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Abstract

The Hindu Kush-Karakoram Himalaya (HKKH) hold the largest ice mass outside of the poles. It is
estimated that 1.9 billion people depend on the major rivers that are partially sustained by melt-
water from these glaciers. Glacier mass loss has accelerated over the last decade and predictions
indicate that this will continue over the next century, though vary widely and are based on rela-

tively simplistic representations of climate and glacier behaviour.

The aim of this thesis is to investigate the impact of climatic drivers on glacier mass balance, and
how a robust representation of mass balance influences longer-term evolution of debris-covered
Khumbu Glacier in the Nepal Himalaya. A cross-disciplinary modelling approach is adopted, uti-
lising meteorological observations and regional climate models to aid downscaling of present-
day and future climate, which is used to force a distributed energy balance model. The distributed
mass balance results are integrated into a 3D higher-order ice flow model to study glacier evolu-

tion under historical and future atmospheric forcing.

Energy balance modelling results demonstrate that the meteorological drivers of Khumbu Glacier
mass balance vary substantially over space and time. The seasonality is more marked at lower
elevations, where net shortwave radiation provides much of the energy available for melt, though
net longwave radiation contributes appreciably during the monsoon. Despite temperatures re-
maining below freezing in the Western Cwm, ablation through sublimation is simulated. The cal-
culation of a sub-debris ablation curve for Khumbu Glacier is applied to simulated clean-ice mass

balance, improving glacier-wide and altitudinal ablation rates relative to observations.

By 2100, temperature is found to increase by 1.8°C to 3.9°C depending on the emission scenario,
with highest warming in the winter. Over the coming 80 years, precipitation increases by 15%,
though varies substantially between models, demonstrating the high uncertainty regarding fu-

ture precipitation trends.

The value of forcing the ice flow model with distributed mass balance is seen in the simulated
present-day velocities, particularly of the Khumbu icefall, which match closely with remote-sens-
ing observations. The results indicate that the stagnant debris-covered tongue has already dy-
namically, and perhaps physically, detached from the active Khumbu Glacier. The significant re-
cent warming means that the active section of Khumbu Glacier is committed to a 22% volume
loss by 2100, and 34% by 2300. Future increased precipitation can act to offset the impact of
moderate warming on glacier mass balance. However, under the most extreme warming scenario,
mass loss is significant, particularly during the monsoon. Despite having the world’s highest ac-

cumulation area, Khumbu Glacier may cease to exist by 2160.
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Chapter 1 Introduction

1.1 Motivation

Glaciers are key indicators of atmospheric change and play an important role in the hydrology
and climatology of a region. Himalayan glaciers act as seasonal buffers against drought (Wang et
al,, 2017) for densely populated, downstream communities (Wiltshire et al., 2014, Maurer et al.,
2019; Pritchard, 2019). It is estimated that 1.9 billion people, 25% of the global population, are
dependent on the Ganges, Brahmaputra, Indus, Yangtze, and Yellow rivers (Immerzeel et al.,
2010), which are partially fed by meltwater from glaciers that are rapidly losing mass with cli-
mate change (Pritchard et al.,, 2019; Wester et al., 2019). The socioeconomic importance of glacial
meltwater is particularly high for the agricultural and hydropower sectors; 129 million farmers
in the Indus and Ganges depend on this water source (Biemans et al.,, 2019) and hydropower

generates 90% of Nepal’s electricity (Zarfl et al., 2014; Pritchard, 2019).

A substantial proportion of sea level rise to date has been driven by melting glaciers. Globally,
glacier thinning rates have doubled from 2000 to 2019, contributing 0.74+0.03 mm yr-! or 21%
to global sea level rise for the same period (Hugonnetetal.,, 2021). The glaciers of the Hindu Kush-
Karakoram Himalaya (HKKH) are the largest ice mass outside of the poles, often referred to as
the Third Pole (Yao et al., 2012) or the Water Towers of Asia (Messerli et al., 2004, Immerzeel et
al,, 2010 and 2019 and Mishra, 2015). As such, understanding their future behaviour in response

to climate change has global implications.

The development and expansion of glacial lakes that often accompanies mass loss poses a threat
to downstream communities (Prakash and Nagarajan, 2018; Allen et al., 2019). Globally, over
12,000 deaths have been attributed to glacial lake outburst floods (GLOFs), with 6,300 deaths
occurring in central Asia. Currently in the HKKH, the highest risk from GLOFs is in the eastern
Himalaya, and Nepal and Bhutan experience the greatest socio-economic impacts from glacier
floods (Carrivick and Tweed, 2016). This trend is likely to continue into the future with the de-
velopment of new transboundary glacial lakes (Zheng et al., 2021). Alongside these emerging haz-
ards, glacier loss will lead to steep terrain susceptible to landslides, therefore increasing the like-
lihood of GLOF triggers (Dadson and Church, 2005). More generally, the extensive cross-border
flow of water across the HKHH has the potential to trigger social and political instability following

periods of water scarcity or flooding (Schleussner et al., 2016; Pritchard, 2019).

Glacier and snowpacks are vital for communities in the Himalaya. Tourism, mostly from trekkers

and mountaineers, is a vital source of income, particularly in Nepal. Safety concerns associated
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with a rapidly evolving high-altitude environment will likely reduce footfall and therefore income
in the region (Watson and King, 2018). The mountains hold immense spiritual and cultural value
in high mountain communities (Becken et al., 2013), and the damage to human wellbeing caused

by cryospheric change will be multifaceted (Allison, 2015).

Glacier change is closely associated with glacier mass balance. Himalayan glacier systems are a
product of the mass of snow and ice received (mainly through snowfall and avalanching) and the
mass lost to ablation (through melt and sublimation). There is now a wealth of observations con-
firming strong negative mass balances across the HKKH (Azam et al,, 2018; Brun et al,, 2019),
including the Everest region, from remote-sensing (Bolch et al,, 2011, King et al., 2017 and 2020,
Wagnon et al., 2020) and in situ point measurements (Wagnon et al., 2013, Vincent et al.,, 2016,
Sherpa et al,, 2017; Bocchiola et al., 2020). However, the mechanisms driving this mass loss, and
spatial and temporal variability in mass balance, are not fully understood. Changes in atmos-
pheric forcing drive glacier mass balance change, and this is then mediated or enhanced through
a variety of glaciological mechanisms. This thesis uses a cross-disciplinary modelling approach to
consider both the climatic drivers of glacier change, and the key glaciological feedback mecha-

nisms, with a focus on Khumbu Glacier.

The extreme orography of the Himalaya allows substantial variability in local meteorology over
short spatial and temporal scales (Ueno et al., 2001; Potter et al., 2017). This variability in funda-
mental meteorological drivers of glacier change, namely temperature and precipitation, is not
captured by coarse climate products that are often used to drive glacier models. Climate models
fail to accurately simulate the meteorological phenomena that bring precipitation to HKKH glac-
iers; the westerlies in the west and the Karakoram, and the summer monsoon in the east (Scherler
et al,, 2011; Mishra, 2015). There exists an elevation bias in meteorological observations, and
scarce high elevation in situ data are often fraught with uncertainties that can be almost as large
as those of climate model simulations (Collins et al.,, 2013; Kannan et al., 2014). This creates chal-
lenges for climate model evaluation and downscaling and contributes to high uncertainty regard-
ing future precipitation trends for the region. Improving accuracy of future climate projections is
considered one of the greatest challenges concerning climate impacts on freshwater resources

(Kundzewicz and Gerten, 2014).

A robust representation of the meteorological drivers of ablation and accumulation at the catch-
ment-scale is required to obtain accurate calculations of glacier mass balance. Degree day models
in their simplest form require only daily temperature, and as such have historically been applied
more widely in glacio-hydrological modelling of Himalayan glaciers than other approaches. Yet
these are not always suitable for glaciers that are “summer-accumulation type”, i.e. that receive a

significant proportion of their precipitation via the summer monsoon and as such can experience
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both ablation and accumulation over small spatial and temporal scales (Bollasina et al., 2002; Sa-
lerno etal., 2015). Energy balance models aim to resolve all meteorological drivers of glacier mass
balance. Sensitivity analyses to ascertain the varying importance of these drivers are useful for
explaining the spatial variability in glacier mass balance, the importance of fine resolution climate
forcing, and the implications of future atmospheric change for glacier mass loss. However there
are few studies using glacier-wide energy balance modelling approaches in the HKKH (Bonekamp

etal,, 2019; Che et al,, 2019) and none for Khumbu Glacier.

Key factors controlling Himalayan glacier mass balance include the glacier elevation range and
the slope of the glacier tongue, and the extent of supraglacial debris and the avalanche contrib-
uting area (Benn et al., 2012; Rowan et al., 2015, 2021; Brun et al,, 2019). The presence of glacial
lakes, particularly at the terminus, is also strongly related to highly negative mass balances across
the HKHH (King et al,, 2017; 2019, Brun et al,, 2019; Watson et al., 2020). Resolving these ele-
ments of the glacier mass balance within glacier models is crucial for improving accuracy of future
glacier evolution. Though there has been considerable progress in the understanding of these
mass balance mechanisms, such as the influence of supraglacial debris on glacier melt (e.g. Brun
etal,, 2016; Buri et al.,, 2018; Nicholson et al.,, 2018), these have been studied in isolation in order
to improve model parameterisations and quantify the significance of these controls on mass bal-
ance. Few studies have used a holistic modelling approach that have resolved these mass balance

elements and their impact on individual glacier behaviour.

This uncertainty in future climate and the representation of glacier dynamics in models has re-
sulted in widely varying predictions of glacier response to climate change for the region. End-of-
century projections in ice volume change for the Everest region range from 70 to 99% under a
moderate and extreme warming scenario respectively (Shea et al., 2015), up to 50% (Soncini et
al,, 2016) and as low as 8-10% (Rowan et al., 2015). Much of this discrepancy stems from sub-
stantial differences in approaches to modelling glacier change, including the representation of
glacier mass balance within ice flow models. To date, there have been no ice flow modelling ap-
proaches that have used a robust representation of climate and glacier mass balance. This is par-

ticularly critical for debris-covered, summer-accumulation type glaciers of the HKKH.
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1.2 Thesis Aims and Objectives

The overall aim of this thesis is to investigate the role that changing atmospheric forcing has on
the historical and future mass balance and evolution of Khumbu Glacier. This is broken down

into four central aims:

1. To investigate the complexities of catchment-scale meteorology using a network of

weather stations and the implications for glacier modelling. The following questions are

addressed:

a) How do temperature lapse rates and other altitudinal dependencies vary over
time?

b) How can the valley-scale wind regime be characterised, and is this apparent in

regional reanalyses products?

) What are the implications of the valley-scale meteorological complexities for

glacier modelling?

2. To explore the sensitivity of Khumbu Glacier mass balance to atmospheric and glaciolog-

ical forcings in the present day. The following questions are addressed:
a) What are the meteorological drivers of ablation and accumulation?

b) Is the energy balance model able to resolve the critical elements of Khumbu Glacier

mass balance?

¢) How does the modelled spatial distribution of mass balance compare to observa-

tions?

3. To produce an ensemble of downscaled, hourly resolution present day and future cli-
mate scenarios for Khumbu Glacier from a selection of Regional Climate Models. The fol-

lowing questions are addressed:

a) How are the key meteorological phenomena of the study region represented in the

Regional Climate Models?

b) How do the chosen downscaling and disaggregation approaches remove biases and

improve the climatology relative to observations?
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d) What does the future climate for Khumbu Glacier under two emissions scenarios

look like?

4. Toimprove accuracy of simulated historical and future evolution of Khumbu Glacier
through integrating a more robust representation of glacier mass balance into ice flow

modelling.
The following questions are addressed in the analysis of historical simulations:

a) How does a more robust, distributed representation of glacier mass balance influ-

ence simulated historical glacier evolution?

b) Which sub-debris ablation parameterisation is most accurate for present-day
Khumbu Glacier? This builds on the work by Rowan et al. (2021) where a more sim-
plistic, linear representation of mass balance is used for historical glacier change

simulations.
The following questions are addressed in the analysis of future simulations:

a) How do projections of glacier mass loss change under future emission scenarios?
This builds on the work by Rowan et al. (2015) by using an improved representation

of future climate and distributed mass balance.
b) What are the characteristics of future glacier behaviour?

c¢) How does Khumbu Glacier respond to varying future atmospheric forcing?

1.3 Thesis Structure

The following chapter builds on the motivation in this chapter, whilst providing a detailed review
of previous studies and identifying knowledge gaps in this area. As each of the results chapters
(Chapters 3-6) addresses the above aims individually, a further review of the literature is given
in each. The chronology of the results chapters link to each of the stages of the modelling chain,

and so description of methods and models used fall within each results chapter.

The first aim and associated research questions are addressed in Chapter 3, which provides an
analysis of the catchment-scale meteorology using a network of weather stations that span 3000
m in elevation. This meteorological analysis is conducted through a glacier mass balance lens,

considering how this in situ data can be used to aid downscaling and distribution of meteorology
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for glacier models, and how differing glacier modelling approaches can resolve the meteorologi-

cal complexity of this high elevation catchment.

Chapter 4 focuses on the second aim, where a distributed glacier energy balance model is applied
to Khumbu Glacier in the present day. Sensitivity analyses are conducted to reveal the meteoro-
logical drivers of melt. A sub-debris ablation component is applied to aid evaluation of the other-

wise simulated clean-ice ablation rates.

The third aim is addressed in Chapter 5, where various statistical downscaling and disaggregation
techniques are described in detail and applied to data from three Regional Climate models. Ob-
servations that were analysed in Chapters 3 and 4 are used to aid downscaling and validation of

results. Future climate scenarios are described.

The final aim is addressed in Chapter 6, where the downscaled climates (Chapter 5) are used to
force the energy balance model (Chapter 4) to produced simulated present-day and future glacier
mass balance. The ice flow model is introduced, and the impact of the integration of the distrib-
uted glacier mass balance model on present-day and future glacier change and its implications

are discussed.

The concluding chapter acts as a synthesis of the findings from the four results chapters, where
the limitations and uncertainties of the approaches used in the thesis are described. Finally, the

implications of these findings and opportunities for future work are discussed.
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Chapter 2 Literature Review

2.1 The Hindu-Kush Karakoram Himalaya region

The Hindu Kush Karakoram Himalaya (HKKH) region is the largest and youngest mountain region
in the world, encompassing an area of 4,192,000 km? across eight countries: Afghanistan, Bang-
ladesh, Bhutan, China, India, Myanmar, Nepal, and Pakistan (Bajracharya and Shrestha, 2011 and
Figure 2.1). It comprises the Hindu Kush, Karakoram, Kunlun Shan, Pamir Alai and Tian Shan in

the northwest, and the Himalaya in the east.

The HKKH harbours the largest snow and ice deposits outside of the two poles (Mukherji et al.,
2015 and Wester et al,, 2019). The chain of mountains, spanning 2000 km in length, are termed
the “Water Towers of Asia”, as they supply ten major rivers that flow to growing downstream
populations (Eriksson et al., 2009 and Pritchard, 2019 and Figure 2.1). All of these rivers are snow
and glacier fed from the more than 54,000 glaciers that cover an area up to 81,140 km?2 and act as
critical stores of water during periods of scarcity (Bajracharya et al.,, 2011, Nuimura et al., 2015,

Arendt et al,, 2015 and Pritchard, 2019).

Brahmagputra
BHUTAN _-%

. Major river basins
‘ Hindu Kush-Himalayan Region

Figure 2.1 The Hindu-Kush Karakoram Himalaya with the ten major river basins. Modified from
Mukerji et al. (2015).
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In this chapter, the climate and glaciology of the HKKH are outlined, and the impacts of glacier
change discussed. The focus then shifts to the Everest region of Nepal Himalaya, where the impact
of climate change on debris-covered glaciers are considered, with an emphasis on Khumbu Glac-
ier. Projections of future climate and glacier change across the HKKH will then be discussed, with
a background to glacier modelling, with some emphasis on the Everest region, then being pro-
vided . This is built on further in Chapter 4 (mass balance models) and Chapter 6 (ice flow mod-

els).

2.1.1 Regional climate

The HKKH region exerts a strong influence on the large-scale atmospheric circulation such as the
upper tropospheric zonal jet and the Indian summer monsoon (Nan et al., 2009) and act as a
source and sink of heat in summer and winter, respectively (Yanai and Li, 1994; Wu and Zhang,

1998).

The Indian summer monsoon generally occurs between June and September, contributing up to
80% of annual precipitation for the central and eastern Himalaya (Bookhagen and Burbank,
2006; Pokharel et al., 2019). This distinguishes glaciers in this region from those situated in other
regions of the world as their accumulation and ablation seasons occur simultaneously, referred
to as “summer-accumulation type” glaciers (Ageta and Higuchi, 1984). There is an east-west divi-
sion in annual precipitation as precipitation increases farther east with the growing dominance

of the summer monsoon.

Glaciers of the western Himalaya and Karakoram depend on the upper-level westerlies that pro-
vide winter precipitation (Archer and Fowler, 2004; Farinotti et al., 2020). Extratropical cyclones
form over the Mediterranean, and are then transported via the sub-tropical jet to the western
Himalaya. The heavy precipitation brought about by these disturbances are critical inputs to glac-
ier and river systems, and plays a role in modulating the albedo of the mountain range, affecting

atmospheric circulation and the monsoon (Dimri et al,, 2015).

For the monsoon-dominated regions in the Himalaya, there is a significant south-north precipita-
tion gradient, as the monsoon arrives from the south to the Himalayan foothills. The highest to-
pography further north experiences less precipitation (Bookhagen and Burbank, 2006 and 2010).
In recent years, positive precipitation trends in eastern and central Nepal have contrasted with
negative precipitation trends towards the west (Wang et al,, 2019). Warming air temperatures
have likely driven the significant increase in extreme precipitation in Nepal since the end of the
20th century as warmer air can support increased atmospheric moisture (Krishnan et al., 2019;

Pokharel et al.,, 2019).
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Atmospheric warming has been observed across the HKKH over recent decades. For the 1901 to
2014 period, increases of 0.104°C per decade in mean daily temperature have been observed
across the region (Figure 2.2, Table 2.1). Highest rates of warming (0.176°C per decade) are ex-
hibited in daily minimum temperatures (Tmin, Ren et al., 2017), leading to an overall negative
trend in the diurnal temperature range (DTR and Figure 2.2). Increases in Tmax were found to be
greater than for Tmin below 2,566 m.a.s.l. in Nepal, yet the reverse was true at Pyramid station at
5,050 m.a.s.l. in the Everest region of Nepal (Table 2.1). Spatially heterogenous and short-term
deviations in warming occur due to altitudinal and latitudinal dependencies and decadal climate
oscillations such as the Pacific Decadal Oscillation and the Indian Ocean Dipole (Krishna et al.,
2006). A slight decrease in temperatures particularly during summer, have been seen in the Ka-

rakoram though this is highly anomalous (Forsythe et al., 2017).
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Figure 2.2 Annual mean temperature anomaly against the baseline period 0of 1961-1990 (a) Mean
daily temperature (Tmean) and (b) Maximum (Tmax), minimum daily temperature (Tmin) and diurnal
temperature range (DTR). Modified from Ren et al. (2017) and Krishnan et al. (2019). There is
higher density of stations in eastern China and so removal of bias from uneven station density us-
ing the climate anomaly method was undertaken (see Annex 1 in Krishan et al., 2019 for further
detail).

