the upper catchment of the Dudh Koshi River Basin which is
the part of the Koshi River Basin (or Sapta Koshi River Basin), one of
the three large river basins of Nepal. The northern part of the park
bounds with the Autonomous Region of Tibet (China). The SNP covers
an area of 1148 km2 encompassing altitudes from 2845 m (at Jorsale)
to 8848 m at the summit of Mount Everest (Sagarmatha in Nepali).
The park falls between latitude 27°45'00″ to 28°06′36″ N and longi-
tude 85°58'48'' to 86°30'36'' E (Salerno et al., 2010; Lami et al.,
2010). Land cover classification shows that almost one-third of the
territory is characterized by snow and glaciers, while less than 10%
of the park area is forested (Bajracharya et al., 2010).

The glaciers in Everest-region show morphological features com-
mon to glaciers throughout the Himalayas. Nearly all (28 out of a total
of 29) are debris-covered glaciers; these are glaciers in which the abla-
tion zone is almost entirely covered by surface debris that significantly
alters the energy exchanges between the ice and the atmosphere
(Mattson et al., 1993.). Because theminimum threshold for considering
glacier areas in this study was set at 1 km2 (Supplementary material 1)
the only debris-free glacier we consider is Langmuche glacier (Salerno
et al., 2008).

Glacier lakes in this region are very vulnerable to climate change
and some of them, like Nare Drangka lake and Dig Tsho lake, have al-
ready experienced GLOFs in 1977 and 1985 respectively (Fushimi et
al., 1985; Yamada and Sharma, 1993). All glacial lakes plotted in
Tartari et al., 2008 on a 1992 map for the north-eastern sector of
Everest-region were at between 4460 m and 5560 m in altitude,
with the maximum frequency of altitude distribution falling between
5100 m and 5300 m. The lakes were fed prevalently by perennial
snow and glaciers, than direct runoff from precipitation. However
some lakes were detected without glacial masses in their hydro-
graphic basin. These often prove to be temporary ponds, although in

Fig. 1. Location of the study area: Sagarmatha National Park, Nepal.

31F. Salerno et al. / Global and Planetary Change 92–93 (2012) 30–39



the case of lakes fed by glaciers and/or snowfields it is not infrequent
to observe strong variations in level during the inter-monsoon period
(October-March).

3. Data and methods

3.1. Satellite data

Glaciers and lakes were manually identified and digitized using the
Advanced Visible and Near Infrared Radiometer type 2 (AVNIR-2) on-
board ALOS image, received from a Japanese Earth Observation satellite
launched in January 2006. AVNIR-2 is amultispectral radiometer for ob-
serving land and coastal zones with a 10 m spatial resolution, a 70 km
swath width (at nadir), and a revisiting time of 46 days. AVNIR-2 data
investigated in this study were acquired on 24th October 2008 (Scene
ID ALAV2A146473040) in a cloudless sky. The image was acquired at
the end of the monsoon season before the first heavy snowfall. Image
data were orthorectified and corrected for the atmospheric effects
using the 6 S code (Vermote et al., 1997; Giardino et al., 2010).

3.2. Uncertainty of measurements

3.2.1. Glacier and lake surfaces
In general the measurement accuracy of the position of a single

point or an edge in the space (n=1, i=1), within the use of the GIS
(Geographical Information System), is limited by the resolution of
the source data used (i.e., cartography, satellite image), which we de-
fine LREi (Linear Resolution Error) and by the error of referencing
with regard to a reference system (REi, co-REgistration error or co-
georeferencing error).

In this study the RE calculated as to the Official Nepali map was
±18 m (Salerno et al., 2008). In the case one would compute the
error of two measurements of similar quantities (n=2) as regards
to a unique reference system common to the two source data (for in-
stance a temporal comparison of the point shifting or of the edge by
using two satellite images both co-registered as per a topographical
map), the overall Linear Error (LE1-2) should be calculated as the
root mean square (rms) of the errors related to the two measure-
ments (1), (Ye et al., 2006). The overall LE would be lower in the
case the source data were co-registered between them, thus reducing
the uncertainty to a single co-registration.

LE1−2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑n¼2

i¼1 LRE
2

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑n¼2

i¼1 RE
2

q
ð1Þ

This approach is the one usually adopted in studies on the evolution
(retreat and advance) of the glacial front (Ye et al., 2006; Shangguan et
al., 2010).

In the case that the source data is a topographical map, Inghilleri
(1974) points out that at the graphical resolution limit an arbitrary
value of 0.2 mm can be assigned, based on the threshold visible to
the human eye. The level of approximation of a map (LRE) is conven-
tionally given by this limit of 0.2 mm multiplied by the scale factor
(Inghilleri, 1974; Salerno et al., 2008).

For satellite imagery, the LRE is limited by the sensor resolution,
i.e. by the pixel resolution (Williams et al., 1997). It is obvious that
a higher sampling resolution yields the ability to measure the location
of an object more accurately; however it is not obvious just how high
a resolution is required for a specified spatial accuracy. Gorman
(1996) tackles this problem starting from the assumption that the
boundary of an object region is straight within the length it crosses
a pixel region, and that the object width is greater than one pixel
unit. With these definitions, the precision error with respect to a
point on the boundary of a region is defined as the minimum distance
between the point and the object edge. Gorman (1996) asserts the
precision error is 0.5 pixels that can be added to or subtracted from

the measurement of the outside edge of an object. If this is done,
the error will range between −0.5 and 0.5, and in the worst case,
the error will be 0.5. Within the wide field of application of the GIS,
Zhang et al. (2001) state the accuracy of any data derived from the
imagery is around 0.5 pixels or better. But in the specific field of the
study of temporal variations that Himalayan lakes undergo, Fujita et
al. (2009) also assumed an error of ±0.5 pixel. Consequently in this
study we also consider half pixel, thus adopting the worst LRE
(±5 m).