Globally, the climate warming signal generally increases with elevation as a result of a variety of
complex feedback mechanisms that exacerbate warming (Wang et al., 2013; Pepin et al., 2015).
Though warming rates are not linear with elevation, warming trends closest to the 0°C isotherm
are highest. Here, snow and ice are particularly sensitive to temperature change, and melt reduces
surface albedo which causes further warming (Pepin and Lundquist, 2008). Another positive
feedback that is thought to be critical is through the increased moisture capacity of a warming
atmosphere that amplifies latent heat release. This will also cause a rise in incoming longwave
radiation, as is seen on a seasonal scale during the monsoon in Nepal (Bonekamp, et al., 2019).
This will further enhance warming, particularly in dry high elevations (Mountain Research Initi-
ative Elevation Dependent Warming Working Group 2015). This elevation dependent warming
(Giorgi et al.,, 1997) means that, even if global warming is limited to 1.5°C, the HKKH will experi-
ence warming of 1.9°C (Krishnan et al., 2019) to 2.1°C (Kraaijenbrink et al., 2017, Table 2.3).
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In the HKKH, the cryosphere is also vulnerable to short-lived climate forcings, namely black car-
bon and other aerosols. These aerosols are carried from cities in Asia and a small proportion of
black carbon comes from cooking stoves (Duan et al., 2006; Wester et al., 2019). Black carbon
causes localised warming of the lower atmosphere, which in the short term can be close to that
of carbon dioxide (Ramanathan and Carmichael, 2008). Black carbon deposition on snow and ice
lower surface albedo, particularly above 5000 m.a.s.l. during the pre-monsoon, and encourage
further albedo decay of the glacier surface (Bonasoni et al., 2010; Ginot et al., 2014; Jacobi et al.,
2015).

General Circulation Models (GCMs) are not always able to represent atmospheric drivers of glac-
ier change, due in part to the coarse spatial resolutions that cover extreme elevation ranges
within one gridbox. Although GCMs from the World Climate Research Programme’s Coupled
Model Intercomparison Project Phase 3 and 5 (CMIP3 and CMIP5, respectively) were found to
simulate mean annual temperature and precipitation cycles over the last century across the
HKKH, there still existed large deviation from weather station precipitation records. Panday et al.
(2015) found that AOGCMs were unable to capture the negative trend in annual temperature in
the Western Himalaya over the 20t century and suggested that higher resolution dynamical
downscaling with regional climate models (RCMs) is necessary to resolve hydrometeorological

dynamics that are key for glaciers, including the monsoon.

The high computational expense of dynamical downscaling limits its applicability for unravelling
longer term historical or future climate trends, and thus bias correction or statistical downscaling
of climate models is often the preferred method. Statistical downscaling methods are designed to
correct and lessen biases in the mean and extremes of climate model data (Gudmundsson et al,,
2012; Cannon et al,, 2015b). A more detailed background to statistical downscaling is provided

in Chapter 5.

There are few precipitation measurements at elevation across the HKKH and the length of obser-
vations is often too short to characterise the climatology and extract the climate change signal.
The precipitation gauge at Biafo glacier in the Central Karakoram offers a rare insight into pre-
cipitation rates of the accumulation zone, with annual precipitation rates of 1000 mm and some-
times up to 2500 mm (Hewitt, 2014). When compared with valley measurements, strong positive
precipitation gradients with height were revealed. This orographic enhancement of precipitation
likely occurs elsewhere in this region, yet contrasts with other HKKH regions. Weak or absent
gradients in the Everest region mean there is a lower likelihood that precipitation will fall as snow
(Ageta and Higuchi, 1984). There, annual precipitation rates are also 400-500 mm lower and

show less interannual variability (Bollasina, 2002).
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Region Temperature change per decade Precipitation Period Reference
Tmean Tmin Tmax DTR change per decade
HKKH 0.104°C 0.176°C 0.077°C -0.101°C - 1901-2014 Ren et al. (2017);
0.195°C 0.278°C 0.156°C -0.123°C - 1951-2014 Sunetal. (2017)
- - - - 0.528% 1961-2013
HKKH - - - - 0.284% (light 1961-2012 Zhan et al. (2017)
precip days)
- - - - 0.515% (extreme | 1961-2012
precip days)
East Karakoram -0.18°C (annual) - - - 0.332% 1985-2015 Negi etal. (2021)
-0.042°C(winter)
0.16°C (summer)
0.9°C (annual) - - - -0.293% 2000-2015
0.45°C (snowfall)
(winter) 0.587%
0.58°C (rainfall)
(summer)
Nepal (below eleva- 0.27°C 0.09°C 0.45°C (annual) 0.34°C - 1976-2015 Thakuri et al. (2019)
tions of 2,566 m.a.s.1) 0.3°C (winter)

0.51°C (pre-mon)
0.63°C (monsoon)
0.69°C(post-mon)

Southern Koshi basin, = 0.3°C 0.003°C 0.6°C - -11.1 mm 1994-2013 Salerno etal. (2015)
Nepal (158-5,050 (~-1.5%)
m.a.s.])
Pyramid, Everest re- 0.44°C 0.72°C 0.09°C - -13.7 mm 1994-2013
gion of Koshi basin, (annual) (-4.1%)
Nepal (5,050 m.a.s.]) 0.151°C
(post-mon)
Northern Koshi basin, = 0.37°C 0.39°C 0.34°C - -0.1 mm 1994-2013
Tibet (3,811-4,302
m.a.s.l)

Table 2.1 Historical change in temperature and precipitation for several HKKH regions from observational datasets. For Pyramid station there is
thought to be an underestimation of up to 5% of solid precipitation from the tipping bucket rain gauge (Salerno et al., 2015). This AWS and the rest of
the Ev-K2-CNR network is described in detail in the following chapter. Only two stations are located in the Northern Koshi basin (Tibet).
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2.1.2 Contrasting glacier signals

Observations of glacier change show overwhelming trends of ice mass loss since the 1970s across
much of the HKKH (Wester et al., 2019), which appears to accelerate from 2000-2016 in response
to climate change (Brun et al., 2018; Maurer et al.,, 2019; Hugonnet et al., 2021). This mass loss is

likely strongly driven by the atmospheric warming seen across the HKKH.

Glacier length and area measurements indicate that glaciers of the HKKH have been receding
since around 1850 (Bolch et al., 2012). In situ and geodetic mass balance studies show negative
trends of glacier mass balance of -0.2 to —0.7 metres water equivalent per year (m w.e. a'1), which
have accelerated from the mid-1990s (Bolch et al,, 2012; Gardner et al., 2013; Shean et al., 2020
and Table 2.2). Extrapolation of in situ measurements across the HKKH produced rates of -0.72
+0.22 m w.e. a'1, though a sampling bias of relatively easy-to-reach lower elevation glaciers likely
contributed to this especially negative value (Gardner et al., 2013). Brun et al. (2017) used ASTER
DEMs to reaffirm findings of high spatial variability across the HKKH between 2000 and 2016.
Glacier-wide mass balances of -0.33 to —0.42 m w.e.a-1 were found for the Himalaya, while glaci-
ers in the Karakoram were stable (-0.03 + 0.07 m w.e. a-1), and Kunlun Shan were positive (+0.14
+(0.08 m w.e. a-1). For basins with negative glacier mass balances, excess glacier meltwater runoff

represents ~12-53% of the total meltwater runoff (Shean et al,, 2020).

The regional mass balance for the Karakoram between 1998 and 2008 was +0.11+0.22 m w.e.a"!
and was mirrored by a reduction of river runoff (Gardelle et al.,, 2013, Table 2.2). The so-called
‘Karakoram anomaly’ has persisted since observations began, and has also been found to reach
the Pamir and Western Kun Lun. The two distinct precipitation regimes of the central/eastern
Himalaya, and the west and Karakoram are likely strong drivers of the contrasting regional sig-
nals in glacier mass balance. Unlike the majority of glaciers of the HKKH which have exhibited
sustained mass loss and glacier slowdown (Dehecq et al., 2018), the glaciers of the Karakoram
that make up 30% of HKKH glaciers are balanced or somewhat gaining mass and velocity (Fari-

notti et al., 2019, 2020).

The mechanism that contributes a substantial proportion of precipitation to the western Hima-
laya and Karakorum are the westerly disturbances. These are extratropical cyclones that form in
the Mediterranean, often during winter, which are then carried by the subtropical jet until they
encounter the Himalaya (Farinotti et al., 2019). Westerly disturbances have increased in intensity
and frequency in recent decades (Cannon et al., 2015a) indicating that increased accumulation
could be a potential driver of observed stable and positive glacier mass balances in the region
(Archer and Fowler, 2004, Fowler and Archer, 2006; Scherler et al., 2011a). Positive annual

trends in snowfall occurred between 2000 and 2008, though began to decrease from 2008 (Negi
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et al,, 2021, Table 2.1). This contrasts with reduced solid precipitation seen over the past few
decades in other HKKH regions (Kapnick et al., 2014). Growth in irrigation in Northwest China
since the 1960s could have contributed to a rise in atmospheric moisture and summer snowfall,
offsetting ablation, yet this remains uncertain (Cook et al., 2015; de Kok et al., 2018). In the central
and eastern Himalaya, irrigation induced tropospheric cooling (and thereby reduced geopotential
height) may have contributed to changes in atmospheric circulation here too with observed mon-
soonal weakening (Singh et al., 2018). Large-scale irrigation could therefore have altered circula-

tion systems, that have opposing implications for glaciers in the west and east of the HKKH.

The year-round accumulation regime seen in the Karakoram (Farinotti et al., 2020), aided by the
orographic enhancement of precipitation (Hewitt, 2004) reduces sensitivity to atmospheric
warming, and limits radiative fluxes that favour warming. Glacier accumulation is known to be
highly avalanche driven from the steep headwalls, and it has been shown by numerous studies
that the thick debris cover on many glacier tongues in the Karakoram insulates the ice from at-
mospheric forcing (Hewitt, 2014). However, similar glacier characteristics are seen in the Everest
region, where glaciers have thinned by 100 m since the 1960s (King et al., 2020). The glacier melt
regimes in the Shimshal valley (the Karakoram) have been found to be controlled by net
shortwave radiation, so observed summer snowfall and cooling and associated with higher albe-
dos may also be responsible for glacier growth (Bonekamp, et al.,, 2019). Glacier melt in the Lang-
tang valley in Nepal (Central Himalaya) is driven more by net longwave radiation, increased by

low and high-level clouds in the melt season.

This so-called Karakoram anomaly contrasts strongly with glacier signals elsewhere across the
HKKH and globe. Whether this will persist into the future is uncertain and there are early indica-
tions that it may be coming to an end (Hugonnet etal., 2021; Miles et al., 2021a). These contrasting
glacier signals are demonstrative of the complex drivers and mediators of glacier behaviour; ex-

ternal atmospheric forcing and internal glacier dynamics.
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Region Mass bal- Debris cover Period Reference Notes
ance (m w.e.
al)
HKKH 23% of glaciers 2000-2008  Scherler etal.
(2011)
Bolch etal. (2012)
-0.72 £0.221 2003-2009  Gardner et al. 1Extrapolation of in
-0.24 +0.112 (2013) situ observations
-0.16 £0.173 2[CESat altimetry
3GRACE
18% of glaciers Kraaijenbrink et al.
(2017)
-0.18 £ 0.04 2000-2016  Brunetal. (2017) ASTER
-0.19 £ 0.03 2000-2018  Sheanetal. (2020) = ASTER and GeoEye-1
DEMs
Central Hima- -0.79 +0.52 2002-2007  Bolchetal. (2011)
laya (or East -0.40 £ 0.25 36% of glaciers 2000-2008  Nuimura et al.
Nepal) (Everest region) (2012)
-0.26 £0.13 1999-2013  Gardelle et al. SRTM
(2013)
-0.31+£0.14 2003-2008 @ Kaabetal. (2015)
-0.32+0.18 1974-1999  Pellicciotti et al. Langtang
(2015)
-0.21 +£0.08 1974-2006 = Ragettli et al. Langtang
-0.38+0.17 2006-2015 @ (2016)
-0.33+0.20 2000-2016  Brunetal. (2017) ASTER
-0.52+0.221 2000-2016 @ Kingetal. (2017) SRTM
-0.53 £ 0.212 1Everest region
-0.70 £ 0.263 2Land-terminating
DCGs of Everest re-
gion
3Lake-terminating
glaciers
West Hima- -0.32+0.13 1999-2011  Gardelle et al. SRTM
laya (or West (2013)
Nepal) -0.37£0.15 2003-2008 @ Kaabetal. (2015)
-0.34 £ 0.09 2000-2016  Brunetal. (2017) ASTER
Karakoram +0.11+0.22
-0.13+ 0.34 Kaab et al. (2015)
-0.06 £ 0.19 2000-2008  Brunetal. (2017) ASTER
0.05+0.19 2008-2016

Table 2.2: Historical annual regional averages of glacier-wide mass balance, and the percentage of
DCGs relative to clean-ice glaciers.

2.2 The hydrological impact of climate change

Across the region, glacier discharge is expected to rise until the middle of the century in response
to atmospheric warming, as the trajectory follows the rising limb of the peak water curve (Huss
and Hock, 2018; Figure 2.3) until peak water is reached. Following this, there is a steady decline
in runoff (falling limb). Even without further 21st century warming, the input of glacier melt into

rivers will reduce by 28% by 2100 across the HKKH, due to current glacier-climate imbalance;
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the region will therefore reach and surpass peak water in the next century (Miles et al., 2021a).
This is of particular concern for mountain communities who often live above main rivers, and so
directly depend on snow and glacier meltwater. The contribution of meltwater with increasing

downstream distance still remains poorly constrained (Quincey et al., 2017a).

For the Indus river basin region, peak water is predicted to occur around 2070, and for the Ganges
2050. It is postulated that peak water has already been reached in the headwaters of the Brah-
maputra. The western Himalaya and Indus river basin are particularly vulnerable to diminished
meltwater, as they do not experience the mediating influence of the summer monsoon (Pritchard,

2019).

Monsoon-influenced river basins are projected to be able to sustain the increasing demands for
water (Immerzeel et al., 2013). Currently in the Khumbu region, glacier meltwater supplies 65%
of the water consumed by the local community during the pre-monsoon (Wood et al., 2020). In-
creased water stress with loss of melt from glaciers and snow melt will be exacerbated by the
predicted delayed monsoon onset in the future (Panday et al., 2015; Sanjay et al., 2017b). The
Dudh Koshi River, which flows through the Khumbu region, feeds into the Koshi river which holds
25% of Nepal’s hydroelectric potential (Shea et al., 2015a).

Under extreme warming scenarios peak water will be delayed as excess glacier melt continues to
rise, though streamflow patterns will become more unpredictable and limit time for adaptation
for downstream communities. It is thought the slower rates of atmospheric warming under lower
emission scenarios (RCP2.6 and 4.5, see section 2.4.1) will allow some glaciers to approach a new

equilibrium and thereby reduce glacier runoff in the coming decades (Rounce et al., 2020).

Projected trends of unabated atmospheric warming will have the most significant impact on the
region’s glaciers, and will also influence precipitation trends. Precipitation is projected to in-
crease as a result of the higher moisture capacity of warmer air masses. The summer monsoon is
likely to become more unpredictable and intense into the future (Turner and Annamalai, 2012;
Panday et al., 2015; Sanjay et al., 2017b). This could potentially counteract reduced river flow
expected with snow and glacier mass loss. Atmospheric warming will shift the rain/snow balance,
driving glacier mass loss and making downstream regions more prone to flooding, and ultimately
drought with glacier shrinkage (glaciers act as a mediating water source) (Pritchard et al., 2021).
The highest source of uncertainty in the region’s future hydrology originates from future precip-
itation trends which will undoubtedly also prove critical for future glacier viability (Immerzeel et

al, 2013).
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Figure 2.3 Schematic of concept of peak water, with peak water marked by blue dashed line.

More broadly, parts of the central Andes are already experiencing decreased stream flows in re-
sponse to glacier loss (e.g. Migliavacca et al.,, 2015), which contrast strongly with increased flow
for areas of the Nepal Himalaya (Ragettli et al., 2016). Reductions in discharge even at the highest
elevations have been observed over the last few decades in the Italian Alps as glaciers and snow

cover retreats (Bocchiola and Diolaiuti, 2010; Diolaiuti et al.,, 2012; Bocchiola, 2014).

Unlike other glaciers in the HKKH, glaciers in the Karakoram are prone to surging, with maxi-
mum velocities during surges being between one and two orders of magnitude higher than dur-
ing periods of quiescence (Quincey et al., 2011; 2015). As glacier fronts advance during surges
they form ice barriers in rivers that can evolve into lakes. The rate of accumulation of impounded
water determines how quickly this ice dam will be breached, and the occurrence of such events
in late spring and summer indicate temperature and therefore glacier melt plays a dominant role

(Bazai et al,, 2021).

Lake formation and expansion has accelerated more in the east than the west of the HKKH, mir-
roring the contrasting regional glacier signals (Gardelle et al., 2009). In the regions where down-
wasting dominates, increased retention of water in supraglacial lakes, supported by flat tongues
with thick mantles of debris, has been observed. These can drain suddenly via the englacial drain-
age system as was observed on Changi Shar Glacier in the 2017 ablation season (Miles et al,,
2018b). Although this lake was relatively small, the geomorphic impacts extended 11 km down-

stream, and three trails were destroyed.

Larger proglacial lakes can evolve behind moraine dams and in some instances can pose severe

risks of glacial lake outburst floods (GLOFs). The likelihood of GLOFs depends on the lake and
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dam geometry and vulnerability to trigger mechanisms such as rockfalls (Benn et al., 2012). The
expansion of lakes in higher, steeper terrain that is more prone to avalanching may increase the
frequency of GLOF occurrence, although as of yet there is no evidence of this occurring in the

HKKH (Veh et al,, 2019; Lala et al., 2020; King et al., 2020).

2.3 The Everest region

This section will discuss research to date on the climate and glaciology in the Everest region,

where Khumbu Glacier is located.

2.3.1 Climate of the Everest region

The Everest region lies on the northern limit of the monsoon-dominated southern slopes of the
Nepal Himalaya, with the drier lee-ward glaciers lying just north of Everest across the Nepal /Ti-
bet border. Several studies estimate that up to 80% of the annual precipitation falls during the
monsoon season (Burbank and Bookhagen, 2006) and 90% during June and September (Salerno
etal, 2015). It is thought that below elevations of 2,500 m.a.s.] that synoptic-scale monsoon rains
are the dominant driver of precipitation. At higher elevations the influence of the monsoon is still
significant, but precipitation is also influenced by the daily convective precipitation caused by

thermal valley winds (Yasunari and Inoue, 1978; Bollasina et al., 2002; Potter et al., 2019).

A network of automatic weather stations (AWS) in the Dudh Koshi valley of the Everest region
provides an insight into atmospheric trends over the last decade. Greater warming of minimum
annual temperatures (0.072°C) than of maximum temperature (0.009 °C) matches observations
elsewhere across the HKKH region. Annual warming of mean temperatures of 0.044°C has de-
creased the likelihood of precipitation falling as snow by 10% (Salerno et al., 2015). The meteor-
ology of this valley, where Khumbu Glacier sits at the northernmost limit, is described in detail

with analysis of this AWS network in Chapter 3.

2.3.2 Debris-covered glaciers in the Everest region

Debris-covered glaciers (DCGs) are most often present in younger mountain ranges, where uplift
provides ample sediment for erosion (Anderson and Anderson, 2016). There is therefore a high
concentration of Earth’s DCGs in the Himalaya (Bolch etal., 2011; Miles et al., 2017). In the Everest
region, 36% of glaciers are debris-covered (Nuimura et al.,, 2012). This debris is transported to
the glacier through rockfalls and landslides, through deformation of the bed, and from dust blown

from hillslopes and moraines (Anderson, 2000; Gibson et al., 2017). Debris ablates from the ice
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after being transported englacially, meaning debris thickness often increases towards the glacier
tongue (Rounce and Mckinney, 2014, Rowan et al., 2015; Anderson and Anderson, 2018). As glac-
iers melt, surface debris layers develop and thicken, making DCGs a growing feature of the Hima-
layan cryosphere (Nicholson and Benn, 2006). DCGs typically lose mass through surface lowering

and thinning rather than retreat of the tongue (Hambrey et al., 2008; Rowan et al., 2015).

A supraglacial debris layer alters the surface energy balance and therefore the ablation rates of
the underlying ice (@strem, 1959; Nicholson and Benn, 2006). Takeuchi et al. (2000) measured
ablation under various thicknesses of debris on Khumbu Glacier between 21 May and 1 June
1999, using a positive degree day factor. They found that ice ablation was enhanced by the pres-
ence of surface debris at a thickness of <0.3 cm, with highest melt rates of 6.4 cm day-! occurring
at this thickness. A debris thickness above this value acted to insulate the ice surface from incom-
ing solar radiation, thus retarding ablation (as in Figure 2.4). The critical thickness, the thickness
at which the melt rate for a debris-covered glacier is the same as that of a clean glacier, was meas-
ured to be approximately 5 cm, with an average ablation rate of 4.7 cm day-L. The neighbouring
Ngozumpa glacier showed melt rates suppressed by 50% under 50 cm of debris (Nicholson and
Benn, 2013). Given that Khumbu Glacier has a debris mantle with thicknesses that sometimes
exceed several metres (Rounce and McKinney, 2014; Rounce et al.,, 2018), most of the debris acts

to retard rather than enhance melt (Figure 2.4).

14 ' —— T T
————— Rakhiot Glacier, 1986
121 ——— Kaskawalsch Glacier, 1966 (Loomis, 1970) |

. — — - |sfallsglaciaren, 1956 (@strem, 1959)
! . Burpu Glacier, 1987 (Khan, 1989)

10

Mean daily ablation (cm d')

Debris cover thickness (cm)

Figure 2.4 @strem curves for measured melt rates under varying debris thickness. Source: Mattson
etal. (1993).
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Given this insulation effect, it could be theorised that DCGs are exhibiting lower mass loss relative
to clean-ice glaciers. However, thinning rates for DCGs and clean-ice glaciers are similar across
the Himalaya. Mass on DCGs is lost through melting of clean ice in the upper ablation areas, close
to the Equilibrium Line Altitude (ELA) where accumulation and ablation rates are balanced. Melt
also occurs beneath debris, but is more significant around ice cliffs and surface ponds that are
able to develop on glaciers with thick mantles of debris (Benn et al., 2012). Melt around surface
ponds is enhanced by up to ten times those below thick debris (Immerzeel et al., 2014a). DCGs in
the Everest region are often characterised by an inverse mass balance profile, with highest abla-
tion rates in the upper ablation area just below the ELA, and lower rates down-glacier on the

debris-covered tongue.

This debris-cover anomaly (Pellicciotti et al., 2015) where DCGs are losing mass at similar rates
to clean ice glaciers is seen across the HKKH but particularly in the Everest region (Kaab et al.,
2012; Gardelle et al,, 2013; Brun et al.,, 2019; Rounce et al., 2021; Rowan et al,, 2021). This anom-

aly may be due to a combination of several factors:

a) An increasing presence of supraglacial ponds and ice cliffs in recent years that counter the
insulating effect of debris. Ice cliff backwasting was found to be significant on the debris-cov-
ered tongue of the Changri Nup glacier, but was not able to compensate for the lowered abla-

tion rates due to debris cover (Brun et al,, 2018).

b) Reduced ice flux from higher elevations reducing emergence velocities (Vincent et al., 2016,
Banerjee, 2017; Brun et al., 2018; Rounce et al., 2021) potentially due to weakening precipi-

tation (Salerno et al., 2015).

c) This reduced ice flux is enhanced by the characteristic flat glacier tongues, that also predis-
pose the geometry of DCGs to high climatic sensitivity, inverse mass balance gradients (Benn
et al, 2012; Salerno et al,, 2017) and even dynamic or physical detachment (Nakawo et al,,

1986; Pellicciotti et al,, 2015; Rowan et al., 2015).

d) The presence of continuous, thick debris allows DCGs to extend and persist well below the
elevations that would be possible if they were in equilibrium with the climate (Anderson and
Anderson, 2016). DCGs typically have lower accumulation area ratio (AARs) than clean ice
glaciers (Scherler etal.,, 2011b). They are therefore climatically sensitive to increased ablation

and reduced accumulation associated with atmospheric warming.
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2.3.2.1 Khumbu Glacier

Khumbu Glacier flows down the southern flanks of Mount Everest. It is 16 km in length, and
ranges in elevation from 4,900 to 7,500 m.a.s.l. (Figure 2.5). It has the world’s highest accumula-
tion area but is also characterised by its flat tongue with a thick debris mantle, and supraglacial
ponds and ice cliffs that occupy 5% of its area (Nakawo et al., 1999; Rowan et al,, 2015, 2021;
Watson et al,, 2016, 2017). Its location on the Everest Base Camp route and thus relative accessi-
bility means that there are more observations compared to other glaciers of the HKKH, as such it

is an ideal site for model development.

There are two sets of lateral and terminal moraines surrounding Khumbu Glacier, denoting the
late Holocene advance and the Little Ice Age (LIA) advance, and thereby the glacier extent and
thickness (Hambrey et al., 2008; Owen et al., 2009; Rowan et al., 2017). A variety of dating tech-
niques indicate that the LIA advance likely occurred approximately 500 years before present,
with strengthening westerly winter precipitation (between 1400 and 1800) in response to cool-
ing across the Northern Hemisphere (Rowan et al., 2017). At some point between the LIA maxi-
mum until present, the tributary Changri Nup and Changri Shar glaciers detached from the west

side of the tongue of Khumbu Glacier.
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Figure 2.5 Khumbu Glacier with 100m contours, and its location in the Everest region of Nepal
shown by red square in inset map (top right). Glacier outline from RGI Consortium (2017).
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The Khumbu icefall is steep (Figure 2.5) and fast-flowing. Altena and K&ab (2020) determined
icefall surface velocities of just over 1 m d-1, using satellite imagery matching and validation from
mountaineers’ GPS devices. Cloudy monsoon days were omitted; icefall velocities are likely even
higher during this period. The icefall is thought to somewhat act as a hydrological barrier between
the accumulation and ablation zone (Harper and Humphrey, 1995; Armstrong et al., 2017; Altena
and Kaab, 2020). The heavy crevassing associated with this fast-flowing ice allows percolation of

surface water and advection of air down into the glacier ice (Gilbert et al., 2020).

Weak altitudinal precipitation gradients have been observed in this part of the Himalayas (Ageta
et al., 1980). Observations from Inoue (1977) determined that accumulation on Khumbu Glacier
is therefore independent of elevation, and that avalanching from the steep hillslopes must con-
tribute significantly. Estimates of ELA heights have ranged from 5,300 m.a.s.l. to 6,000 m.a.s.l.
(Fushimi, 1977; Inoue, 1977; Nakawo et al., 1987; Benn and Lehmkul, 2000; Kadota et al., 2000;
Rowan et al,, 2015). Highest thinning rates have been seen beneath the ELA in the upper ablation
area, due to the absence of thick debris (Figure 2.6; King et al., 2020) where velocities can reach
up to 20 m a1 (Quincey et al., 2009). Previous estimates of velocities at the same location of 30 m
a-lin the 1960s indicate slowdown has occurred (Nakawo et al., 1999). Here, just below Everest
Base Camp (EBC, Figure 2.5) maximum ice thickness estimated through ground-based echo
sounding in 1999 was found to be 300 m (Gades, 2000). Maximum thickness halved to 160 m at
a distance 3 km downglacier. Towards the terminus, melt is heavily suppressed below the several
metres thick surface debris (Figure 2.6), where surface displacement is close to zero, indicating

stagnant ice (Quincey et al., 2009) and a maximum ice thickness of 60 m (Gades, 2000).

Elevation {m.a.s.l.)

Avalanche zone

6300

Icefall

Thin, patchy debris

Continuous, thick debris

4750
-4 -2 L] 2 4

Annual Mass Balance (mw.e.)

Figure 2.6 Mass balance curve of Khumbu Glacier from measurements by Inoue (1977) modified
from Benn and Lehmkuhl (2000).
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More recent fieldwork conducted on Khumbu Glacier (2017 and 2018) has involved hot water
drilling to measure internal ice temperatures and debris content along the debris-covered tongue.
Even the coldest glacier ice (at -3.3 °C) was found to be 2 °C warmer than the mean annual air
temperature, often close to melting point (Miles et al., 2018a). This signals that despite its high
elevation, the viability of Khumbu Glacier ablation area is at risk even with minimal atmospheric
warming. Englacial debris was found to vary spatially and increased with depth (Miles et al,,
2021b). The angle of the debris layers showed evidence of thrusting, which Miles et al. (2021b)
suggested could stem from fast moving ice meeting stagnant ice at the base of the icefall or the

tributary glaciers, or a significant topographic barrier or from a shift in thermal regime.

Nakawo et al. (1986) provided early empirical indications of contrasting behaviour between the
clean-ice upper ablation area and accumulation area and the debris-covered tongue, delineating
the active terminus. This differing behaviour of the active ice showing higher displacements than
the almost-stagnant debris-covered tongue, the nonlinear mass balance curve and the absence of
data above the icefall make Khumbu Glacier, and other large, debris-covered, avalanche-fed glac-

iers, particularly challenging to model.

2.4 Glacier change projections across the HKKH

Advances in remote-sensing, including the use of cold war-era spy satellite imagery (Maurer et
al,, 2019), have provided us with four decades of observations confirming that not only is mass
loss across the HKKH significant, but that it is accelerating. These observations have been vital
for a variety of reasons. They revealed that for the debris-covered glaciers that constitute up to
23% of the region’s glaciers (Scherler et al., 2011a and Herreid and Pellicciotti, 2020), mass loss
occurs through surface lowering rather than recession. Geodetic mass balance (e.g. King et al,,
2017 and 2020, Shean et al., 2020), and remote-sensing derived measurements of glacier velocity
(Luckman et al., 2007; Quincey et al., 2009; Heid and Kaab, 2012; Altena and Kaab, 2020) and of
surface debris (Rounce and Mckinney, 2014; Rounce et al.,, 2015 and 2021) have aided calibration
and validation of simulated historical glacier change. This has improved accuracy of future pro-

jections and quantification of uncertainties.

Many studies projecting the future evolution of mountain glaciers use approximate glacier mod-
els that rely on scaling of ELAs or AARs (e.g., Miles et al., 2021a), or statistical scaling relations
between glacier volume and area/length (Banerjee et al., 2020). These regional-scale assess-
ments have fed into studies of the contribution of HKKH glacier melt to global eustatic sea level
(Hock et al., 2019, Kulp and Strauss, 2019; Marzeion et al., 2020) and river patterns (Zhao et al.,
2014; Zhang et al,, 2015; Kumar et al,, 2019).
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The 2015 ratification of the Paris Agreement by 195 countries, with the goal to limit global warm-
ing by 1.5°C relative to pre-industrial levels, has provided a framing for modelling efforts into
future glacier change. Globally, sea level rise from glaciers could be halved if Paris Agreement
targets are met (Edwards et al,, 2021). If warming of global temperatures is limited to 1.5°C,
meaning warming of 2.1°C for the HKKH due to elevation dependent warming, then 33% of glac-

iers will be lost by 2100 (Kraaijenbrink et al., 2017).

This growing array of regional and global studies predicting future glacier response to climate
change relies on simplistic, computationally inexpensive modelling approaches. In reality, glaci-
ers of the HKKH are exceptionally complex. The critical processes that govern the responses of
individual glaciers to climate change are currently unrepresented in modelling approaches. These
processers include mass accumulation due to avalanching, inverse mass balance gradients of
DCGs and frontal ablation with the development or enlargement of marginal lakes (King et al,
2019; Rounce et al,, 2020; Miles et al,, 2021a). Representation of these processes requires energy

balance and glacier dynamic models.

Understanding future glacier response to climate change requires a robust representation of local
climate, and the processes that drive glacier change within glacier models. Glacier models can be
categorised into glacier mass balance models and ice flow models. Mass balance models simulate
ablation and accumulation rates, and are useful for understanding climate sensitivity (Immerzeel
etal,, 2014b; Bonekamp et al., 2019). Mass balance schemes are often integrated with glacio-hy-
drological models to simulate runoff (Soncini et al., 2016; Khadka et al., 2020). Calculated mass
balance has also been used to force glacier dynamics models to reconstruct past and project fu-
ture Himalayan glacier change (Shea et al.,, 2015a; Wijngaard et al., 2019). Ice flow models are
required to simulate future glacier evolution, as glacier response to changing mass balance is not
necessarily linear over time and space. Over the last decade, advances in high performance com-
puting and a growing number of open-source packages and models mean there is now a variety
of glacier models available (e.g. Maussion et al., 2019). There exists a hierarchy amongst both

categories of models and the representation of spatial and temporal resolution vary greatly.
2.4.1 Projections of future climate

For future climate impact studies, representative concentration pathways (RCPs) are commonly
used. These represent future trajectories of global greenhouse gas concentrations, and by proxy
act as emissions trajectories (IPCC, 2014 and Figure 2.7). RCP4.5 refers to a moderate radiative
forcing value that may occur in 2100 AD, so 4.5 W/mz2. Under RCP4.5, RCP6.0 and RCP8.5 HKKH
glacier mass loss of 49%, 51% and 64% is projected (Kraaijenbrink et al., 2017). In this study

glacier mass loss was found to be directly related to warming.
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Predictions from RCMs from the Coordinated Regional climate Downscaling Experiment
(CORDEX) found warming is to be higher in the winter in the Central and Southeast Himalaya
than the summer (Sanjay et al., 2017b and Table 2.3). The reverse is projected for the Karakoram
and Northwest Himalaya. These findings also predict warming of 2°C to 3°C under RCP4.5 and
3°Cto 6°C under RCP8.5 at the end of the century in the central Himalaya. The predicted warming
for the region indicates that EDW is not predicted to contribute to increased regional warming
relative to the global land mean (Table 2.3 vs Figure 2.7), or, more probably, that the majority of

GCMs and RCMs are unable to resolve this phenomenon.
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Figure 2.7 Global temperature change over land under each RCP (relative to 1986-2005 baseline).
The thick lines show the multi-model mean, and the thin lines the trajectories from the CMIP5
members, with the end-of-century temperature box and whisker plots on the right. Source: IPCC,
ARS Supplementary Figure ALSM2.6.4.

Previous studies have omitted future precipitation projections, and the interactions of precipita-
tion with temperature and other key climate variables for glacier viability, such as incoming
shortwave and longwave radiation. The uncertainty associated with precipitation and the empha-
sis on the relation between future glacier change and atmospheric warming means there are
many more projections of temperature change over the 21st century than of precipitation (Table
2.3). The majority of precipitation projections indicate increases in annual rates, with an increase
of up to 49% under RCP8.5 in the Koshi basin where Khumbu Glacier is situated (Kaini et al,,
2019). Higher unpredictability in the summer monsoon is projected, combined with increased
intensity and interannual variability (Turner and Annamalai, 2012; Panday et al., 2015; Sanjay et

al, 2017b).
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Climate projections from GCMs differ significantly, particularly for precipitation (Sanjay et al,,

2017b; Watanabe et al., 2019). Differences between projections stem from future emission sce-

narios, but are also associated with model structure and parameterization of atmospheric pro-

cesses that create biases that, if not considered or quantified, can then propagate to glacier mod-

els. Understanding and reducing these biases requires statistical downscaling of multiple models

using an observational dataset. However, differences in downscaled climate between models will

still remain. In this thesis, a multi-model approach is therefore used to drive simulations of future

Khumbu Glacier evolution so as to cover future climate scenarios, particularly of precipitation.