The uncertainty in the measurement of the dimension of a shape
(Aerial Error, AEi) is dependent both upon the linear error LE1-2 and
its perimeter, li (McMillan et al., 2007; Salerno et al., 2008) (2). As a
consequence, the error for large shapes is proportionally smaller
than that for small shapes.

AEi ¼ LE1−2 % li ð2Þ

This approach has been used to define the uncertainty in lake mea-
surement byMcMillan et al. (2007), Fujita et al. (2009), and Gardelle et
al. (2010). In the calculation of LEi, these authors exclusively consider
the LREi, probably considering that the co-registration error REi does
not play a key role, since they are small-sized shapes and the compari-
son is not made pixel by pixel, but entity by entity.

By sharing the approach to exclude the co-registration error, in
this study the AEi for the lakes has been calculated following the
Eq. (3). It can be noticed that in the equation the LRE relative to a
hypothetic comparison with a second measurement with the same
error is also calculated (Williams et al., 1997).

AEi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑n¼2

i¼1 LRE
2

q" #
% li ¼ LREi

ffiffiffi
2

p$ %
% li ð3Þ

In regard to the error made in the estimation of the glaciers' ex-
tension, in this study we thought it correct to use the canonical equa-
tion of the AEi computation (3), considering the larger dimensions as
regards the lakes (Silverio and Jaquet, 2005).

3.2.2. The digital elevation model
The digital elevationmodel (DEM)was created by digitizing the con-

tours of the 1992 map. The interpolation was performed using the kri-
ging method, setting a pixel dimension of 20 m×20 m. To judge the
uncertainty of the interpolation method, 100 map control points were
used for validation, obtaining an average absolute difference of 6.3 m.
In the application to surface gradient calculations, the measurements
are based on the relative values between DEM pixels, and therefore the
accuracy of the absolute values is less important (Quincey et al., 2007)
and can be disregarded. Consequently, the uncertainty related to the
slope calculated using this DEM is also neglected.

To explain supraglacial lake distribution as a function of explanatory
predictors, we divided the glacier into upstreamand downstreamzones
relative to their slope. To this end, we applied the CuSum (cumulative
sum) control chart statistical technique to detect the changing point
of the glacier slope along the glacier's longitudinal profile. The CuSum
control chart is a sequential analysis technique used in various disciplines
for monitoring change detection. It provides comparative information
that can be useful in series analysis (in our case, the hypsographic
curve) to identify potential changes in trendmeans (in our case, a change
in glacier slope). The test is relatively powerful in comparison with other
tests (Buishand, 1982) for a change-point that occurs toward the center of
the time series (Kundzewicz and Robson, 2004). We used the techniques
described by Taylor (2000) that combine the use of CuSum charts and a
bootstrapping technique to compute 1000 iterations of the CuSum chart.
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4. Results

4.1. Glacier distribution

A total of 29 glaciers accounting for nearly the entire glacier area
in the Mount Everest region (97%) was plotted. Supplementary mate-
rial 1 describes criteria for glacier identification and cataloging.
Table 1 shows the morphometric characteristics of each glacier in
2008, and Table 2 provides a general summary of the main features
of the glaciers. We observe that the total glacier area is 356.2 (±2%)
km2. The largest glacier is Ngojumba Glacier, with an area of 98.8
(±1%) km2.

The average aspect of the glaciers is 172.7°; in other words the gla-
ciers are, on average, oriented toward the south. Specifically, Nare
and Ama Dablam glaciers are exposed to the west, Cholo, Kdu_gr 38
and Langmuche Glacier to the east, and the remaining majority of
the glacier surfaces are exposed mainly to the south. The average gla-
cier slope is 25.8%. The two extremes are Melung, with the lowest av-
erage slope (8.5%), and Phunki Glacier, with the highest average slope
(44.0%).

Fig. 2 shows the frequency distribution of glaciers relative to their
elevation. The glaciers present a mean elevation of the glacial fronts
(minimum glacier elevation) of 4900 m (standard deviation 5%), a
maximum elevation of 6519 m (standard deviation 13%) and in gen-
eral a mean elevation of 5487 m (standard deviation 5%). Chhule Gla-
cier has the lowest elevation (4832 m), and Khumbu Glacier has the
highest average elevation (6154 m).

4.2. Lake distribution

The first step in creating the lakes cadastre involved analyzing the
surface hydrographic network plotted on the 1992 map. This analysis

led to the identification of 9 sub-basins of the Dudh Koshi River,
which were by convention given the name of their largest associated
glacier or the main tributary: Thame Khola and Bhote Koshi River (at
Thame) basins, Chhule Glacier and Bhote Koshi Glacier basins, Ngojumba
Glacier basin, Khumbu Glacier and Upper Imja Khola basins, and Lower
Imja Khola and Bhote Koshi River (at Namche) basins (Supplementary
material 2). Supplementary material 1 describes in detail the criteria
for lake identification and cataloging.

The total number of lakes plotted in 2008 is 624, corresponding to an
overall surface of 7.43 (±18%) km2. Of these lakes, the unconnected gla-
cial lakes are the most frequently represented typology (170 lakes with
a total surface of 4.28 (±14%) km2 equivalent to 58% of the overall lake
surface). The second typology in terms of area is represented by the pro-
glacial lakes (17 lakes with a total surface of 1.76 (±7%) km2 equivalent
to 24%), while the supraglacial lakes typology shows the highest number
of water bodies (437 lakes with a total surface of 1.39 (±45%) km2

equivalent to 18%). This last typology consequently presents the lowest
median size for each lake (0.001 km2), butwith a high standard deviation
(0.007 km2). The unconnected glacial lakes show amedian surface 6 times
higher (0.006 km2), with a proportionally similar standard deviation
(0.076 km2). Finally, the proglacial lakes are clearly larger in size com-
pared with the other two typologies (0.025 km2), and in this case as
well, the standard deviation is more than twice the mean (0.245 km2).
Fig. 3 shows the frequency distribution of lakes relative to their area. It
can be noted that this distribution for each typology is far from normality
(lognormal), with an abundance of small lakes and few large lakes. In ad-
dition, although the supraglacial lakes show a kurtosis of 79, the proglacial
and unconnected glacial lakes have a lower kurtosis value (11) and, thus, a
frequency distribution highlighting a wider dimensional range compared
to the supraglacial lakes (Joanes and Gill, 1998).