Region

HKKH

Northwest
Himalaya and
Karakoram

Central Hima-
laya

Southeast
Himalaya and
Tibetan Plat-
eau

Koshi river
Basin (Ne-
pal/Tibet)

Emission
scenario
RCP2.6
RCP4.5
RCP6.0
RCP8.5
RCP4.5

RCP8.5

RCP4.5

RCP8.5

RCP4.5

RCP8.5

RCP4.5
RCP8.5

Temperature
change (°C)
2.1

35

4.1

6.0

2.6 (summer)
2.1 (winter)

3.3 (summer)
3.0 (winter)
4.9 (summer)
5.4 (winter)

5.7 (summer)
5.1 (winter)

2.2 (summer)
3.3 (winter)

2.7 (summer)
3.6 (winter)

4.3 (summer)
6.0 (winter)

4.7 (summer)
5.8 (winter)

2.2 (summer)
3.1 (winter)

2.5 (summer)
3.3 (winter)

4.2 (summer)
5.6 (winter)

4.4 (summer)
5.4 (winter)

1.6-2.8 (annual)
3.1-5.6 (annual)

Precipitation
change (%)

-3.5(summer)
14.1 (winter)

-0.3 (summer)
6.2 (winter)
5.0 (summer)
6.9 (winter)

3.9 (summer)
12.9 (winter)

10.5 (summer)
1.5 (winter)

11.8 (summer)
-0.7 (winter)

19.1 (summer)
-8.8 (winter)

19.1 (summer)
-8.1 (winter)

10.4 (summer)
3.7 (winter)

7.3 (summer)
5.5 (winter)

22.6 (summer)
0.6 (winter)

9.7 (summer)
6.0 (winter)

4-24 (annual)
13-49 (annual)

Year

2071-2100

1976-2005 to
2066-2095

1976-2005 to
2066-2095

2071-2100

Data source

CMIP5 AOGCMs

CORDEX South
Asia

CMIP5 AOGCMs

CMIP5 AOGCMs

Reference

Kraaijenbrink et
al. (2017)

Sanjay et al.
(2017b)

Kaini et al. (2019)

Table 2.3 Projections of temperature and precipitation under future emission scenarios from pub-
lished studies.
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2.4.2 Mass balance modelling

Temperature is a critical driver of glacier mass balance and in situ measurements of temperature
are more numerous than of other climate parameters. Therefore temperature-index approaches
have been used to calculate glacier mass balance. The temperature-index or positive degree day
(PDD) method assumes that the amount of snow or ice melt during a specific period is propor-
tional to the number of days with a mean temperature above the melting point (although
timesteps other than days are occasionally used) (Braithwaite et al., 1989; Hock, 2003 and 2005).
This method is valuable for data-scarce regions such as the HKKH and has been used to force
hydrological models or for large-scale studies due to the low relative computational expense (Ra-
gettli et al,, 2015; Shea et al,, 2015; Khadka et al., 2020). Limitations include the low spatial and
temporal resolution, with ablation rates often strongly related to the diurnal cycle of temperature

in reality (Hock, 2003).

The addition of other meteorological variables that are known to be key drivers of melt has im-
proved temperature-index melt calculations. These enhanced temperature-index models have
been developed as a middle ground between PDD methods and sophisticated energy balance
models, which have high input data and computational requirements. Shortwave radiation is
globally one of the most significant drivers of glacier melt. The addition of a shortwave compo-
nent to a temperature-index model, and parameterisation of snow/ice albedo over space and time
which strongly controls absorption of incoming solar radiation, increased accuracy of modelled

melt rates significantly (Pellicciotti et al., 2005).

Temperature generally correlates well with shortwave and longwave radiation at mid-latitude
and low-elevation glaciers (Litt et al., 2019). The remote nature and high elevation of glaciers in
the Himalaya means that validation is rare, and the meteorological drivers of melt are therefore
less constrained than those of the European Alps, for example. However, it is known that for some
Himalayan glaciers, shortwave radiation dominates the energy available for melt throughout
much of the year (Azam et al., 2014; Litt et al., 2019; Bonekamp et al., 2019). For two glaciers in
the Nepal Himalaya during the summer monsoon, melt was driven by temperature and shortwave
radiation, and dominated net ablation (Litt et al., 2019). A temperature-index or enhanced tem-
perature-index approach would suit these instances. However, outside of the monsoon when
temperatures are below freezing, sublimation or other wind-driven processes likely dominate net
ablation. This is also true throughout the year at high elevation sites such as at 6,325 m.a.s.l. on
Mera glacier (Litt et al.,, 2019) and South Col at 7,945 m.a.s.l. on Khumbu Glacier (Matthews et al.,
2020). Here, an energy balance modelling approach or coupled snow/atmosphere model is pref-

erable (Vionnet et al., 2014; Sauter et al.,, 2015 and 2020; Gerber et al,, 2018).
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Where the meteorological drivers of ablation are unknown or poorly constrained yet there are
data available for several parameters, such as at Khumbu Glacier, energy balance modelling
should be performed. An energy balance model (EBM) usually requires hourly data of at least the
radiation components, temperature, precipitation, pressure, relative humidity and wind speed to
translate the energy balance at the glacier surface to ablation and accumulation rates. They are
often forced by in situ measurements or bias corrected climate model data. These point-based
measurements are distributed using gradients (e.g. Immerzeel et al., 2014b), and some mass bal-
ance models include radiation models that estimate radiation based on aspect and topographic
shading (e.g. Klok and Oerlemans, 2002; Hock and Holmgren, 2005; Mélg et al., 2009; Sicart et al.,
2011; Cogley et al,, 2011; Gurgiser et al., 2013; Sauter et al., 2020). The radiative fluxes on ice are
often calculated through a parameterisation of albedo and surface roughness of the glacier com-
ponents (normally at least snow and ice) (Oerlemans and Knap, 1998; Molg et al., 2012). This
surface energy balance model is often coupled with a subsurface scheme that deals with percola-
tion, meltwater re-freeze and subsurface melt (Sauter et al., 2020). The surface energy balance
and subsurface models for the model used in this thesis, the open-source COupled Snowpack and
Ice surface energy and mass balance model in PYthon (COSIPY), are described in detail in Chapter

4 (Sauter et al.,, 2020).

The high prevalence of DCGs in the HKKH, including Khumbu Glacier, requires mass balance mod-
els that resolve the impact of debris on melt. Both enhanced temperature-index and EBM ap-
proaches have been able to correct melt under varying debris layer thicknesses and even conti-
nuity (Nicholson and Benn, 2006; Reid et al,, 2012; Lejeune et al., 2013; Evattetal., 2015; Carenzo
etal, 2016; Shaw et al., 2016) and reproduce the @strem curve (Figure 2.5 and described later).
A coupled atmosphere-glacier model found DCGs decrease local wind speeds (due to increased
surface roughness) and temperature lapse rates relative to clean-ice glaciers (Collier et al., 2014
and 2015). Refined modelling of DCG surface features such as supraglacial ponds (Miles, et al.,
2016) and ice cliffs (Buri et al.,, 2016 and 2021) and analysis of high-resolution imagery to quan-
tify related loss (Brun et al., 2016 and 2018) has been critical for diagnosing potential drivers of

the “debris cover anomaly” (Pellicciotti et al., 2015).

The majority of mass balance studies for DCGs generally assume a static surface. In reality su-
praglacial debris evolves over time and space through englacial debris transport and melt out.
This latter process - the melt-out of englacial debris - is likely to increase under future warming.
Debris transport is fundamentally linked to glacier dynamics, and therefore requires an ice flow

modelling approach (Rowan et al,, 2015, 2021).

This distributed mass balance approach captures the high spatial variability of glacier mass bal-

ance, that rare in situ point measurements are unable to. In situ measurements using ablation
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stakes (Fujita et al., 1997, 2001, Wagnon et al., 2007; Sherpa et al., 2017) or snow pits (Bocchiola
etal,, 2020) are, however, valuable for validation of simulated mass balance. Geodetic mass bal-
ances from satellite imagery also aid validation, though the surface lowering measured in this
way is a product of glacier ablation and the counteracting force of emergence velocity. This is a
product of displacement from driving ice flux, and thus varies widely between glaciers, and re-

mains poorly constrained (Vincent et al., 2021).

There have been several mass balance schemes used within Himalayan glacier evolution (ice

flow) model studies. These mass balance representations include:

a) Temperature-index approaches with temporal resolutions that range from daily to
monthly averages (Shea et al., 2015; Soncini et al., 2016; Wijngard et al., 2019; Rounce et
al,, 2020).

b) A mass balance gradient (linear function with height) (Racoviteanu, et al., 2013; Rowan

etal,, 2015, 2021)

c) Varying heights of the Equilibrium Line Altitude (ELA) with increased PDD under future

climate scenarios (Rowan et al,, 2015; Kraaijenbrink et al.,, 2017).

At the time of writing, there has been no study that has used a representation of distributed mass

balance produced via an EBM (driven by hourly meteorology) to force an ice flow model.

2.4.3 Ice flow modelling

In this section, prognostic models that are used to explore glacier evolution over time are dis-
cussed. The challenges of accurately simulating glacier flow are enhanced in locations where the
topography is extreme and highly variable on short spatial scales. There exists a hierarchy of ice
flow models, some of which are more appropriate for such locations or for different points in a

glacier’s lifecycle.

Traditionally, the health of a glacier has been determined by locating the ELA from satellite im-
agery via the snowline (Braithwaite and Raper, 2009) which also helps to determine the AAR
(Zemp et al,, 2015; Miles et al.,, 2021a). For glaciers with avalanche driven accumulation regimes,
such as Khumbu Glacier, the ELA can differ by several hundreds of metres from the snowline
(Benn and Lehmkuhl, 2000; Rowan et al., 2015). For projections of DCGs, ELA placement or esti-
mation of AARs have been achieved by delineating the debris-covered tongue from the snow-
covered accumulation area (e.g. Miles et al., 2021a). However, the high ablation rates seen just
below the ELA that are thought to considerably drive mass loss (Benn et al., 2012) may not be

represented with these approaches. Observations of ablation above 6000 m.a.s.l. in the Everest
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region (Sunako et al., 2019; Matthews et al., 2020) require approaches that resolve the finer de-
tail.

Equally, as avalanching and supraglacial debris are ubiquitous across the HKKH, glacier projec-
tions that rely on scaling of ELAs or AARs over time will not produce accurate results. Both ava-
lanche-fed and debris-covered glaciers are known to have very low AARs. For example, a flowline
modelling approach indicated that for three glaciers located in the Central Himalaya and Western
Himalaya, with AARs of < 0.2 (i.e. 80% of the glacier is the ablation area), avalanching could con-

tribute up to 95% of total accumulation (Laha et al,, 2017).

Approaches to estimating future glacier change include temperature-imposed changes to ELA
heights (Fujita and Nuimura, 2011) and volume area scaling (Shi and Liu, 2000; Cogley, 2011).
Both suggest further mass loss into the future, yet these approaches assume linearity in the mass

balance signal and glacier response.

The response of 703 steady-state synthetic Himalayan glaciers to an ELA rise of 50 m was simu-
lated over 500 years using scaling (Radic et al., 2007), linear-response and SIA models. The re-
sultant projections of volume change differed by up to 20% (Banerjee, et al., 2020). All other pa-
rameters, including study sites and mass balance profiles, were kept constant and so this 20%
difference stems from the varied representations of ice flow and velocity within the three models.
Simulations using the scaling model showed lower climate sensitivities but shorter response
times relative to results from a SIA model, indicating there are biases in existing regional-scale

studies that use this method.

Flowline models simulate glacier flow along a centre-line, and as such do not represent cross-
sectional variability, though valley-width is often used to resolve conservation of mass down glac-
ier. They have been described as “1.5D” as although ice flow is only possible in one direction, this
valley-width restriction means they can respond to width changes with thickness change. The
Open Global Glacier Model flowline model is an example of this, where four basal types are avail-
able, each of which has a knock-on influence for shear stress (Maussion et al., 2019). In flowline
models, velocity does not vary with depth, but this approach has still generated accurate results
for Alpine glaciers (Oerlemans et al.,, 1998; Huss et al., 2007; Banerjee and Shankar, 2013) and
regional or even global applications (Zekollari, et al., 2019; Huss and Hock, 2015, respectively),

particularly when basal sliding is included (Banerjee, 2017).

One and two-dimensional models of glacier dynamics have been applied previously to the Everest
region e.g. Khumbu Glacier (Naito et al., 2000), East Rongbuk Glacier (Zhang et al., 2013), and the
wider region (Shea etal., 2015a). Glacier redistribution models are useful for region-wide studies

(e.g. due to the lower computational expense relative to Full Stokes or even Shallow Ice
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Approximation (SIA) models (Shea et al., 2015; Kraaijenbrink et al., 2017)). Ice flow is parame-

terised for each elevation band and driven by thickness and surface slope.

SIA models assume that vertical shear stress at the ice/bed interface perfectly counteracts the
gravitational driving stress. They offer a clear improvement, especially for ice masses with small
aspect ratios (i.e. “shallow” relative to their horizontal extension such as ice sheets; Pattyn, 2002
and Le Meur, et al., 2004). However, the SIA overlooks the more complex stresses that describe
lateral and longitudinal drags which are of particular importance in steep terrain (Le Meur et al.,
2004; Adhikari and Marshall, 2013). In these settings, the accuracy of SIA approaches reduces as
the contribution of basal slip to ice velocity increases. In the Himalaya, glacier flow is forced

through steep, confined valleys that complicate the patterns of stress.

Also, in this terrain, basal sliding likely contributes more significantly to glacier velocity than ice
deformation (Pattyn, 2003; Egholm et al., 2011). To resolve these complex stress gradients on
glacier flow, higher-order or second-order models are required. The integrated second-order
shallow-ice approximation (iSOSIA) (Egholm et al., 2011) accounts for the transverse and longi-
tudinal stresses that govern mountain glacier flow, and as such is a better representation of
mountain glacier dynamics than the SIA. Further improvements to iSOSIA include debris
transport, where debris is passively transported through the ice via a Eulerian scheme and the
majority melt outs to form the supraglacial debris layers seen on many Himalayan glaciers today

(Rowan et al., 2015).

Many glacier evolution studies initiate simulations of future glacier change from the present day,
or from the start of the satellite era (1979) to enable evaluation of historical glacier evolution.
However, these approaches rely on the assumption that glaciers are in a hypothetical steady state.
The response time of mountain glaciers, i.e. the time taken for glacier volume to adjust to a new
equilibrium following an atmospheric perturbation, is thought to be around 50-100 years (J6han-
nesson et al., 1989). Therefore projections that use spin-up simulations from, for example, the

Himalayan LIA maximum, are preferable (Rowan et al., 2015).

2.4.4 Future glacier response to climate change

The extent of future change of Himalayan glaciers is an evolving area of research, yet discrepan-
cies between studies remain. End-of-century glacier volume loss projections under RCP4.5
(RCP8.5) are 46-49% (64-67%; Table 2.3). Committed volume loss across the HKKH, i.e. the loss
that will occur even if warming stops in the present day, ranges from 14 to 27% (Kraaijenbreik
etal, 2017; Zemp et al,, 2015, respectively). For the Everest region, predictions of change until
2100 range from 8-10% (Rowan et al., 2015), 50% (Soncini et al., 2016) and 70 to 99% for RCP4.5
and 8.5, respectively (Shea et al,, 2015a).
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Region
Asia South Central

HKKH

HKKH

HKKH

Koshi basin (six glaci-
erised sub-basins), Ne-
pal/Tibet

Everest, Nepal

Khumbu and Changri
Nup glaciers of Ever-
estregion, Nepal

Khumbu Glacier (Ne-
pal)

Langtang (Nepal)

Future climate scenario
No further warming

No further warming

1.5°C or RCP2.6 (~2.1°C with
EDW)
RCP4.5

RCP6.0
RCP8.5
RCP2.6

RCP4.5
RCP6.0

RCP8.5
No further warming

RCP4.5
RCP8.5

RCP4.5
RCP8.5

0.9°C (ELA increase of 225 m)

1.6°C or RCP4.5 (ELA increase of
400 m)

No further warming

RCP2.6

RCP4.5

RCP8.5

RCP4.5

RCP8.5

Literature Review

Projected glacier vol- Year Projection approach

ume change

-27% Com- Extrapolation of field observati-

mitted | ons

-14% 2100 Mass balance gradient and ice

-33% redistribution model

-49%

-51%

-64%

-29% 2100 OGGM Python Glacier Evolution

46% Model (PyGEM) and geodetic
MB

-50%

-67%

-21% 2100 AAR/ELA scaling

(25% of glaciers would 2200

lose 50% of current vol-

ume)

-76% 2071- OGGM Glacio-hydrological De-

-86% 2100 gree-day Model (GDM)

-70% (-39%) 2100 Glacier redistribution model

-99% (-52%) (2050)

-8% 2100 iSOSIA with MB as a function of
ELA and continuous debris

-10% cover

-53% (-32%) 2100 Degree day glacio-hydrological

-54% (-34%) (2050) | model

-59% (-35%)

-67% (-38%)

-37% 2071- Glacio-hydrological model (de-

-54% 2100 gree-day and redistribution)

Table 2.4 Projections of glacier volume change under future emission scenarios from published studies.

Reference
Zemp etal. (2015)

Kraaijenbrink et al. (2017)

Rounce et al. (2020)

Miles et al. (2021)

Khadka et al. (2020)

Shea et al. (2015a)

Rowan etal. (2015)

Soncini et al. (2016)

Immerzeel et al. (2013)
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The variations in projections seen in Table 2.4 stem from our uncertainty of the key climatic and glaci-
ological processes responsible for glacier change, in part from a lack of in situ data due to the remoteness
and inaccessibility of the region. It also stems from the representation of glacier dynamics within mod-

els, and the representation of future climate and glacier mass balance as previously discussed.

Extrapolation of observed climate, mass balance or glacier response into the future is not appropriate
for many reasons, in part as glaciers do not respond linearly to atmospheric change. It is possible that
under moderate warming scenarios, glaciers will adapt to a new geometry or elevation and an equilib-
rium that allows them to persist. Equally, projections of increased precipitation into the future may com-

pensate for warming to some extent.

Numerical models must be suitable for the chosen glacier. Previous studies (e.g. Shea et al., 2015a) have
used models intended for clean-ice glaciers which explains the much higher predicted mass loss (70 to
99%) compared to other studies. Debris-covered glaciers are dynamically distinctive, thus representa-
tion of the feedbacks between mass balance, debris transport and ice flow in the modelling approach

are critical for quantifying glacier evolution (Rowan et al., 2015).

Despite being a focal point for research over the last few decades and the availability of in situ meteor-
ological data, there have been no previous EBM studies of Khumbu Glacier and as such the spatial dis-
tribution of mass balance remains poorly constrained. Thorough analysis of the meteorological com-
plexity of the catchment and sensitivity analyses to determine the meteorological drivers of mass bal-
ance are used to establish downscaling and disaggregation routines of historical and future daily climate

model data to a local-scale, sub-daily resolution.

Hourly climate is not traditionally used to force glacier models (all climate-driven approaches in Table
2.4 use monthly or daily climate inputs of temperature and, more rarely, precipitation). Representation
of the finer climatic detail, including these diurnal trends in radiative fluxes, temperature and precipita-
tion, will improve accuracy of mass balance calculations and thereby projections of glacier evolution for
this summer-accumulation type glacier. At the time of writing, integrating a robust representation of
distributed mass balance in a higher-order ice flow model has not yet been conducted. The relation be-
tween supraglacial debris, mass balance and glacier change is also explored. Using this cross-discipli-
nary approach to simulate historical and future evolution of Khumbu Glacier is the central aim of this

thesis.
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Chapter 3 Catchment-scale, high elevation meteorology in the Everest

region of Nepal, 2009-2012, and implications for glacier modelling

3.1 Introduction

Meteorological observations across the HKKH rarely exist above 3,000 m.a.s.l. because of the logistical
challenges associated with installing and maintaining equipment in such remote areas. In recent years,
our understanding of present-day meteorology has improved through high resolution atmospheric sim-
ulations (e.g. Collier and Immerzeel.,, 2015; Potter et al., 2018), but forecasts of atmospheric change in
the region are still largely based on coarse resolution (50-100 km) climate model outputs. While valua-
ble, these modelled data fail to capture the complexities of catchment-scale terrain, which are key for
driving altitudinal temperature gradients, localised wind and precipitation fluxes (Immerzeel et al,,
2014). Finer resolution studies are able to capture the small-scale variability associated with complex
terrain, though often still exhibit mean biases that stem from the driving global model or reanalyses
(Collier and Immerzeel, 2015). Field-based meteorological observations are therefore crucial to aid val-
idation and downscaling of coarse climate models (Maussion et al.,, 2014). They are equally essential
when reconstructing and understanding glacier mass balance changes in response to the past and cur-

rent climate (Shea et al., 2015b).

In recent years, Himalayan glaciers have been under particular scientific scrutiny because of their im-
portance for human livelihoods and the uncertainties associated with ice volume change. Glaciers act as
water reservoirs, providing downstream areas with a crucial supply of water, particularly during the
dry season. However, in the eastern Himalaya, recent work has shown that ‘peak-water’ is imminent, or
has even passed for some catchments (Huss and Hock, 2018). Many studies have shown that the glaciers
in this region have been in recession in recent years, and possibly decades (e.g. Bolch et al.,, 2012; King
etal,, 2017), likely as a result of warming temperatures and reduced snowfall (Immerzeel et al., 2010).
These glaciers are highly dependent on the monsoon for summer accumulation (Benn et al., 2012). It
has been suggested that the monsoon is weakening through warming of the equatorial Indian Ocean,
reducing the meridional sea-surface temperature gradient from the equatorial region to the coast (Yao
et al,, 2012). A weaker monsoon leads to reduced snow accumulation and clearer skies, both of which
promote negative glacier mass balance. This improved understanding of the monsoon through observa-
tions and modelling is useful for explaining glacial behaviour, though is hindered by the poor spatio-

temporal coverage of instrumental data in the region (Ramesh and Goswami, 2007).

The first meteorological observations for the Nepal Himalaya were collected during the 1970s and
1980s, and found a characteristic pattern of diurnal precipitation on ridges and nocturnal precipitation
in valley bottoms (Ageta, 1976), most likely reflecting cloud development from orographic convection

during the day. It was not until the 1990s that continuously recording Automatic Weather Stations
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(AWSs) were installed in the region, the first of which was at the Pyramid Observatory near Lobuche.
Bollasina et al. (2002) analysed meteorological observations from this station collected between 1994
and 1999, focussing on features of the monsoon. The onset of the monsoon was distinguished by higher
daily precipitation totals, mean relative humidity and atmospheric pressure and a reduced diurnal range
in atmospheric temperature. They identified two daily profiles in precipitation and wind direction,
thought to be related to the monsoon. In addition, 5-day and 10-day periodical precipitation cycles were
observed, which were linked to oscillations in the Tibetan High. A new AWS was installed at Pyramid in
September 2000, as well as a network of AWSs along the Dudh Koshi valley. This network, run by Ev-
K2-CNR and available through the SHARE project, ranges from 2,680 to 5,700 metres elevation, and
some stations have ten years of measurements available. Only a handful of studies have attempted to
bring together multiple meteorological datasets in a single analysis in the Himalaya (e.g. Shea et al,,
2015b; Salerno et al., 2015), revealing the seasonal variation in key parameters across the study area,

as well as a diurnal variability in vertical temperature gradients.

Glacier energy balance models distributed across the ice surface are highly dependent on several key
meteorological parameters. For example, air temperature dictates ablation (melt and sublimation), and
precipitation amount and type determine accumulation. Wind influences vapour gradients, turbulent
transfer and the redistribution of snow (Hock et al., 2005). Cloud extent and type impact radiation at the

ice surface, which drives melt (Bonekamp et al., 2019).

Dynamical downscaling involves using a high-resolution model to downscale a low resolution (often
global) climate model (Bienek et al., 2016). This high spatial resolution improves the representation of
topography, and consequently, the orographic enhancement of precipitation (Maussion et al., 2011).
Though, when used to force glacier mass balance models, corrections to link these simulations to local
conditions at the glacier surface are required, unless the spatial resolution is sufficiently high (~1 km)
(Collier et al., 2013). Though, a 1 km spatial resolution would still remain insufficient for very steep
terrain e.g., Khumbu icefall. This dynamical approach is usually computationally expensive, and so it is
often not feasible to run models at a sufficiently high resolution to capture critical, intricate processes
over the timescales required to study glacier evolution. This approach is therefore valuable for seasonal

timescales, but less useful for long term hydro-glaciological studies.

Statistical downscaling, using relationships such as linear regression and quantile mapping to predict
local climate variables from large-scale variables (Tang et al., 2016) is less computationally expensive,
though often relies on the availability of in situ data for calibration and validation. It is possible to dis-
tribute air temperature to the site of interest through it being a function of elevation. This dependency
is often considered linear, though in reality is highly spatially and temporally variable, particularly in

areas of complex topography (Petersen and Pellicciotti, 2011).

Two previous studies have analysed these weather station data, the aforementioned study by Bollasina

et al. (2002) and that of Salerno et al. (2015). The latter uses 17 years of data from Pyramid AWS to
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attempt to extract precipitation and temperature signals to link to glacier change within the region. The
work here focuses on a shorter timescale (3 years) but includes all weather stations in the catchment. It
is a more exploratory analysis of all meteorological variables that are used to force energy balance mod-
els from the six weather stations spanning the Dudh Koshi catchment, located in the Everest region of
the Nepal Himalaya. This catchment comprises a north/south oriented valley, and some of the more
well-studied glaciers in the Nepal Himalaya, such as Khumbu Glacier (Rowan et al,, 2015, 2021), Ngo-
zumpa Glacier (Benn et al., 2017) and Imja-Lhotse Shar Glacier (Rounce et al,, 2015). An on-ice AWS,
located on Changri Nup Glacier, is included in this analysis as it contributes an additional dataset in a
data-scarce region, but also gives an opportunity to investigate whether a glacier cooling signal is ap-
parent. This chapter aims to characterise and compare the meteorology from these weather stations,
ranging from 2,680 to 5,700 m.a.s.l. of the glacierised Dudh Koshi catchment in order to i) identify vari-
ability in temperature lapse rates and other altitudinal dependencies; ii) explore the valley-scale wind
regime through comparison with ERA-5 wind data; iii) highlight the need for valley-scale climatology as

an input to glacier and glacio-hydrological modelling experiment.

3.2 Study Area

The upper Dudh Koshi valley is located in the Sagarmatha National Park which ranges from 2,400 to
8,848 m.a.sl. (Mount Everest) in elevation (Amatya et al., 2010). As the major trekking route to Everest
Base Camp, the catchment is well-populated, with local communities relying on rainfall and meltwater
for drinking, sanitation and irrigation (Watson and King, 2018). The treeline is at approximately 4,100
m.a.s.l. (Gaire et al,, 2014 and 2017) and most glaciers are situated between 5000 and 6000 m.a.sl. (Ba-
jracharya et al,, 2014; Salerno et al., 2015). As these glaciers rely on accumulation from the monsoon,
they are referred to as “summer-accumulation type” glaciers, and the ablation and accumulation seasons
largely coincide. Thirty-six percent of glaciers in the Everest region are debris-covered (Nuimura et al.,

2012) and glaciers in the region are known to be losing mass at an accelerating rate (Maurer et al., 2019).

The weather stations used here are part of the SHARE network from the Ev-K2-CNR project (Locci et al,,
2014) and all data were downloaded from Ev-K2-CNR SHARE network website. The stations are located
over a 40 km stretch in the south/north oriented valley (Figure 3.1). The station at Lukla is west-facing,
located near to the bottom of a steep valley, along which the Dudh Koshi river runs, and the station at
Namche Bazaar is located on a south-facing slope 1 km above the valley floor. Pyramid station is situated
on the crest of the slope above the Pyramid observatory structure, between the main tributary of
Khumbu Glacier to the east and the smaller Lobuche glacier tongue to the west. Pheriche station is sited
in the flat base of the pro-glacial valley that was previously occupied by Khumbu Glacier at the Last
Glacial Maximum. Kala Patthar station is located immediately south of the ridge of Pumori, in an exposed
position though surrounded by peaks on all sides. It is in close proximity to the Khumbu icefall to the

northeast, the tongue of Changri Nup Glacier to the southwest and the valley sloping down towards the
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village of Lobuche to the south. Changri Nup station is located on a flat, debris-free section of Changri

Nup Glacier, a former tributary of the larger Khumbu Glacier, and on a gradually sloping valley side.
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Figure 3.1 Elevation map of the six weather stations (elevations marked in metres) in the Dudh Koshi
catchment in UTM45N projection and national context map of Nepal with network location marked by
red box. Khumbu Glacier outline in yellow taken from the Randolph glacier inventory (Arendt et al.,
2012) and imagery from the shaded relief map from a resampled SRTM DEM (30m).

3.3 Data pre-processing and analysis

The study focusses on the 2009-2012 period as measurement at Kala Patthar began in 2009, giving three
full years of data for comparison. Table 3.1 includes the abbreviations for all variables used throughout.
For the purposes of this study, the monsoon period is defined as June to October, post-monsoon (Octo-
ber-November), winter (December-February), and pre-monsoon (March-May) (Ueno et al., 2008),
though much of the study compares the monsoon against the non-monsoon period. This definition of

the monsoon dominates in the literature, though it should be noted that the monsoon can significantly
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vary in onset/cessation. Throughout, periods used for the day are 8am until 4pm and for night 8pm until
4am (local time) to account for changing sunrise/sunset times throughout the year, and the influence of
topographic shading for valley sites. Centred-means were used for some variables in order to remove
local noise associated with daily frequencies. For sub-hourly measurements, hourly averages were cal-

culated using data from the previous hour.

In order to measure the strength of the relationship between air temperature and elevation, tempera-
ture measurements from all stations are used (Heynen et al., 2016). The regression of the mean temper-
ature values split by season and time of day is conducted, and the strength of the altitudinal dependence

(estimated via linear regression) is shown with the R? coefficients (e.g. Bravo-Lechuga et al., 2019).

LRs of temperature and mixing ratios between pairs of stations were also calculated to investigate spa-

tial variability using

_yi-v2 (3.1)
z1 —z2

adapted from Immerzeel et al. (2014) and Thayyen and Dimri (2018). V1 refers to the measured variable
at the highest elevation (z1) and V2 at lowest elevation (z2). Precipitation gradients were calculated as
aregression using the same equation taken from Immerzeel et al. (2014), and converted to percentages.

Here precipitation measurements from stations/years with lowest incidence of missing data were used.

All stations suffered from periods of error and missing data, which is perhaps unsurprising given the
challenges of regularly maintaining equipment in such an environment. Daily averages were calculated
when 83% (equating to 20 hours) of observations were available. For calculation of LRs for time periods
(e.g. monsoon day), distributions of missing data across these periods were analysed. For example,
Lukla had almost 45% of temperature observations missing during the monsoon, but as these were
equally distributed between day and night LRs could still be calculated with confidence. Data gaps in the
precipitation datasets were found to be most common, particularly during the onset of the monsoon.
This led to several monsoon seasons at some weather stations having little or no data. Given that the

aim of this study was to analyse in situ trends, gap-filling through interpolation was not conducted.

The tipping bucket precipitation gauges (Table 3.1) mean that precipitation may be underestimated fol-
lowing heavy snowfall events. Equally, during light rain events, droplets can fall on the bascule and evap-
orate without being measured. Pyramid has a snow depth sensor installed, but the data are discontinu-

ous and inconsistent between 2009 and 2010, and the measurement period ends in December 2010.

The mechanisms driving the valley winds were investigated using the approach from Whiteman and
Doran (1993) and Jemmett-Smith et al. (2018). In the absence of a weather station at the top of the valley

to deduce ambient wind as in their studies, ERA-5 250 hPa pressure level were used to represent the
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free atmosphere upper-level winds, where there is minimal influence of the >8000 m peaks. ERA-5 10
m surface wind speeds were also compared with observations for consideration as an approach to
downscaling. The elevation of the ERA-5 data point is 4,608 m.a.s.l., and as ERA-5 has a spatial resolution

of 31 km, this gridpoint is the same for Pheriche and Pyramid.

The mixing ratio (MR), the ratio of the mass of water vapour to the mass of dry air (kg/kg1), was calcu-
lated to obtain an absolute measurement of atmospheric water vapour independent of temperature or

pressure. This was calculated using

0.622 ¢ (3.2)
R =
p — ¢

where e is vapour pressure, p is pressure, RH is relative humidity, and 0.622 refers to the molecular
weight ratio of water to dry air (Glickman, 2000). The maximum vapour pressure value for a given tem-

perature, was first calculated using Teten’s expression (Murray, 1967)

(t) =6.11%10 7.5t (33)
= 6. * _— .
. (t¥2373
Actual vapour pressure was then calculated from e with

e = e;RH 4 (3.4)

from Bolton (1980).

The on-ice location of the Changri Nup station, and the availability of incoming and outgoing shortwave
radiation data provided an opportunity to determine the glacier surface albedo. Half-hourly surface re-

flectivity, or albedo («), was calculated with

a = SWin * SWout™?! (3.5)

for daytime hours (8am - 4pm), where SWi, is outgoing shortwave and SW,, incoming shortwave radi-
ation.The albedo values for different snow/ice surfaces were taken from Paterson (1994) for compari-
son. Measurements of SWi, below 30 W/m2 were discounted to prevent sensor noise being included in
the calculation of albedo. One hundred and sixty-five days of albedo measurements were missing from
the two years which is common given the exposure of the sensor location. Given that the on-ice location
of this sensor means there was no suitable nearby surrogate, no interpolation to fill the data gaps was

attempted.
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Station (m.a.s.l.)

Changri Nup
(5,700)

Kala
Patthar
(5,600)

Pyramid
(5,050)

Pheriche
(4,260)

Namche
(3,570)

Lukla
(2,680)

Latitude

27.958

27.9818

27.990

27.894

27.802

27.691

Longi-
tude
86.812

86.764

86.829

86.820

86.714

86.723

Data
start/end
2010-2012

2009-2012

2002-2012

2002-2012

2002-2012

2002-2012

Meteorology of the Everest region

Resolu-
tion
30 min

10 min

1 hour

1 hour

1 hour

1 hour

Parameter

T, RH

SWin, SWout, LWin
LWout

T, RH

Pressure

Precip

u, wind direction
SWin, SWout. LWin
LWout

T, RH

Pressure

Precip

u, wind direction
SWin, SWout, LWin
LWout

Snow Depth

T, RH

Pressure

Precip

u, wind direction
SWin, SWout, LWin
LWout

T, RH

Pressure

Precip

u, wind direction
SWin, SWout, LWin
LWout

T, RH

Pressure

Precip

u, wind direction
SWin, SWout, LWin
LWout

Instruments

Thermohygrometer DMA 572 (0.1°C accuracy)
Pyranometer CM6B

Thermohygrometer DMA 572 (0.1°C accuracy)
CX115P Lsi-Lastem

Tipping bucket rain gauge - DQA030 Lsi-Lastem (on ground, 0.2mm res-

olution

CombiSD DNA022 Lsi-Lastem (5 m pole, accuracy 0.1 m/s and 1%)
Radiometer CNR1

Thermohygrometer DMA 570 (2 m pole, 0.1°C accuracy)

CX115P Lsi-Lastem

DQAO035 Lsi-Lastem (1.5 m pole, resolution 0.2 mm)

CombiSD DNAO022 Lsi-Lastem (5 m pole, accuracy 0.1 m/s and 1%)
Pyranometer CM6B

2m Snow Depth SLU4/20 Micros

Thermohygrometer DMA 572 (0.1°C accuracy)

CX115P Lsi-Lastem

DQAO035 Lsi-Lastem (1.5 m pole, resolution 0.2 mm)

CombiSD DNAO022 Lsi-Lastem (5 m pole, accuracy 0.1 m/s and 1%)
Pyranometer CM6B

Thermohygrometer DMA 570 (2 m pole, 0.1°C accuracy)

CX115P Lsi-Lastem

Tipping bucket rain gauge - DQAO035 Lsi-Lastem (1.5 m pole, 0.2 mm)
CombiSD DNAO022 Lsi-Lastem (5 m pole, accuracy 0.1 m/s and 1%)
Pyranometer CM6B

Thermohygrometer DMA 570 (2 m pole, 0.1°C accuracy)

Digital barometer - PTB330

Tipping bucket rain gauge - DQA035 Lsi-Lastem (1.5 m pole, 0.2 mm)
Wind Set WA15 by Vaisala (accuracy 0.4 m/s and +3°)

Pyranometer CM6B

Table 3.1 Station and instrument details, with variables referring to atmospheric temperature (T), relative humidity (RH), atmospheric pressure (Pressure),
precipitation (Precip), wind speed (u), wind direction, incoming shortwave, outgoing shortwave, incoming longwave, and outgoing longwave radiation (SWin,
SWout, LWin LWout).
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3.4 Results

3.4.1 Seasonal variations in meteorology

Atmospheric temperature (T) at all sites showed a strong seasonal cycle (Figure 3.2a-f) with the
monsoon characterised by higher temperatures, and weaker day-to-day variability. The winter
period (Nov-Feb) exhibited lowest temperatures, on average 13°C lower at Lukla (2,680 m.a.s.l.))
than during the height of the monsoon and high variability. Changri Nup (5,700 m.a.s.l.) showed
a strong seasonal cycle with a daily mean minimum of -21.8 °C and a maximum of 4.17°C (Figure
3.2a). At Kala Patthar (5,600 m.a.s.l.), the daily Tmean exceeded 0°C for several weeks of the mon-
soon. Lukla had a daily average minimum of -3.1°C and a maximum of 17°C, only dropping below
freezing for several days during the winter of 2010. Changri Nup, Pyramid, Pheriche and Namche
stations all exhibited rising incoming shortwave radiation (SWi,) trends during pre-monsoon and

a decrease in the post-monsoon, but with high day-on-day variability.