Fig. 2 shows the frequency distribution of glaciers and lakes rela-
tive to their altitude. Starting with the supraglacial lakes, we notice

Table 1
Morphometric characteristics of the glaciers and supraglacial lakes of Sagarmatha National Park in 2008 (Up=glacier upstream; Down=glacier downstream; Tot=all glaciers).

Glacier features Supraglacial lakes features

Glacier name Glacier surface Aspect Slope Elevation a.s.l. Number of lakes Elevation a.s.l. Lakes perimeter Lakes surface

Total Mean Up Down Mean Mean Min Max Total Mean Stand. Dev. Total Total Density

(km2) (°) (°) (°) (°) (m) (m) (m) N (m) (m) (km) (km2) (%)

Ama Dablam 9.8 255 37 11 26 5416 4786 6328 8 4976 60 1.76 0.023 0.57
Bhote Koshi 41.6 164 38 10 22 5526 4797 6825 100 5111 136 17.57 0.227 0.92
Chhuitingpo 6.5 148 31 17 27 5618 5105 6199 0
Chhule 3.1 101 34 7 22 5091 4802 5812 21 4916 77 4.81 0.077 1.81
Cholo 1.4 87 44 13 21 4832 4451 5536 0
Cholotse 1.5 247 40 13 20 5102 4868 5519 2 4991 90 0.40 0.005 0.46
Duwo 2.1 239 45 9 28 5115 4747 6039 1 4776 0.39 0.008 0.84
Imja 35.1 198 39 12 31 5787 4997 7719 24 5136 62 5.18 0.066 0.65
Kdu_gr 125 1.0 150 32 13 20 5529 5374 5713 0
Kdu_gr 181 0.6 254 45 26 41 5551 4943 6348 0
Kdu_gr 38 0.8 82 42 21 40 5700 4944 6532 0
Khangri 18.5 153 41 9 21 5570 5143 6812 30 5205 20 6.84 0.098 0.82
Khumbu 38.4 206 37 8 29 6154 4907 8199 32 5054 116 7.13 0.108 1.01
Kyajo 1.0 103 33 12 15 5397 5262 5582 0
Langdak 2.1 103 27 11 18 5259 4785 5810 0
Langmuche 2.9 83 46 25 43 5639 4456 6788 0
Lhotse 15.4 210 48 12 28 5807 4854 8254 21 5100 57 3.76 0.046 0.55
Lobuje 1.7 143 26 8 20 5366 4978 5911 2 4992 1 0.68 0.012 2.07
Lumsamba 19.3 179 37 10 25 5860 4937 7272 28 5105 146 6.84 0.087 0.99
Machhermo 1.2 148 29 11 23 5520 5190 5795 0
Melung 3.7 144 40 10 22 5168 4999 5586 39 5193 114 5.78 0.062 0.86
Nare 6.0 257 32 15 28 5423 4866 6246 0
Nareyargaip 5.5 217 36 10 23 5512 5149 6157 3 5327 51 1.40 0.048 1.34
Ngojumba 99.8 179 29 9 22 5848 4701 8163 108 4959 199 25.02 0.502 1.32
Nuptse 8.1 205 45 10 28 5758 4963 7764 10 5118 102 1.79 0.023 0.57
Phunki 1.7 206 50 20 45 5390 4853 6329 0
Thyangbo 8.8 95 36 12 31 5264 4404 6344 1 4621 0.31 0.006 0.32
Tingbo 1.1 254 33 16 29 5148 4922 5867 0
W. Lhotse 4.5 199 50 9 32 5774 4918 7599 7 5045 60 0.85 0.005 0.29
Other glaciers 12.4 1 5073 0.12 0.001
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that these lakes are located at amean altitude of 5055 m a.s.l., i.e., 155 m
higher than the glacial fronts (25° and 75° percentiles, corresponding to
4950–5190 m, standard deviation 3%). The generic unconnected glacial
lakes are approximately 80 m higher, within an elevation zone ranging
from 4800 to 5300 m (mean 5073 m, standard deviation 5%). In the
Mount Everest region, the elevations of all lakes generally range be-
tween 4850 and 5250 m (the weighted average elevation of the area
is 5080 m).

Concerning the supraglacial lakes, Fig. 4 shows a few examples of
longitudinal profiles of selected glaciers traced on the DEM following
an equidistant line between the lateral glacier margins from the high-
est peak to the glacier front. To begin we observe the changing points
of the surface slope detected by applying the CuSum control chart sta-
tistical technique. This technique clearly distinguishes the steeper
glacier upstream from the flatter glacier downstream. For all of the
glaciers, we observed that supraglacial lakes, when present, are locat-
ed below this changing point of slope and also close to it. This type of
glacier subdivision appears to be strictly related and most likely func-
tional to the lake distribution. The slopes of glaciers downstream
show that the lakes range from 7° to 13° (Table 1). Reynolds (2000)

reported that in the Bhutan Himalayas, small isolated ponds could
be found up to 10°. For the Mt Everest region, we observed evidence
of supraglacial ponds for slightly higher slopes. For the same glaciers,
the slopes of the glacier upstream range from 26° to 50° (Table 1).
These slopes are typical of the southern central Himalayan range, as
reported by Scherler et al. (2011).

5. Discussion

5.1. Consideration for uncertainty of measurements

Until the early 1970s, aerial photography was the primary remote
sensing technique available for extracting glacier and lake parame-
ters. Medium-resolution satellite data (10–90 m) have been available
for cryospheric studies since that time. Among them, we can mention
here sensors such as TERRA ASTER and LANDSAT MSS, TM, ETM+
with a mean resolution of 30 m (15–90 m), the SPOT HRVIR, the IRS
LISS III and, more recently, the ALOS AVNIR-2 launched in 2006 and
used in this study with a resolution of 10 m (2.5-10 m). In addition
to these sensors, there are sensors with high resolution (meter and

Table 2
General summary of the morphometric features of glaciers and lakes divided by typology in the LCN 2008 cadastre.

Glaciers in SNP Lakes in SNP

Proglacial Supraglacial Unconnected All lakes in SNP

Number of glaciers (N) 29 Number of lakes (N) 17 437 170 624

Elevation a.s.l. (m) Mean 5487 Elevation a.s.l. (m) Mean 4996 5057 5073 5060
Max 6154 Max 5660 5394 5484 5660
Min 4832 Min 4377 4621 3800 3800
Stand. Dev. 151 Stand. Dev. 307 172 259 199
Median 5520 Median 4920 5079 5120 5086

Perimeter (km) Mean 37.9 Perimeter (km) Mean 1.05 0.20 0.51 0.31
Max 224.6 Max 4.83 1.77 4.14 4.83
Min 4.9 Min 0.09 0.04 0.07 0.04

Glacier surface (km2) Mean 11.9 Lake surface (km2) Mean 0.104 0.003 0.025 0.012
Max 99.8 Max 0.979 0.086 0.613 0.979
Min 0.6 Min 0.0006 0.0001 0.0003 0.0001
Stand. Dev. 20.1 Stand. Dev. 0.245 0.007 0.076 0.032
Median 3.7 Median 0.025 0.001 0.006 0.003
Total 356.2 Total 1.762 1.389 4.279 7.430

Slope (°) Mean 25.8 Sub-basins surface (km2) Mean – – 1.32 –

Max 44.0 Max – – 16.22 –

Min 8.5 Min – – 0.01 –

Stand. Dev. 8.3 Stand. Dev. – – 2.47 –

Median 25.9 Median – – 0.57 –

Basin surface (km2) Mean 25.0 Basin surface (km2) Mean – – 2.12 –

Max 192.7 Max – – 20.81 –

Min 2.3 Min – – 0.01 –

Stand. Dev. 37.8 Stand. Dev. – – 3.61 –

Median 13.2 Median – – 0.86 –

Aspect (°) Mean 173 Glacier surface in basin (km2) Mean – – 0.38 –

Max 257 Max – – 3.04 –

Min 82 Min – – 0.00 –

Stand. Dev. 58 Stand. Dev. – – 0.64 –

Median 179 Median – – 0.08 –

Fig. 2. Frequency distribution of glaciers and lakes relative to their elevation.
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sub-meter spatial resolution) such as IKONOS, Quickbird and GeoEye-1
(Racoviteanu et al., 2008).

We have noted in this study that the uncertainty in measurement
of lake surfaces has been estimated as a function of the sensor resolu-
tion and its perimeter according to Eq. (3). As a consequence, the
error for large shapes is proportionally smaller than that for small
shapes and when sensors with higher resolution are used. In the
graph in Fig. 5, we illustrate the relationship between the hypothetic
surface of circular lakes and the respective uncertainty of measure-
ment from sensors that differentiate by the degree of resolution.
By setting a generic error threshold of 15%, corresponding to the

differences observed by Tartari et al. (2008) over a decade, we notice
that a high-resolution sensor (1 m) would be able to determine the
lake surface with sizes up to and over 0.001 km2, whereas the dimen-
sional threshold would decrease to 0.01 km2 for a sensor with a reso-
lution of 5 m, 0.05 km2 for a sensor with a resolution of 10 m, 0.5 km2

for a sensor with a resolution of 30 m and 5 km2 for a sensor with a
resolution of 80 m. To simplify, among the resolutions reported in
Fig. 5 corresponding to the most common sensors currently available,
we notice a capacity of accurately detecting diverging lake sizes by
approximately one order of magnitude.

In the following sections, we discuss the conditions of formation of
glacial lakes through inference analysis and by weighing the uncer-
tainty as the inverse of the AEi. The possible significance of the corre-
lations guarantees the uncertainty of measurements considered is
sufficiently low for properly describing the relationship.

Concerning the uncertainty in the measurement of glacier sur-
faces, we noted that, for lakes, the errors are estimated in this study
as depending on the sensor resolution and its perimeter according
to Eq. (3). For lakes, we compute an overall average AE of 18% with
a sensor with 10-m resolution; in contrast, using the same sensor,
the error associated with glaciers presents a lower order of magni-
tude (2%). This uncertainty appears to be suitable, considering that
Salerno et al. (2008) report that the reduction of the glaciers in
terms of surface observed by comparing topographical maps of this
region between the 1960s and the 1990s is approximately 5%. If a sen-
sor with 30-m resolution (e.g., LANDSAT TM) was used, the error
would become 5%, whereas using a sensor with 80-m resolution
(e.g., LANDSAT MSS) would increase the error to 13%, exceeding the
magnitude of glacier variations in the region.
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Fig. 3. Frequency distribution of lakes relative to their area and typology.

Fig. 4. Elevation profiles of five glaciers in Mt Everest Region. The location of changing
point of glacier slopes and supraglacial lakes is shown.

Fig. 5. Relationship between the hypothetical surface of circular lakes and the respective
uncertainty of measurement according to sensors that differ by degree of resolution.
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5.2. Unconnected glacial lakes

Lakes without direct connections with glaciers (referred to as
unconnected glacial lakes) are reported without a specific suffix in
Supplementary material 3. The median area of the direct drainage
sub-basins is found to be 0.57 km2, whereas if the surfaces of basins
belonging to lakes of lower order are included, the area is 0.86 km2.
The size of the basin ranged from 0.01 km2 for LCN (Lake Cadaster
Number) 126 to 20.81 km2 for LCN 24 (Supplementary material 2 d).