There was a strong seasonality in Precip, with the majority occurring during the monsoon (Figure
3.2), and a positive correlation between Precip and T. There was an increasing prevalence of high
rainfall events with decreasing elevation. Monsoon Precip was of a low intensity at all stations,
with infrequent occurrence of intense rainfall events. This was seen by the high frequency of ‘driz-

zle type’ Precip (<1 mm in two hours, Bollasina et al.,, 2002).

Wind speed (u) and wind direction showed strong seasonality, and were also controlled by diur-
nal cycle, valley axis and synoptic conditions. Highest u measurements were observed at Kala
Patthar and Pheriche and were most frequent during the pre-monsoon. Southerly (up-valley)
winds dominated at Pyramid, Pheriche and Namche (Figure 3.3 a-b, e-f). For all sites, u reduced
during the monsoon and variability decreased. Most stations showed a strong southerly compo-
nent during the monsoon (Figure 3.3a), though wind direction remained constrained by valley
orientation (Figure 3.3 a-b, e and g). The monsoon reduced variability in the south-westerly wind
direction at Kala Patthar (Figure 3.3c-d) which was less constrained to valley axis, coming from

Changri Nup Glacier and Lobuche West peak.

Relative humidity (RH) was close to 100% at all stations during the monsoon with reduced vari-
ability. Whilst variations of RH with height were indistinguishable during the monsoon, due to
decreasing air temperature the mixing ratio (MR) decreased with height. MR (derived from RH,
pressure and T) showed a strong seasonality with a marked rise with monsoon onset at all sta-
tions (Figure 3.4) and decreased variability. The MR pattern was strongly correlated between
sites throughout the year. Winter MR values were <0.006 kg/kg at all sites and 0.0015 kg/kg at
Kala Patthar overnight, and 0.0047 kg/kg at Namche.
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Figure 3.2(a-e) Daily Total Precip and Average T 2009-2012 (2010-12 for Lukla, and 2010-12
Daily Average T for Changri Nup), for all stations in Dudh Koshi. Note that y-axis scales differ.
There is an increased concentration of Precip during the monsoon, and prevalence of high rainfall

events with lower elevations.
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Figure 3.3(a-g) Wind direction and speed for Dudh Koshi sites for 2009-2012 period (2010-2012
for Lukla), split by monsoon/non-monsoon for Pyramid and Kala Patthar, with percentages of oc-
currence and up-valley wind directions shown by arrows.
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Figure 3.4 10-day mean of mixing ratio for each station.

3.4.2 Diurnal variations in meteorology

A strong diurnal cycle in T was seen at most sites outside of the monsoon (Figure 3.5b), with
Pheriche and Lukla showing the largest diurnal T range. Temperature minima of -5.4°C and 3.9°C
occur at 11pm and 6am, and maxima of 2.8°C and 14.7°C at 11am. There was a dampened diurnal
temperature range during the monsoon months (Figure 3.5a), particularly at the Pyramid station,
with a temperature low of 1.2°C and high of only 3.3°C. The monsoon not only reduced the diurnal
temperature range, it altered the timing of the temperature maxima and minima, which always
followed several hours after the SWi, peak unlike during the non-monsoon (not shown). The tem-
perature maxima occurred later in the day during the monsoon for many sites. There are no data
for SWj, at Kala Patthar, and data for Pheriche and Namche were only from 2010, and for Lukla
prior to 2011.

There was a strong diurnal wind regime at Pyramid, with up-slope (southerly) wind flow during
the day and higher u (Figure 3.6a), and a lighter downslope wind flow (though with higher varia-
bility) at night (Figure 3.6b). At Kala Patthar the wind direction was not oriented to the main
valley. Here, there was increased variability in wind direction at night (Figure 3.6¢), and a slightly

a less apparent difference in u between day and night.
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3.4.3 Comparison with ERA-5 reanalysis wind data

The mechanisms driving wind regimes at Pyramid and Pheriche were investigated by comparing
hourly AWS wind directions with the hourly 250 hPa wind direction from ERA-5 (Figure 3.7).
During the non-monsoon there was a strong diurnal cycle in wind regime, with directions ori-
ented to the valley axis, and with strong up-valley flow dominating during the day, and down-
valley flow during the night. The diurnal cycle was dampened during the monsoon as more con-
sistent overnight cloud cover, seen by the increased overnight variability in wind directions with
reduced wind speeds. Pheriche exhibited less variability at night during the monsoon, and in gen-
eral the wind directions were fitted more closely to the valley axis. There was little evidence of
coupling between the free atmosphere 250 hPa wind and the valley wind, and the strong
up/down-valley regime indicates that temperature-induced density gradients drive the wind re-
gime, and this is constrained by topography. The two major synoptic influences, the Indian sum-
mer monsoon and the upper-level westerlies, are visible in Figure 3.7, yet it is clear that the mon-

soon affects the diurnal cycle far more significantly than the westerlies do in the winter.

The absence of coupling between the AWS winds and the 250 hPa level winds suggests that ERA
surface wind speeds might be more appropriate as a downscaling tool or glacier model forcing.
ERA-5 surface wind speeds were generally well correlated with observations, particularly during
the monsoon day. ERA-5 had a lower range than observations at Pheriche and Pyramid, though
the diurnal patterns were comparable, with much reduced wind speeds at night (Table 3.2 and
Figure 3.9). Seasonal patterns were also well represented. There was a reduced range in wind
speeds during the monsoon day, particularly at Pyramid, though AWS wind speeds were more

variable and sometimes several times higher.

AWS wind speed (m/s) ERA-5 wind ERA-5 wind speed Linear scaling factor

speed (m/s) corrected to 5m after height-
(m/s) correction
Pyramid Pheriche ERA-5 Pyramid = Pheriche Pyramid Pheriche
M_D 294 (+1.42) 4.34(%2.21) 1.21 (x0.51) 0.84 0.84 3.5 5.17
M_N 1.09 (£0.85) 1.52 (¥1.2)  0.64 (+0.37) 0.44 0.44 2.47 3.45
NM_D 297 (%£1.74) 4.56(%£2.68) 1.51(%0.71) 1.05 1.05 2.82 4.34
NM_N 1.14(+1.11) 1.55(%1.14) 0.48(%0.31) 0.33 0.33 3.45 4.69

Table 3.2 AWS wind speed and ERA-5 10-m wind speed (Pyramid/Pheriche have same ERA-5 grid
point) with standard deviation, and height corrected ERA-5 values using the logarithmic wind pro-
file equation and a linear scaling factor between AWS and height corrected ERA-5 data. N = night,
D = day, M = monsoon and NM = non-monsoon.
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The ERA-5 surface winds (10 m height) were corrected to the AWS anemometers height (5 m) to

allow for direct comparison using the logarithmic wind profile

In(z5 —d)/z,
In(z,9 — d)/z

(Holmes, 2015). Here zs and z1o are the 5 m AWS and 10 m ERA-5 heights respectively, d is the

u(zs) = u(zy)

zero-plane displacement in metres (i.e. the height at which zero wind speed is reached due to flow
obstacles e.g. boulders, trees), and zy is surface roughness (both in metres). For Pheriche and Pyr-
amid we chose d as 0 m, given that measurements in this region are lacking (Miles et al., 2017).
zpvalues for Pheriche and Pyramid were 0.3 m and 0.1 m approximated from surface character-

istics. The height correction resulted in a wind speed reduction of 30.13%.

(3.6)
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Figure 3.7 (a-h): Probability distribution of ERA-5 hourly 250hPa wind directions against the AWS
valley wind at Pheriche (a-d) and Pyramid (e-h). The blue diagonal line represents coupled flow,
the green line shows down-valley (northerly) flow, and the solid red line shows up-valley (south-
erly) flow. Wind direction is sliced into 22.5° width bins.
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3.4.4 Altitudinal variations in meteorology

There was strong spatial variation in T across the weather stations, and T was shown to be largely
a function of height. The highest temperatures occurred during the monsoon day. There was also
the lowest variability in T during the monsoon (particularly during the monsoon night) (Figure
3.9). There was evidence of ‘monsoon lowering’ (Thayyen and Dimri, 2014) with shallower LRs
relative to the non-monsoon. In general lowering of LRs at night was marked regardless of season.
The strength of the altitudinal dependency of temperature was highest during the monsoon and
lowest during the non-monsoon night (R2values, Table 3.3). There was also lowest variability in
temperatures during the monsoon, particularly at night and highest during the non-monsoon

during the day.

Several stations are shown in Table 3.3 to capture spatial variability in LRs. Changri Nup and Pyr-
amid are included as station pairs located at glacierised elevations, where shallower LRs and less
clear seasonal and diurnal patterns were seen. The on-glacier location of Changri Nup did not
seem to have a glacier cooling effect relative to temperatures at Kala Patthar, perhaps as temper-

atures rarely surpass 0°C where this would become evident.

Stations used for LR M_D M_N NM_D NM_N
calculation

All stations -5.5+0.81 -4.55+0.59 -5.79+1.63 -5.05+1.59
(R?) (0.99) (0.99) (0.98) (0.91)
Changri Nup/Lukla -5.32 -4.74 -5.15 -4.93

Kala Patthar/Lukla -5.78 -5.03 -5.99 -5.48
Pyramid/Lukla -5.73 -4.16 -5.83 -5.27
Changri Nup/Pyramid  -3.15 -4.18 -2.87 -3.35

Table 3.3 Temperature lapse rates (2C per km) calculated using linear regression for all stations,
(with standard deviation from hourly LRs, and the coefficient of determination (R2) in brackets
beneath) and equation 3.1 (for station pairs). N = night, D = day, M = monsoon and NM = non-mon-
soon.
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Figure 3.9 Mean temperature and standard deviation (whiskers) split by season and time of day at
each station. These are split between day and night to avoid overlap of standard deviation bars.

Mixing ratios were higher during the monsoon (Figure 3.10), on average 0.0052 kg/kg higher at
Kala Patthar and Pyramid, and 0.0063 and 0.0062 kg/kg at Pheriche and Namche, respectively.
Between Kala Patthar and Namche, mixing ratio LRs (per km) were -2.78 x10-¢ for monsoon day,
-2.25 x10-¢ for monsoon night, -2.12 x10-6 for non-monsoon day and -1.50 x10-6 for non-monsoon
night. Mixing ratio LRs were higher between station pairs during the monsoon than outside of the
monsoon and were lower at night in both seasons compared to the day. There was reduced vari-
ability during the monsoon relative to the non-monsoon, especially at lower elevations. The di-
urnal cycle was dampened during the monsoon at the two stations above 5,000 m.a.s.l,, relative
to the lower stations, particularly during the monsoon. Lukla was excluded due to unequal distri-

bution of RH data throughout the measurement period.
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Figure 3.10 Mean mixing ratio and standard deviation (whiskers) calculated from hourly values of
RH, pressure and T.

There were significant data gaps for precipitation, particularly during the monsoon (e.g. at
Namche 45% of all points were missing) meaning the altitudinal dependency of precipitation
could not be fully characterised using the same method as for temperature (Figure 3.9). The ver-
tical LRs were therefore calculated using the station pairs. Vertical LRs (Table 3.4) were all weak
and negative. For Kala Patthar/Pheriche and Pyramid/Pheriche in 2009, and Kala Pat-
thar/Namche during 2011, it is clear the LRs were greater (more negative) during the monsoon

than during the non-monsoon.
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Station pairs Time period Precip lapse rate
Kala Patthar/Pheriche 2009 -0.0092

Kala Patthar /Pheriche 2009 Non-Monsoon -0.0039

Kala Patthar /Pheriche 2009 Monsoon -0.011

Kala Patthar/Pyramid 2009 Monsoon -0.0001

Kala Patthar/Namche 2011 Non-Monsoon -0.0043

Kala Patthar/Namche 2011 Monsoon -0.0094
Pyramid/Pheriche 2009 Monsoon -0.018

Table 3.4 Calculated precipitation LR as percentage change in total precipitation per metre of ele-
vation (% m-1) between station pairs.

3.4.5 Observations of Changri Nup Albedo

At Changri Nup, the mean albedo between February 2011 and December 2012 was 0.61, which is
indicative of firn/clean ice. The albedo was highly variable although some seasonal trend was
evident. There was a frequent presence of snow throughout the year. The incidences of the lowest
albedo values (dirty ice) almost all fell during the monsoon. The variability was slightly reduced
(around values characterised by firn) in the November of each year. Mean albedo for April 2010
and 2011 was 0.67, for June 0.37, and July 0.62. The decay of albedo in late May/early June corre-

sponded with increasing SWi, and T, triggering snow melt.

Sub-daily data showed a high degree of noise on cloudy days, so incoming shortwave radiation
values included in the albedo calculation were limited to > 30 W/m?2 to minimise this potential
error. Figure 3.11(b) demonstrates that values considered to be within the snow/firn albedo
range (0.65) occurred during the winter and the monsoon, yet ice albedo values (0.3) were during

the monsoon only.
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Figure 3.11 (a) Daily glacier surface albedo at the Changri Nup AWS with measurements from Feb-
ruary 24th 2011-December 31st 2012, calculated from SWi» and SWout with orange line showing
five-day mean. (b) half-hourly incoming/outgoing shortwave radiation coded by season. The
points for the winter fall close to the values that correspond with the snow albedo (0.65), whereas
for the monsoon the values are for both snow and ice (0.3).

3.5 Discussion

Atmospheric temperature plays a critical role in determining processes that are key for glacier
viability, such as ablation (melt and sublimation) and accumulation (snowfall and refreeze of
meltwater), particularly when mean temperatures are close to freezing. In particular, the
Khumbu and Changri Nup glaciers lie along the freezing point isotherm during the monsoon,
thereby experiencing both melt and accumulation over short timescales. However, in the absence

of in situ meteorology, temperature gradients are often assumed in glacier mass balance studies,

meaning the position of this 0°C isotherm is poorly represented.
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Glacier energy balance models (EBMs) requiring hourly input data that resolve all major energy
fluxes to and from the glacier surface offer an improvement to temperature-index approaches for
summer-accumulation type glaciers. EBMs distributed across the glacier surface are traditionally
forced by extrapolating in situ temperature measurements using lapse rates relevant for the free
atmosphere (e.g. the Environmental Lapse Rate, ELR, of 6.5°C per 1 km). This study demonstrates
that LRs in the Dudh Koshi catchment are significantly lower than the ELR (as much as 2.5°C per
1 km lower). This is largely due to the complex boundary layer meteorology of this mountainous
and glacierised catchment, enhanced by airflows such as katabatic winds and cold-pooling in val-
leys (Minder et al.,, 2010), and the ice-albedo effect on the radiative balance (Ayala et al., 2015).
This difference from the standard LR, also found in the Langtang region (Immerzeel et al., 2014;
Steiner and Pellicciotti, 2016; Heynen et al., 2016), the Tibetan Plateau (Shaw et al., 2021) and
the Canadian Arctic (Gardner et al., 2009), demonstrates the necessity of using site-specific LRs
in glacio-hydrological models, particularly for glaciers that span large elevation ranges meaning
errors can propagate. These processes (e.g. cold air pooling) also point to the challenge of assum-
ing a linear relationship of temperature with elevation, and the need for dynamic downscaling to

resolve these complexities.

The temperature LRs during the monsoon were shallow, a phenomenon termed ‘monsoon low-
ering’ for the Dingad catchment of the Garwhal Himalaya (Thayyen and Dimri, 2014). Reduced
LRs in the monsoon arise from the decreased diurnal temperature cycle with monsoon cloudi-
ness, and latent heat release from precipitation warming higher elevations (Kattel et al., 2012;
Heynen et al,, 2016). The monsoon lowering of LRs found here for the Everest region is less
marked than in the Langtang region where the monsoon influence is more significant (5°C vs
4.2°C per 1 km, respectively; Heyen et al., 2016). Diurnal LRs with season vary substantially, with
shallow LRs overnight. This seasonality of diurnal cycles is more apparent than in the Langtang,
where the relative increased strength of the monsoon means persistent cloud cover reduces in-
coming shortwave radiation, dampening diurnal variability (Kattel et al,, 2012; Heynen et al,,
2016). Incorporation of these diurnal LR differences with season would have a significant impact
on distributed glacier melt calculations, particularly for glaciers that have large sections lying

along the 0°C isotherm and summer-accumulation type glaciers.

Corrections to LRs for glacierised locations have been found to be necessary elsewhere, e.g. the
Swiss Alps (Petersen et al., 2013), Italian Alps (Caturan et al., 2014), Chilean Andes (Pellicciotti et
al,, 2014), Chilean Patagonia (Bravo-Lechuga et al., 2019) and Tibetan Plateau (Shaw et al., 2021).
On-glacier bias correction combined with variable LRs were found to produce the most reliable
estimates of melt (Bravo-Lechuga et al,, 2019). The analysis here found no evidence of “glacier

cooling” from the on-ice Changri Nup records, with measured temperatures often higher than
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those seen at Kala Patthar situated 100 m lower. Kala Patthar likely experienced greater topo-
graphic shading than Changri Nup, from Mount Everest in the morning, and Kala Patthar ridge in
the afternoon (Figure 3.5). Glacier cooling was also found to be occasionally absent on the termini
of Tibetan glaciers, with boundary layer divergence, warm up-valley winds, and debris cover/val-
ley floor heating proposed as potential causes (Shaw et al., 2021). Here, LRs were also not lower
between higher elevation station pairs in the nival-glacier regime (>4,260 m.a.s.l.) than other
pairs, except between Changri Nup and Pyramid (Table 3.3). Local dynamics (such as cold-air
pooling or katabatic winds) and the siting of stations with regards to topographic shading should

therefore be considered when deriving LRs from measurements.