The majority of unconnected glacial lakes are located in the Ngo-
jumba Glacier basin: 55 lakes for a total surface of 2.41±11% km2

(Supplementary material 2 c), corresponding to 56% of unconnected
glacial lakes of the entire park in terms of area and 32% in terms of
number. Moreover, in this basin, the larger lakes, such as LCN 76
with a surface of 0.61±4% km2, represent the lakes of this typology.
Even the Khumbu Glacier basin presents a high number of lakes
(30) for a total surface of 0.86±13% km2 (20% of unconnected glacial
lakes of the entire park in terms of area and 18% in terms of number).
LCN 24 located within the basin of the Khumbu Glacier is the second
biggest lake of this typology and has, precisely, a surface of 0.57±5%
km2.

The basins of the unconnected glacial lakes have an average glacial
surface of 20% in what is considered to be a wide range of contingent
situations; indeed, 45% of the lakes do not present glacial surfaces
within the basin that directly drains the lake. In this regard, Fig. 6
compares the sub-basin surface and the glacial surface of each basin
with the respective lake size. We observe that the lake surface is
significantly correlated (R2=0.62, pb0.001) with the size of its
drainage basin, whereas no correlation is found with the glacial sur-
face (R2=0.10, p>0.05). This analysis legitimates the hypothesis
that the supply of unconnected glacial lakes is determined mainly by
the runoff rather than by the glacial melting waters. In fact, the direct
proportionality between lake surfaces and their contributing water-
shed area is evidence that is consistent with the notion that precipita-
tion is the main factor influencing the lake water balance if the
evaporation/precipitation ratio is small. In effect, the drainage basin/
lake area ratio is related directly to climatic variables of precipitation
and evaporation (Sack, 2001; Sack, 2009). Based on the meteorological
observations at Pyramid Laboratory-Observatory (2001–2005) located
at an elevation of 5050 m and considering that the elevation mean of
these lakes is 5073 m, we calculated the evaporation/precipitation
ratio. At this high elevation, the annual mean temperature is below

0 °C (−2.5±0.5 °C), and the mean evaporation, applying the Jensen-
Haise model for a rough estimation at these altitudes (Gardelle et al.,
2010), is 160±6mm. In our case, the evaporation/precipitation ratio is
approximately 0.34±0.07 (mean annual precipitation 490±74 mm).
Therefore, a possible variation in precipitation regime affects the lake
water balance three timesmore than the same variation for the evapora-
tion rate. This further evidence allows us to assert that the evolution of
these lakes is mainly influenced by the precipitation regime. This
remark is critical, considering the current climate change scenario. The
monitoring of these lakes thus provides useful indications of the precip-
itation trend. Similar to this research, we can observe that Fassett and
Head (2008), investigating the possible hydrological system of Mars,
found that open-basin lakes have volumes that are proportional to
their watershed area. These authors considered this evidence to be
consistent with what would be expected if the lakes were sourced pre-
dominantly by precipitation to their catchments.

5.3. Supraglacial lakes

Supraglacial lakes are highly variable in space and time, and their
lifetime is unpredictable (Benn et al., 2001). Therefore, as suggested
by Gardelle et al. (2010), it is more meaningful and relevant to inves-
tigate the conditions of formation considering the total area of these
lakes located on a given glacier. Table 1 shows the morphometric
characteristics of supraglacial lakes grouped by the glacier that each
lake belongs to, and Table 2 provides a general statistical summary.

We observe that the majority of lakes are located on the surface of
the Ngojumba Glacier (Supplementarymaterial 2 c). Overall, the glacier
is associated with more than 100 lakes for a total surface of 0.50±37%
km2. The other glaciers that present a surface clearly interspersed
with supraglacial lakes are the Bhote Koshi and Khumbu glaciers. In gen-
eral, 55% of supraglacial lakes (60% in terms of surface) of the entire park
are situated over these three glaciers. If we consider the total lake sur-
face in respect to the glacier downstream surface of the relevant glacier
(Lake Density in Table 1), in general, we can observe that lakes occupy
from approximately 0.3±0.1% to 2±0.6% of glacier surfaces. Lobuje
and Chhule present the glacier downstream surfaces with the highest
relative development of supraglacial lakes.

To investigate the controlling parameters of supraglacial lake de-
velopment further we derived a simple multiple regression model
(Fig. 7a). We observed that the mean slope of glacier upstream, the
mean slope of glacier downstream and the mean slope of the overall
glacier present significant inverse correlations with the supraglacial
lake surface density, whereas among these predictors, the mutual re-
lationships are less consistent. Even the mean elevation of the glacier
downstream is inversely correlated with the lake surface density, al-
though at a limited significance level.

All variables were tested for their ability to predict the lake surface
density. Quadratic terms and interactions were also considered. First,
we developed a regression model considering as predictors the mean
slope of the overall glacier and the mean elevation of glacier down-
stream, but this model was able to predict only 47% of supraglacial
lake surfaces (R2=0.47), slightly incrementing the ability of the
mean slope of the overall glacier, taken individually, to predict the re-
sponse variable (R2=0.40). The second model tested was between
the mean slope of glacier upstream, the mean slope of glacier down-
stream and the mean elevation of glacier downstream. In this case,
the results were definitely better (R2=0.93, AIC=−197). The pro-
cess of model development is conducted with a stepwise simplifica-
tion through the evaluation of the AIC index. In the final step, we
identify the additive model between the mean slope of glacier up-
stream, the mean slope of glacier downstream and their relevant
interaction as the model showing at the same time the highest quality
of fit (Fig. 7b) and the lowest number of parameters and equation
terms (R2=0.90, AIC=−199). The mean elevation of glacier down-
stream was excluded from this setting because its contribution did

Fig. 6. a) Relationship among the lake sizes, the basin surface and its glacial coverage in
the basin. The error bar represents the AEi. The linear model is computed considering
the inverse of the AEi for each lake. b) Normal quantile–quantile plot of residuals of
the regression model basin surface/lake sizes.
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not appear to be significant in improving the predictive ability of the
model. Eq. (4) represents the final selected model able to predict the
lake surface density and consequently the supraglacial lake surface of
each glacier:

LakeSuri ¼ ½0:11− 0:0022 # SlopeUpið Þ− 0:0088 # SlopeDownið Þ

þ 0:00019 # SlopeUpi # SlopeDownið Þ' # SurDowni

ð4Þ

where LakeSuri represents the total supraglacial lake surface for each
glacier (ith), SurDowni is the surface downstream of each glacier,
and SlopeUpi and SlopeDowni refer to the mean slopes of glacier up-
stream and downstream, respectively. Fig. 7c, presenting the normal
quantile–quantile plot of model residuals, shows that the model ap-
proaches a normal distribution. Our analysis is completed with a
type of further validation applying the model at those glaciers that
do not currently present supraglacial lakes. Fig. 7e shows a visual eval-
uation of the estimation of the total supraglacial lake surfaces realized
by applying the Eq. (4) both at the glaciers used in the calibration
phase of the model (full circles) and at the glaciers not presenting
lake surfaces (empty circles). We can observe that the model devel-
oped can even correctly predict the absence of lakes. In such cases,

we obtain negative values that provide an indication of how far the
glacier is from developing lakes on its surface. We complete the de-
scription of the developed model by discussing the relative contribu-
tion of each predictor. Fig. 7d shows that to explain the supraglacial
lake surfaces, the slope downstream (42%) on which the ponds are
located is crucial as well as the slopes upstream (47%) and the inter-
action of the slopes of these two glacier portions (11%).

Our findings confirm that slope in the glacier area where lakes are
located provides the boundary conditions favorable for supraglacial
lake formation. Reynolds (2000) reports that in the Bhutan Himalaya,
small isolated ponds could be found up to 10°. This work demonstrat-
ed that where large glacial lakes currently exist, the surface gradient
of the glacier prior to lake formation is always less than 2°. These
lakes could already be or could evolve to become moraine-dammed
lakes (proglacial lakes). In our case, having used inferential statistics,
the conditions of formation among lakes have to be homogeneous.
Therefore, we excluded proglacial lakes from this analysis, considering
that other variables, as discussed below, can influence their possible
development.

Scherler et al. (2011) suggest that lower slopes correspond to
lower gravitational driving stresses that, by decreasing the glacier
flow, allow the development of stagnant ice, which is a favorable

Fig. 7. Multiple regression analysis to explain the supraglacial lake distribution. a) Correlation matrix among predictors and supraglacial lake surface density (Lake Density)
(Up=glacier upstream; Down=glacier downstream; Tot=all glacier; Elevation represents the mean elevation of the glacier downstream). For each correlation, the coefficient
of determination (R2) is plotted with a relevant level of significance (pb0.001 ‘***’; pb0.01 ‘**’; pb0.05 ‘*’; pb0.1 ‘.’) b) Scatterplot of final regression model relevant confidence
levels at 95%. c) Normal quantile-quantile plot of residuals of final regression model. d) Relative importance of the contribution of each predictor for the final regression model
(metrics are normalized to sum to 100% of the R2 of Fig. 7b). e) Comparison between predicted and measured supraglacial lake surfaces for each glacier.
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condition for the formation of lakes. Suzuki et al. (2007), calculating
the thermal resistance of debris-covered glaciers, found that those
with relatively thin layers of debris tend to develop glacial lakes at
their terminus. Sakai and Fujita (2010), analyzing the difference in
height between the glacier surface and lateral moraine ridges, ob-
served that the glaciers that record a relatively large decrease in
their surface are likely to develop glacial lakes, and therefore, in gen-
eral, glaciers with high ablation rates tend to develop glacial lakes.

Therefore, the two key factors that appear to be responsible for
lake formation are low velocity and high ablation rates at the glacier
terminus. Although the mean slope of glacier downstream primarily
influences the first requirement, the mean slope of glacier upstream,
in our opinion, is able to condition both of these factors. To begin
we consider that Scherler et al. (2011) demonstrate that high and
deeply incised mountain ranges, in particular in the southern central
Himalayas, are responsible for the debris accumulation because the
hillslope-erosion rates usually increase with the hillslope angle. The
abundance of debris coverage reduces the melt rate of these glaciers,
preserving their surfaces from further recession. Therefore, the in-
verse relationship we found between the mean slope of glacier up-
stream and lake surfaces favors the formation of lakes because thin
debris layers correspond to high ablation rates. Furthermore, we
have to consider that many studies highlight the present condition
of ice stagnation of glaciers in the Mt Everest region, specifically in
the southern central Himalayas, is attributable to low flow velocity
generated by a general negative mass balance (Bolch et al., 2008;
Quincey et al., 2009; Scherler et al.;, 2011). It is well established
that an increase in the glacier flow can be attributed to an increase
in the glacier surface slope brought on by an imbalance between the
amounts of accumulation versus ablation. This imbalance favors the
shear stress on a glacier until it begins to flow. Key factors (boundary
conditions) that influence the flow velocity are the slope of the ice as
well as the ice thickness and temperature (Cuffey and Paterson,
2010). The greater the top glacier slope, the greater the possibility
that an addition of new snow and ice will be transferred to the bot-
tom zone, and therefore higher flow velocity of the glacier termini
is expected. Therefore, of two glaciers, the one with a flatter glacier
upstream presents more favorable conditions for the development
of supraglacial lakes caused by a minor transport of debris, which in-
creases the ablation rate, and a minor transport of new snow and
ice, which decreases the flow velocity of the glacier termini.

We conclude this analysis by emphasizing that themodel that gener-
ally considers the overall slope of the entire glacier has a lower capability
of predicting the lake distribution because a key factor in determining
favorable conditions for lake formation is likely to be the interaction be-
tween two glacier zones. The differences between the two glacier zones
determine the imbalance, which contributes to the down-slope passage
of debris, snow and ice, determining the flow velocity and ablation rate
of the glacier termini and consequently the formation conditions for
supraglacial lakes.