Distributed EBMs often assume a linear relationship between relative humidity with elevation
(Klok and Oerlemans, 2002), which is not the case in reality, particularly in this region during the
monsoon. To address this, and given the large altitudinal range (and therefore atmospheric pres-
sure and temperature range) of the weather station network, the mixing ratio was calculated. The
higher daytime MR seen in both seasons at Namche could potentially result from evapotranspi-
ration, and may explain the absence of this trend for stations well above the treeline (approxi-
mately 4,100 m.a.s.l. for this region, Gaire et al., 2014, 2017). For Pyramid and Kala Patthar, the
absence of a diurnal cycle during the monsoon means that seasonal LRs that disregard time of

day could be used for distribution of meteorology; saving computational expense.

It is also worth considering diurnal patterns outside of the monsoon at glacierised heights.
Though in situ measurements are lacking, the drier air at the elevation of Khumbu Glacier indi-
cates that sublimation could be a significant component of the glacier mass balance budget, par-
ticularly outside of the monsoon in the ablation zone and all seasons in the accumulation zone. As
temperature-index models do not resolve sublimation, distributed EBMs that account for this
process and its spatial variability (driven by wind and MR) are preferable, particularly outside of
the monsoon (Litt et al.,, 2019). Mixing ratio LRs rather than RH LRs are perhaps preferable for
distribution of atmospheric moisture in glacier models, particularly for glaciers that have a large

altitudinal range and therefore atmospheric pressure and temperature range.

Weak negative precipitation lapse rates were found in the Dudh Koshi (also found by Salerno et
al, 2015 and Yang et al., 2017), perhaps due to a combination of monsoon precipitation weaken-
ing with elevation and latitude (aided by the north/south valley orientation) and undercatch of
solid winter precipitation and due to high winds by the tipping buckets of higher elevation sta-
tions. Kala Patthar will be particularly prone to both given its high elevation and exposure, mean-
ing winter precipitation will be particularly underestimated. The signal of the precipitation LR
can depend on the dominant precipitation mechanism; winter westerly dominated regions often

have positive LRs (Steinegger et al., 1993) and monsoon dominated regions often have negative
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LRs (Seko, 1987, Bookhagen and Burbank, 2006 and Yang et al.,, 2017). The Tropical Rainfall
Measuring Mission (TRMM) dataset also exhibits a decrease in precipitation above 2,100 m.a.s.l.
(Bookhagen and Burbank, 2006). The lack of precipitation observations above 5,600 m.a.s.l.
means that it is not possible to verify whether the direction/strength of precipitation LRs into
glacier accumulation areas, and precipitation at this elevation is not well resolved in climate rea-

nalysis, satellite or model products.

Precipitation LRs using observations have been found to work well for glacier modelling of some
catchments, and save considerable computational expense (e.g. Immerzeel et al,, 2014). However
the spatial heterogeneity of precipitation with topography makes it likely that the weak LRs found
in this study will not apply everywhere in the catchment, and so could produce erroneous melt
calculations if used to distribute precipitation for a glacier model. To capture this variability more
complex distribution approaches, with reduced computational expense relative to dynamical
downscaling, could include kriging (Kumari et al., 2017) and linear orographic precipitation mod-
elling (Smith and Barstad, 2004 and Weidemann et al., 2018), where precipitation is estimated
by the orographic uplift of air (assuming stable conditions). For longer-term glacier evolution
studies, as opposed to high-resolution seasonal studies, cumulative solid precipitation is of most
importance and so LRs derived from in situ measurements could play a key role. Precipitation
distribution in this region poses multiple challenges, many of which would be resolved with
multi-year, well-maintained precipitation gauges that deal with solid precipitation and cover a

range of elevations.

The monsoon wind regime was characterised by a weakened diurnal cycle, consistent southerly
direction of flow, and lower and more consistent wind speeds (Figure 3.4a) which may be at-
tributed to the retarding effect of glacier cooling on daytime up-valley winds (Yang et al,, 2017
and Potter et al.,, 2018). There was no coupling between the upper-level wind and the valley wind,
and the dominant mechanism was clearly driven by the pressure gradient, created by differential
heating during the day and causing up valley flow, largely constrained by valley orientation (Fig-

ure 3.4 and 8).

Kala Patthar is the exception to this pattern, with wind direction and speeds indicative of either
a frequent katabatic flow from the Changri Nup glacier (from the direction of the Changri Nup
AWS) or perhaps the prevailing winds of the free atmosphere given the exposure of the site. The
wind direction is more consistent during the day, perhaps as the orientation adjusts with sunrise
(Figure 3.7c) (Bollasina et al., 2002). The katabatic wind may be triggered by the consistently
lower temperatures over the clean ice sections of Changri Nup glacier relative to the surrounding
land (Ayala et al., 2015). Higher resolution models capture persistent katabatic and fohn winds

that affect near-surface air temperature and fluxes, thus inhibiting or enhancing glacier melt,
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respectively (Cape et al., 2015). It was found that ice masses dampen up-valley flow in the Dudh
Koshi when modelled with the Weather Research Forecasting model at 1 km resolution, and when
removed up-valley flow strengthened (Potter et al., 2018). Incorporating this feedback on the lo-
cal wind regime with future change in ice volume would be a highly valuable and novel area of

research.

The diurnal and seasonal patterns of surface wind speeds were fairly well resolved by ERA-5
(Figure 3.8) but wind speeds were markedly lower than observations. The gradient was steeper
for monsoon daytime (Figure 3.8a and e) than the non-monsoon daytime (Figure 3.8c and g) rel-
ative to a 1:1 relationship, potentially due to the AWS being sheltered. Downscaling of ERA-5 to

the valley-scale could feasibly be carried out through extrapolation of this line.

Surface roughness is likely to increase the wind speed variability seen at weather stations, which
will not be resolved by ERA-5 given the low spatial resolution (31 km) demonstrating the risks of
using coarse resolution datasets which have not been downscaled or bias corrected. A correction
factor was applied to the ERA-5 10 m wind data to match the height of the observations (here 5
m) using the logarithmic wind law method. This resulted in a reduction of the ERA-5 wind speeds

by 31%, widening the discrepancy between observations and ERA-5 even further.

The wind correction carried out here is also limited in several ways. For example, it does not
account for valley terrain enhanced winds, or weakened winds through sheltering, and assumes
a logarithmic wind profile in neutral flow. Locations that have temperature measurements at dif-
ferent heights could apply an additional temperature stability correction to this logarithmic pro-
file (Quincey et al., 2017). Wind can redistribute snow and alter turbulent heat fluxes, particularly
on glacier surfaces with high surface roughness from crevassing or heterogeneous debris cover
(e.g. Khumbu Glacier, Quincey et al., 2017). Recent modelling work for the Tien Shan indicates
this could be significant, with a mean annual glacier mass balance increase (decrease) of 32%
(24%) following a 54% increase (decrease) in mean hourly wind speed (Che et al., 2019). The
resolved seasonality of ERA-5 surface winds but marked difference in absolute values relative to
observations, suggests bias correction may be adequate, with linear scaling factors needed be-

tween 2.47 and 5.17 following height correction (Table 3.2).

The albedo on Changri Nup Glacier was highly variable throughout the measurement period, and
indicative of frequent snow presence, including at times during the monsoon (Figure 3.11),
though snow melt (albedo decay) and presence of dirty ice is higher between June and September.
The high variability is likely the result of the snow cover remaining well below 0.35 m during the
measurement period (Figure A2) making it susceptible to melt, exposing the darker underlying
ice. There is an asymmetric pattern, with a rapid rise in albedo following snowfall, and a subse-

quent slower darkening with ageing of snow. There is evidence of two seasons of high albedo
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straddling either side of the monsoon. The low albedo measured in mid-June was likely triggered
by increased melt (and melt-out of englacial debris) and ageing of snow though rising albedo in
July 2010 and 2011 suggests precipitation was falling as snow at points during the monsoon. The
darkening observed in March 2010 also followed high concentrations of atmospheric black car-

bon (Vuillermoz et al,, 2015).

Accurate estimates of glacier albedo are essential for glacier modelling (Schmidt et al., 2017), and
to assess the contribution of the snow-ice-albedo feedback mechanism on elevation-dependent
warming (Sharmer et al.,, 2019). However, they are rarely available at appropriate temporal or
spatial resolutions. In situ measurements, such as those presented here, can account for processes
that satellite imagery (e.g. MODIS snow albedo products) are unable to capture because of their
relatively coarse spatial resolution, persistent cloud cover, and the limited sub-daily products that
are available. They offer a vast potential improvement over using a single albedo value, and would
be improved further by the installation of several further AWS to capture the spatial variability
more robustly. This approach would still be limited, however, by not capturing the low albedo
zones associated with surface meltwater ponds (Watson et al., 2016) and conversely, high albedo

zones associated with exposed ice cliffs (Buri et al., 2016).

3.6 Conclusion

High elevation meteorology observations are required to force glacier models and for dynam-
ical/statistical downscaling, as well as to calibrate and validate results from both. The high eleva-
tion network examined here, with an altitudinal range of 3020 metres, is unique in High Mountain
Asia, and thus provides a critical insight into the intricacies associated with the complex orogra-
phy. Lower elevations observations that are often used as substitutes would fail to capture the
complex meteorology in the glacierised zones. This analysis has revealed key diurnal, seasonal
and spatial patterns in meteorological variables in the Dudh Koshi catchment of the Nepal Hima-
layas, using data from 6 weather stations. The analysis of this dataset has also made steps towards

bridging the inter-disciplinary gap between the use of in situ meteorology for glacier modelling.
Following this analysis, the following several key concluding remarks are made:

e TheIndian summer monsoon has a profound impact on the Everest region of Nepal, bring-

ing increased and more consistent temperatures and mixing ratios to all elevations.

e Temperature lapse rates vary seasonally and according to the time of day. For station

pairs with >1 km elevation difference, daytime LRs during the monsoon (non-monsoon)



80

Meteorology of the Everest region

were 0.58-1.57°C (0.22-0.57°C) per km relative to night-time LRs. The approach used to
split LRs by time period used in this study would produce more accurate results than us-
ing a mean LR for the whole year, and would be less computationally intensive than use

of variable lapse rates.

The wind regime was clearly driven by temperature-induced density gradients, con-
trolled by topography, with no coupling with the upper-level winds. This was apparent
throughout the year but dampened with the arrival of the monsoon. Wind speeds were
significantly underestimated by ERA-5, although seasonal and diurnal patterns were cap-
tured. ERA-5 is therefore not a suitable substitute for observations in this region, and at

the very least height and bias correction should be conducted.

Precipitation reduced slightly with elevation, although the relationship with height is less
clear than that of temperature and mixing ratio. The signal is likely a combination of mon-
soon weakening with elevation and latitude, and undercatch of snowfall at high eleva-
tions, or total precipitation under high winds. Precipitation remains one of the greatest
uncertainties of mountain glacier modelling with few in situ high elevation sensors. Pre-

cipitation inputs for future glacier predictions pose even greater challenges.

The Ev-K2-CNR weather station network provides a rare insight into the meteorological
complexity of this region and how this can be effectively captured for glacier modelling.
For multi-year glacier modelling studies, statistical downscaling is particularly valuable
and saves considerable computational expense relative to dynamical downscaling. The
sensitivity of the glacier model to different input variables should be analysed to help de-
termine which variables need particular focus, and inform more complex downscaling
approaches (often required for precipitation in particular). In situ meteorological and
glaciological records are invaluable both for the first steps of ascertaining LRs, bias cor-

rection and the final steps of validation of model output.
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Chapter 4 Investigating the sensitivity of Khumbu Glacier mass

balance in the present day

4.1 Introduction

The previous chapter analysed the local meteorology of the Everest region, and discussed the
implications of using in situ data for glacier modelling. Here COSIPY (version 1.3; Sauter et al,,
2020), currently considered a leading open-source method for estimating glacier mass balance,
is used to investigate the present-day mass balance of Khumbu Glacier and explore the sensitivity
of the glacier to differing meteorological inputs. Khumbu Glacier is located on the southern flanks
of Mount Everest, and has the world’s highest accumulation area, sitting at an elevation of around
7,500 m.a.s.l.. It terminates at approximately 4,900 m.a.s.l. and the flat tongue has a highly heter-
ogenous surface of thick mantles of debris, supraglacial ponds and ice cliffs (Rowan et al., 2015,

Watson et al., 2016 and Quincey et al., 2017).

Khumbu Glacier experiences cold and dry winters, warm summers, and the strong influence of
the monsoon means it is classified as summer-accumulation type. The monsoon onset is generally
in June, although this is highly variable from year-to-year, and some studies estimate that it brings
90% of the annual precipitation (Salerno et al,, 2015). Snow melt begins in the pre-monsoon
(May), and ice melt peaks during the monsoon (July) at the lower elevations of the glacier (Boc-
chiola etal., 2020). Changri Nup (5,700 m.a.s.l.) and Kala Patthar (5,600 m.a.s.l.) weather stations
see temperatures around freezing throughout the monsoon (Chapter 3), and so it is likely that
solid precipitation dominates above these elevations. A network of stations installed in 2019 as
part of a National Geographic expedition reveal that during the monsoon of 2019 at Camp II
(6,464 m.a.s.l.) temperatures rarely went above freezing (Matthews et al.,, 2020). Preliminary
analysis of this meteorological data has revealed that ablation (largely sublimation) of up to 60
mm a'l is possible in the upper reaches of the glacier primarily as a result of the significant in-
coming shortwave radiation, despite temperatures being well below freezing (Matthews et al,,

2020).

Mass balance measurements of Khumbu Glacier were conducted in August 1974 by the Glacio-
logical Expedition of Nepal (Mae et al., 1975) to aid the first study on the mass budget of a Hima-
layan glacier (Inoue, 1977). Thermal drilling at Base Camp (5,550 m.a.s.l.) revealed an annual melt
rate of -3.74 m w.e. and ablation stakes elsewhere found rates of -0.9 m w.e. at Lobuche (~5,000
m.a.s.l.) and -0.45 m w.e. at the terminus (4,800 m.a.s.l.). The inaccessibility of the upper reaches

of the glacier meant accumulation rates were not measured, but it was observed that
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accumulation could not just be from precipitation falling directly onto the glacier as accumulation
rates would otherwise be less than one third of the measured ablation rates. Therefore, mass gain
of snow from the steep surrounding walls is thought to contribute between 66% and 75% to ac-
cumulation rates. Thick debris towards the terminus of the glacier is known to insulate the un-
derlying ice, to the extent that peak ablation occurs several kilometres up-glacier, around the po-
sition of Everest Base Camp (EBC, 5,550 m.a.s.l.). However, given that the debris is punctuated
with areas of clean-ice around ponds and ice cliffs, local ablation rates are highly variable. This
surface heterogeneity may partly explain the “debris cover anomaly” (Pellicciotti et al., 2015),
with debris-covered glaciers displaying similarly high ablation rates to clean-ice glaciers in re-

sponse to atmospheric warming (Brun et al., 2018).

This ablation pattern was confirmed by satellite imagery studies (Nakawo et al., 1999) that found
ablation and downwasting peaked just below the ELA (near EBC) where debris is thin or absent,
and then decreased towards the terminus (Bolch et al., 2016). The velocity reduced linearly from
EBC to the terminus. The area around EBC is likely the transition zone between the active parts
of the glacier, and the stagnant debris-covered tongue (Bolch et al., 2016 and King et al., 2020).
These observations are all associated with a glacier in negative mass balance (Kirkbride and De-
line, 2013). Most of what is understood of the mass balance of Khumbu Glacier is via these types
of proxy-based approaches. Traditional methods of determining glacier mass balance (e.g. from
accumulation area ratios or measuring ELA variations) are not appropriate for Khumbu Glacier,
in part because of the inaccessibility of the accumulation area, but also as the surface debris cover
and non-uniformity of the ablation gradient complicates matters. Equally, the ELA can differ by
several hundreds of metres from the snowline due to the proposed significance of avalanching

for accumulation (Benn and Lehmkuhl, 2000).

Geodetic techniques have confirmed more recently that Khumbu Glacier is losing mass through
thinning rather than terminus recession, which contrasts with clean-ice glaciers. Differencing of
DEMs from 2002-2007 found area averaged mass balance rates of -0.45 + 0.52 m w.e. a-! for
Khumbu and -0.29 + 0.52 m w.e. a-1 for Changri Shar/Nup (Bolch etal., 2011). The same approach
was used with higher resolution DEMs from 2000 and 2015 (King et al., 2017), finding a spatially

averaged mass balance of -0.58 + 0.19 m w.e. a-! for Khumbu Glacier.

Ice flow modelling studies on Khumbu Glacier have been used to simulate past change and future
evolution of the glacier (e.g. Rowan et al., 2015, discussed in further detail in Chapter 5). These
approaches are great improvements compared to ice redistribution models (e.g. Shea et al,,
2015a) as they capture the ice dynamics that are integral to studying glacier change, and can re-
solve a spatially/temporally evolving debris layer which is of particular importance for Khumbu

Glacier (Rowan et al, 2015). However, traditionally these models are solely driven by
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temperature (and sometimes precipitation; Shea etal., 2015a) or by the height of the ELA (Rowan
etal, 2015).

Although temperature and precipitation are critical for glacier mass balance, Khumbu Glacier’s
extreme elevation range and location on the northern limit of the monsoon-dominated southern
slopes mean the meteorological drivers of mass balance are less well constrained. Here, sensitiv-
ity analyses will aid quantification of the EBM to the quality and quantity of the input data. Despite
the presence of in situ data that can aid model calibration and evaluation, to the best of our
knowledge, there have been no mass balance modelling studies of this kind on Khumbu Glacier,
particularly above the ELA. Addressing this specific knowledge gap forms the basis of this chap-

ter.

Glacier mass balance models calculate glacier-wide ablation rates from local meteorological con-
ditions. Distributed mass balance models are most commonly driven by meteorological variables
that are distributed from point-based observations using elevation-based lapse rates, to allow
catchment-wide melt calculations to be performed. The glacier surface energy balance (SEB) links
the glacier surface layer with atmospheric processes, with the ice surface acting as an interface
within which energy cannot be stored (Cogley et al., 2011). The exchange of energy fluxes at the
ice-atmosphere interface are illustrated in Figure 4.1. If the energy balance is positive and air
temperature is at or above 0°C, melt will occur. The subsurface processes are also critical for de-

termining runoff and refreeze, and thereby glacier mass balance.

out L"Nirl quut Qsens Q]at Qmelt Qliq

Figure 4.1 Glacier surface energy balance where SWin and SWout (LWin and LWout) are incoming and
outgoing shortwave (longwave) radiation, Qsens, Qiat, Qz and Qiiq are sensible, latent and ground
heat fluxes and the heat flux from rain, and Qmei: the energy available for melt.