5.4. Proglacial lakes

Supplementary material 3 presents the hydro-morphological fea-
tures of proglacial (suffixed here as Pro), while Table 2 provides a gen-
eral statistical summary. Of the 12 lakes ascribed to this typology, the
largest lake is LCN 161, namely, Imja Lake, one of the most studied
GLOF-risk lakes in the world (Yamada, 1998; Mool et al., 2001;
Bajracharya et al., 2007b; Fujita et al., 2009). In this study, this lake
has a surface of 0.98±3% km2 (Supplementary material 2 d). The
same lake was assessed by Fujita et al. (2009), who found it had a sur-
face of 0.92±3% km2 in the same year as our census, although the
measurements were performed before the monsoon season and
with a sensor of lower resolution (ASTER, 15 m). Another large lake
that caused a GLOF event in 1985 is LCN 136, namely, Dig Tsho,
which has formed at the foot of the Langmoche Glacier with a surface

of 0.40±5% km2. At the end of the 1990s, the same lake, studied by
Bajracharya et al. (2007a), presented a surface of 0.35 km2

(0.36 km2 in 2000 and 0.33 in 2005, according to Bajracharya et al.,
2007b) (Supplementary material 2 a).

The formation of proglacial lakes is closely connected with the for-
mation of supraglacial lakes. Many authors (e.g., Röhl, 2008; Sakai
et al., 2009) consider supraglacial lakes to be precursors of terminus
disintegration by growing and coalescing, to culminate in large
proglacial lakes. However, these lakes can also disappear from the
glacier surface, leaving only a depression behind. Ponds enlarge
predominantly by melting, but coalescence of ponds may eventually
lead to a calving terminus. Quincey et al. (2007) affirms that while
the mean slope of glacier downstream provides the boundary condi-
tions favorable for supraglacial lake formation, their growth and
therefore the potential to become a large proglacial lake depends on
local conditions. These researchers suggest that local variations in
glacier velocity and surface morphology between flow units control
lake growth. Integrating the surface gradient and velocity information
into a single analysis, these authors highlight those glaciers that are
particularly vulnerable to development as proglacial lakes.

In this study, we contribute to defining the conditions of formation
of supraglacial lakes and therefore of proglacial ones, although we agree
with the authors mentioned that the enlargement phenomena of these
lakes need to be explained at a lower scale, allowing the peculiarity of
single lakes to emerge (Hambrey et al., 2008; Röhl, 2008).

6. Conclusions

In this study, we use ALOS imagery (October 2008) with a medium-
high resolution (10 m) for a concomitant handmapping of glaciers and
lakes of the entire southern side of theMt Everest region.We examined
29 glaciers and 624 lakes (17 proglacial, 437 supraglacial and 170 uncon-
nected glacial lakes). Our attention was focused on the conditions of the
formation of lakes, examining the relationship between local basin
topography, glacier features and lake dimensions.

The results confirm that the slope of the glacier where lakes are lo-
cated influences the supraglacial lake formation. Moreover, this study
is novel in highlighting a further boundary condition. The slope of gla-
cier upstream favors the formation of supraglacial lakes because of the
minor transport of debris, which increases the ablation rate, and the
minor transport of new snow and ice, which decreases the flow veloc-
ity of the glacier termini. The regression model developed here has
been tested in the most representative comparison of processes that
determine the formation of supraglacial lakes (Scherler et al., 2011;
Gardelle et al., 2010). Nevertheless, the model does not aim to predict
the behavior of future lakes but rather encourages further testing in
similar environments (debris-covered glaciers) for evaluating possi-
ble different behaviors.

The formation of proglacial lakes is closely connected with the for-
mation of supraglacial ones. These lakes are indeed considered to be
precursors of terminus disintegration by growing and coalescing, to
culminate in large proglacial lakes. However, the enlargement phe-
nomena of these lakes could be explained only on a local scale, thus
allowing the peculiarity of the single lake to emerge.

Moreover, these high altitudes are characterized by a significant
presence of unconnected glacial lakes. Although these bodies of
water have been neglected to date, we found they can provide useful
indications on the precipitation trend in these remote areas. Our anal-
ysis has been completed by an accurate assessment of the uncer-
tainties of topographical measurements made by remote sensing
imagery. The results highlight that medium-resolution sensors
(10 m) are able to describe lake and glacier surfaces correctly and
possibly their variations in the case of multi-temporal analysis, al-
though a direct comparison between lakes needs to be confined to
the largest ones. The use of lower resolution sensors could highlight
greater uncertainty than the observed evolutions. Regarding glaciers,
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the error associated with the estimation of their surfaces presents a
lower order of magnitude than that associated with the lakes, thus
correctly characterizing the entire resource.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.gloplacha.2012.04.001.
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Supplementary material 1 
 
 
PREVIOUS STUDIES ON GLACIER AND LAKE DISTRIBUTION IN MT EVEREST REGION 
 

Müller (1970) reports an inventory of glaciers in Mt Everest region which can be considered 
as a pioneering work in this field. The work was undertaken using map of late 1950s on 1:50,000 
scale (Schneider, 1967). In 2001, the International Center for Integrated Mountain Development 
(ICIMOD; Mool et al., 2001) constructed a glacier inventory for whole Nepal, and thus also for 
SNP. Working at the national level, a variety of data sources were used including satellite images, 
aerial photographs and maps. However, the inventory too, proved unsuitable as a basis of area 
comparison for the present work, because the multiplicity of its sources cannot be attributed to a 
precise historical period. Salerno et al., 2008 decided to adopt the glacier codes proposed by 
ICIMOD for tracing the glaciers extension at the end of the 1950s and early 1990s based on the 
Khumbu–Himal map (scale 1:50,000, Schneider, 1967), published in 1978 and the current Official 
Nepali map (scale 1:50,000, Survey Department of His Majesty's Government of Nepal, 1997), 
respectively.  

A complete review of the limnological studies carried out in Mt Everest region is provided 
by Tartari et al., 2008. We just remember here that after the first pioneering work of 1960s (Löffler 
1969), the interest for these environments has carried on in 1980s within the framework of research 
activities coordinated by Ev-K2-CNR Committee by the Water Research Institute (IRSA-CNR) and 
the Institute of Ecosystem Studies (ISE-CNR). The research activities were initially focused on the 
hydro-geochemical characterization of the lakes over a wide spatial radius (Tartari et al., 1998a; 
Bortolami, 1998; Smiraglia, 1998). In seven expeditions conducted between 1989 and 1997, 48 
lakes were visited (Tartari et al., 1998b), leading to the identification of many temporary water 
bodies.  

A first cartographic study was carried out to compile a lake cadastre using the Mount 
Everest map (scale 1:50,000, National Geographic Society, Washington D.C., 1988) which 
represented the lakes morphology of the north-eastern sector of SNP in December 1984 (Tartari et 
al., 1998c). Each water body was assigned a univocal sequential code (Lake Cadastre Number, 
LCN), suffixed LCN '80s as pertaining to the map "of the eighties". This initial cadastre was after 
10 years integrated for the same territory with the Official Nepali map (scale 1:50,000, Survey 
Department of His Majesty's Government of Nepal, 1997) dated December 1992 (Tartari et al., 
2008). These lakes were suffixed as "of the nineties" (LCN '90s).  

We highlight that in these cadastres, supraglacial lakes had been excluded because they 
were not deemed ecological relevant, in light of their rapid evolution and recent formation. In fact 
such water bodies can be better defined as ice-melt ponds rather than fully fledged lakes. Contrary 
to previous studies, considering the accelerated process of deglaciation in the last decades, in the 
present cadastre (LCN 2008) we regarded it right to take a census also of supraglacial lakes. For 
these lakes, considering their elevated number and rapid evolution, we deemed it appropriate not to 
assign them an identification code, but rather simply group them together according to the glacier 
they belong to.  

 
GLACIER AND LAKE IDENTIFICATION 
 

The glaciers identification is based on the ICIMOD inventory (Mool et al., 2001) as a 
reference, giving it preference in assigning unambiguous place names. For those glaciers that were 
not assigned a name in the ICIMOD inventory, we used, if reported, the name given in the 
Khumbu–Himal and the Official Nepali maps or the ICIMOD glacier code. For classification 
criteria used to define the extent of each glacier (Tab. 1), we referred to the glacier classification 
guidance for the GLIMS glacier inventory (Rau et al., 2005), while we choose to consider only 
those glaciers whose area exceeded a threshold of 1 km2. For further details on glaciers 



identification, refer to Salerno et al., 2008. Table 2 presents a summary of the morphometric 
characteristics of lakes and glaciers, while more specifically Table 3(a-d), provided as 
supplementary material, details the features of each lakes and the relevant basins in the 2008 
cadastre.  

To maintain consistency with the 1980s and 1990s cadastre of the north-eastern sector of 
SNP, the same nomenclature for identifying the lakes was retained, consisting of the acronym LCN 
(Lake Cadastre Number) followed by a number (Tab. 3 a-d). The attribution of the Lake Code to 
newly formed lakes was done proceeding from east to west. Some code does not appear in the lists 
of the present cadastre for the following different reasons. The LCN '80s included 7 lakes situated 
outside the boundaries of SNP (LCN: 57, 58, 59, 60, 61, 64 and 65). Lakes 3 and 4 have become 
supraglacial lake. Furthermore some lakes in the previous maps appeared as independent water 
bodies, while appear instead united in the current cadastre (12, 13; 26, 27; 108, 109). Therefore, 
they have been designated in the new cadastre as LCN 1213, LCN 2627 and LCN 108109. In the 
previous cadastres some codes were not erroneously assigned (46, 69, 79, 88, 90, 147, 148, 159 and 
1001). A large number of lakes have disappeared for natural drivers since the LCN'90 (7, 22, 23, 
25, 39, 45, 47, 48, 49, 50, 51, 52, 56, 1002, 1003, 1004, 1005, 1006, 1008, 1009, 1010, 1011, 1012, 
1013, 1015, 1016, 1017, 1018, 1019, 1020, 1021, 1022, 1023, 1024, 1025, 1026, 1027, 1029, 1031 
and 1033). Finally some water bodies have disappeared since the LCN'90 (100, 107, 108, 109, 116, 
117, 146, 149, 153 and 160).  

The Link field in Table 3 shows the codes of their constituent lower-order basins, the Sub-
basin surface field shows the area of the sub-basin draining directly into the lake, while the total 
basin area of the lake in question, obtained by summing the areas of all its constituent sub-basins, is 
shown in the field Basin surface. Table 3 also shows the extent of glacial cover present in each 
lake's direct drainage sub-basin (Glacier surface in the sub-basin) and the extent of glacial cover on 
the entire basin pertaining to the lake (Glacier surface in the basin). Moreover the table shows the 
list of the morphometric measurements of lakes: the area, its perimeter, the cartographic elevation 
(obtained on the Official Nepali maps), the plane coordinates of the lake centroid, and the presence 
of any influents and/or effluents (identified on the Official Nepali maps).  



 
 
Supplementary material 2 a. Map of the surface water bodies of Thame Khola and Bhote Koshi River (at 
Thame) basins.  



 
 
Supplementary material 2 b. Map of the surface water bodies of Chhule Glacier and Bhote Koshi Glacier 
basins 
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 Supplementary material 2 c. Map of the surface water bodies of Ngojumba Glacier basin. 
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Supplementary material 2 d. Map of the surface water bodies of Khumbu Glacier and Upper Imja Khola 
basins. 



 

 
 
 
 

Supplementary material 2 e. Map of the surface water bodies of Lower Imja Khola and Bhote Koshi River (at 
Namche) basins. 