In this chapter the drivers of mass balance are investigated using energy flux and melt component
analysis. The sensitivity of Khumbu Glacier mass balance to changing temperature and precipita-

tion is then assessed. Perturbations to meteorological parameters (varying temperature lapse
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rates and precipitation partitioning schemes) and glaciological variables (surface roughness and
albedo) are also performed. As all perturbations are within the range of real measurements (as
defined by in-situ AWS data or measurements from other studies), the results of these sensitivity

studies are useful to determine uncertainty in mass balance calculations.

Studies using the former COSIMA model and COSIPY have focused on smaller Austrian and Ti-
betan glaciers (e.g. Zhadang glacier; Huintjes et al., 2015b). This open-source mass balance model
has not yet been applied to a glacier of this scale, both in terms of size and elevation range, which
both lead to increased computational requirements. For example, Khumbu Glacier has an eleva-
tion range of 3,010 m and an area and length of 32 km2 and 16 km respectively (Nakawo et al.,
1999, Benn and Lehmkuhl, 2000; Rowan et al., 2015). This is significantly larger than Zhadang
Glacier which has an area of 2 km? and length of 2.2 km (Huintjes et al., 2015b, Zhang et al., 2017;
Sauter et al,, 2020). The impact of spatial resolution on mass balance results is also investigated
to assess the viability of applying COSIPY to large, complex mountain glaciers or even regional
scale mass balance studies. This would be an improvement on regional studies that derive mass

balance from ELA or accumulation area ratios.

The model was originally written for application to clean-ice glaciers (no surface debris layer).
While this is clearly a poor representation of the heavily debris-covered tongue of Khumbu Glac-
ier, the intention is to measure the impact of changing meteorology on glacier mass balance in
isolation. In the final section of this chapter, the impact of supraglacial debris on mass balance
model is calculated using a debris thickness dependent modification of ablation calculated spe-
cifically for Khumbu Glacier using the model by Evatt et al. (2015). This will allow comparison of
mass balance results to observations or simulations from other studies to assess its suitability to

generate mass balance forcings for future ice flow modelling (Chapter 6).
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4.2 Model description

The coupled snowpack and ice surface energy and mass balance model in Python (COSIPY) is an
open-source, distributed model (Sauter et al,, 2020) that is applied here to Khumbu Glacier. The
model is developed and modularised in Python from its earlier version (COSIMA), which has pre-
viously been applied to the Purogangri ice cap (Huintjes et al., 2015a), to Zhadang Glacier (Huint-
jes et al,, 2015b) of the Tibetan Plateau, and to Grey and Tyndall Glaciers of Patagonia (Weide-

mann et al., 2018), amongst others.

COSIPY integrates a SEB model with a multi-layer snow and ice model (Weidemann et al., 2018).

[t thereby resolves all energy fluxes (F) at the ice surface that contribute to surface melt (Qmer)
F=S5Win- (1 - (Z) + LWin + LWout + Qsens + Qlat + Qg + Qliq.

Where SWi, is incoming shortwave radiation, a is albedo, LW;, and LW are incoming and out-

going longwave radiation and Qsens, Qiat, @y and Qiiq are the sensible, latent and ground heat fluxes
(Oerlemans et al., 2001), and the heat flux from liquid precipitation. The latter is often neglected
in melt models (Cuffey and Paterson, 2010), but is of particular importance here as the Indian
summer monsoon brings a significant amount of liquid precipitation to the lower reaches of

Khumbu Glacier.

If Quac is negative, ablation will occur through sublimation even in instances where surface tem-
perature (Ts) and/or air temperature (Tair) are well below melting point (0°C). The resultant F is
equal to the energy available for surface melt (Qmel,, Figure 4.1 and equation 4.2 below) when Ts
is at melting point (0°C). Ts is used to calculate LWout, Qsens, Qiat, Qe and partition solid and liquid
precipitation (section 4.1.3). When T, exceeds the melting point it is reset to 0°C (273.15 K) and
the residual F fluxes equal Qmere. In this instance, subsurface melt is triggered when the energy
fluxes, e.g. penetrating SWi, warm the ice layer so that Ts exceeds the melting point of ice (Sauter

etal, 2020).

The exchange processes at the surface, including energy release and consumption with phase
changes, control temperature distribution and phase changes within the glacier (comprised of
horizontal ice and snow layers). The coupling of the SEB component with a multi-layer subsurface
snow and ice model accounts for meltwater refreeze and percolation, with the meltwater pro-
duced from the surface melt calculations, acting as an input. The mass balance (MB) is calculated
at an hourly resolution, with the accumulation rates coming from this refreeze of meltwater (cr),
and the accumulation of solid precipitation (csiiq) on the ice surface (Figure 4.2), as well as depo-
sition of water vapour (Sauter et al., 2020). Ablation is by subsurface and surface melt and subli-

mation.

(4.1)



86 Khumbu Glacier mass balance

This is described as follows

_ Qmert ~ Quat (4.2)

MB Lur L, t Csotia T Cref

where Qe is the energy available for surface melt, Ly and Ls are the latent heat of melt (3.34x105
] kg'1) and sublimation (2.849x10¢ | kg1), respectively. T; links these surface and subsurface

model components.

Accumulation can also occur through avalanching onto the glacier. This is known to be a signifi-
cant process for Khumbu Glacier (and indeed many other Himalayan glaciers) via the steep
hillslopes of the Western Cwm accumulation area (Benn and Lehmkuhl, 2000). Accumulation by
avalanching is generally not accounted for by mass balance models, but is resolved with the iSO-

SIA ice flow model and discussed further in Chapter 6.

Precipitation

D Mixed phase
[ soo

D Ligquid
D Vapour

Surface melt

Figure 4.2 Schematic of processes that contribute to ablation and accumulation on a land-termi-
nating glacier. Dashed lines demonstrate processes that are not treated by the model. Modified
from Cogley et al., 2011.

Surface albedo («) at a given hour (i) is parameterised following Oerlemans and Knap (1998),
first through assuming that asow(¥ depends on the age of the snow; a function of snowfall fre-

quency and snow depth with

(4.3)
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tSTlOW (l) )

Xsnow ® = afirn + (afreshsnow - afirn) exp( £

where tg0u(V is the time since last snowfall at a given hour (i) and t"is the time taken for snow to

decay to firn. The transition to ai. when snow depth is low is calculated as follows

; . . —h (4.4)
a® = Asnow © + (aice — Asnow (l)) exp (d*>
where h is the snow depth, and d” the constant for the effect of snow depth on albedo. Albedo
values for each of these components are pre-determined in the model, and the values chosen for

the reference run are outlined in Table 4.4.

The turbulent fluxes comprise sensible (Qsens) and latent heat (Qua) fluxes, which are determined
through the bulk aerodynamic method (Hock et al., 2005 and Brock et al.,, 2010). The temperature
difference between the glacier surface and overlying boundary layer determines the direction of
the sensible heat flux. When the Tai- is higher than the glacier surface temperature (Ts), Qsens heat
is transferred from the boundary layer to the glacier surface. The direction of Qi.c is dominated by
the vapour pressure gradient. If atmospheric vapour pressure is higher than that at the glacier
surface, there is a transfer of moisture from the boundary layer to the glacier, releasing latent

heat.

The turbulent heat fluxes were calculated following Oerlemans (2001) between the glacier sur-

face and the instrument height (~2 m)

Qsens = Pair - Cp - Cse - U - (Tair — Ts) 5)
Qiat = Pair -LEss - Ciat - U - (Gair — qs) (4.6)
where pqir-is air density, derived from air pressure (P), Tair and specific humidity at a height
of 2 m, ¢, is the specific heat capacity of air (1004.67 ] kg-1 K-1), Lgis the latent heat of evaporation
(2.514x10¢ ] kg1), and Ls of sublimation (2.849x10¢ ] kg1). Q.i- and g, refer to specific humidity
at instrument height (2 m) and at the surface, calculated from RH, P and saturation water vapour

pressure.

The bulk transfer coefficients for sensible (Cse) and latent heat (Cia), or the Stanton and Dalton

numbers respectively, are calculated as follows

oo b )
Clar = K [ln (%)] . [ln (i)] “8)
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where kis the von Karman constant (0.41), z the instrument height (2 m) and zs:and zy, the rough-
ness length for sensible heat and for moisture (zo/10). COSIPY uses the typical values of zo,/100
and zo/10 for these roughness lengths, respectively, though in reality these are fairly poorly un-

derstood.

Alinear scale for 7o is used, from 0.24 mm for fresh snow to 4 mm for firn (aged snow). This scales
over 60 days according to the method from Molg et al. (2012). If there is no snow present, the zg
is that of clean ice (1.7 mm; Table 4.4). The roughness length is updated depending on the hours

since last snowfall and snow height.

The model uses a vertical structure that is defined here as being 30 m thick, comprising layers
that are 0.5 m thick. As this chapter focuses on the interaction of meteorology and glacier MB, a
description of the subsurface model is not included. Information regarding the schemes used for
percolation, penetrating shortwave radiation, refreeze and densification can be found in Huintjes

etal. (2015b).

COSIPY was selected as it is one of very few open-source distributed EBMs available, and also
calculates sublimation (unlike those designed by Reid and Brock, 2010 and Lejeune et al., 2013);
an important ablation process for high elevation glaciers particularly outside of the monsoon
(Bonekamp et al,, 2018). The absence of mechanisms that represent avalanching and the impact
of supraglacial debris on ablation is a limitation of this model for Khumbu Glacier. However, a
mass balance model that includes both mechanisms does not currently exist. Integration with the
ice flow model, iSOSIA (Chapter 6), which includes mechanisms that transport avalanched snow
and debris from hillslopes supraglacially and englacially, and parameterises the impact of suprag-
lacial debris on ablation, means that, though these limitations are apparent in this Chapter, these

will not have implications for the glacier change projections (Chapter 6).

4.2.1 Meteorology inputs and distribution

The model is forced by hourly 2 m air temperature (K), total precipitation (mm), relative humidity
(%), air pressure (hPa), wind speed (m/s), incoming shortwave radiation (W m-2) and either in-
coming longwave radiation (W m-2) or cloud cover fraction. Snowfall (m) is also an optional input,
and when not given the total precipitation is partitioned to estimate snowfall. The default
snow/rain partition scheme, or snow transfer function (STF), means the proportion of solid pre-
cipitation linearly transitions from 100% at 0°C to 0% at 2°C (Figure 4.3) as in Hantel et al. (2000)
and Weidemann et al. (2018).
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Figure 4.3 Default snow transfer function (STF) used to partition rain and snow.

Temperature, precipitation, snowfall and relative humidity are all interpolated across the domain

through linear lapse rates
Vinterp = (V) + (pixelAlt — stationAlt) - LRV (4.9)

where Viuerp is the variable to be interpolated, V is the hourly variable in question (e.g. tem-

perature or precipitation), pixelAlt is the elevation (m.a.s.l.) of the target pixel in the domain, sta-
tionAlt the elevation (m.a.s.l.) of the station (e.g. Pyramid rain gauge at 5,035 m.a.s.l.) and LR_Vis
the specified LR. For the majority of simulations, the same temperature LR is used across the
simulation period. However, the MB sensitivity to LRs that differ depending on season or time of
day is examined later in this chapter. Also note that the distribution is from a prescribed elevation,

not from the exact location (latitude/longitude) of the AWS.

The radiative and turbulent fluxes are critical determinants of the SEB. In reality, SWi, is modified
through local cloud cover and atmospheric structure, topography, and the seasonal cycle. In CO-
SIPY, the temporal radiation cycle is calculated by considering the day of year, solar zenith and
azimuth angle, solar radiation measured horizontally and the zenith threshold. The direct radia-
tion across the domain is corrected by the slope, azimuth (Figure 4.4) and shadowing potential of
each pixel across the domain (Ham, 2005, Wohlfahrt et al., 2016 and Sauter et al., 2020). A foot-
print weighted correction is also applied to horizontal measurements of net radiation. The frac-
tion of diffuse SWi, is estimated by using the ratio of total shortwave (global) radiation and po-
tential shortwave radiation to define a clearness index (Wohlfahrt et al., 2016). This clearness

index is used to calculate diffuse radiation, which is calibrated with data from Neustift, an eddy
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covariance station in the Austrian Alps (Wohlfahrt et al., 2008). In this chapter, the distributed
radiative fluxes are compared with high elevation stations in 2019 to assess the efficacy of this

method across the domain.

Pressure (P) is first distributed by calculating sea level pressure (SLP)

0.0065 * stationAlt ) . (4.10)

SLP =P (1 B 288.15

where 0.0065 is the environmental lapse rate, 288.15 the standard sea level temperature (Lente
and Osz, 2020). P is then interpolated (P_interp) across the domain with the barometric equa-

tion

Pinterp = SLP.(1 — 0.0065 . pixelAlt)/(288.15) ~52%3, 411)

4.2.2 Sub-debris ablation correction

The thick debris mantle which is ubiquitous across the 7 km tongue of Khumbu Glacier acts to
insulate the ice from atmospheric forcing. This relationship between debris thickness and melt is
well conceptualised (@strem, 1959), though this is not uniform over space and time. Kayastha et
al. (2000) measured ablation beneath debris thicknesses of <40 cm, yet thicknesses greater than
this dominate on Khumbu Glacier. In the absence of recent in situ measurements of ablation under
thick debris, a sub-debris ablation model was used to produce a Khumbu specific @strem curve
for the study period (as seen in Figure 2.5). The dynamic ablation due to debris from ice model,
or “DADDI”, model resolves distributed temperature within the debris layer by estimating debris
skin temperature and using prescribed debris conductivity. Evatt et al. (2015) provides an in-
depth description of the DADDI model. In the absence of observed melt rates under thick debris
on Khumbu Glacier or neighbouring glaciers, the model is used to produce a Khumbu specific melt

reduction curve to be applied to the simulated clean-ice mass balance produced by COSIPY.

Although the majority of ablation occurs in the summer months (Wagnon et al,, 2013), the MB
modelling showed evidence of ablation occurring in the pre-monsoon and post-monsoon. There-
fore mean temperature and relative humidity for the mean elevation of the debris-covered tongue
for the months of May until October for 2013-2015 were used to force the DADDI model (0.24°C
and 74%, respectively). Ice surface temperature was assumed to be 0°C as with COSIPY. SWj, and
LWi, were 241 and 253 W/m2 and wind speed 1.7 m/s. The thermal conductivity of the debris
layer was 0.98 W m-! K-1, taken from Rowan et al. (2017) which is also the mean of measurements
taken across Khumbu Glacier by Conway and Rasmussen (2000). The albedo of debris and ice

were 0.15 and 0.4, respectively (Inoue and Yoshida, 1980; LeJeune et al., 2013).
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Figure 4.4 Modelled sub-debris ablation curve for Khumbu Glacier 2013-2015 using the “DADDI”
model from Evatt et al. (2015).

4.3 Application to Khumbu Glacier

4.3.1 Weather station data

The period for the reference and sensitivity experiments is January 1st 2013 until December 31st
2015 (Figure 4.5). All meteorological data excluding precipitation used for the reference simula-
tion were from the West Changri Nup (WCN) on-glacier AWS at 5,363 m.a.s.l; part of the glacio-
clim network (Table 4.1). WCN is mostly debris-free, but the AWS is located on a small area of
debris that is 21-26 cm thick, within the range of thicknesses measured on the upper tongue of
Khumbu Glacier (Rounce et al., 2014, 2018; Rowan et al., 2015). The data are less intermittent
than other nearby weather stations. The precipitation data were from the Pyramid precipitation
gauge installed at 5,035 m.a.s.l.. This gauge provided a longer period of continuous data than the

gauges used in the previous chapter, and so was used in place of this dataset and study period.

The data were acquired from the glacioclim website run by Dr Patrick Wagnon (https://glacio-
clim.osug.fr/). For these stations there is clear explanation of the post-processing applied to the
data, which is particularly important for interpreting patterns of precipitation. The temperature
was adjusted to match the height of the Geonor precipitation gauge (5,035 m.a.s.l,, thatis also part
of the glacioclim network) using hourly LRs that averaged 0.00554°C/m. The model was run for

both elevations using the non-adjusted temperature data (for 5,336 m.a.s.l.) and the adjusted
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temperature data (for 5,035 m.a.s.l.) and it made little impact on model results. Up to 13% of the
WCN temperature records were missing. Missing data were replaced by interpolating Pyramid
AWS data from the SHARE network (http://geonetwork.evk2cnr.org/) and the same LR as above.
The interpolated results were compared with preceding/succeeding periods from the same AWS
and months. Data available from November 2014 from the debris-covered north Changri Nup
AWS (5,470 m.a.s.l, also from the glacioclim website) were also used for comparison with the
interpolated data. Higher elevation distributed data are compared with measurements from
Camp II (6,464 m.a.s.l.) and South Col (7,945 m.a.s.l.) (Matthews et al., 2020, available via
https://www.nationalgeographic.org/projects/perpetual-planet/everest/weather-data/).

Measurement periods in Table 4.1 show the data that had been released at the time of writing.

Precipitation was measured using a Geonor T-200BM sensor mounted 1.8 m above the surface,
and logging at 15-minute intervals. Evaporation from the bucket is supposedly blocked by a layer
of oil but still occurs, as evidenced by values below 0 mm. Noise from wind and evaporation were
corrected by compensating any negative change over the 15-minute time step with the neigh-
bouring positive value (and so accumulated precipitation was unchanged). Periods with pro-
longed evaporation were set to zero. Undercatch due to snowfall was corrected through precipi-
tation phase partitioning and mostly through wind speed (Forland et al.,, 1999; Wagnon et al,,
2009). Snowfall can be given as an input to the model, yet given the high degree of uncertainty
both from in situ data and climate reanalysis and modelled products for this region, the total pre-

cipitation was partitioned using the scheme shown in Figure 4.3 instead.
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Figure 4.5 Daily total precipitation and hourly temperature with 20 day running mean in black,
and of period for reference run. Temperatures above freezing (273.15 K) are coloured red, and
those below coloured blue. Other meteorological forcings for this reference period are shown in
Figure Al.
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AWS

Pyramid_1

Pyramid_2

West
Changri
Nup

Camp II

South Col

Elevation

(m.a.s.l)

5050

5035

5363

6464

7945

Lat/Lon

27.990°N

86.829 °E

27.95888 °N
86.81361°E

27.983237°N

86.7791°E

27.9810°N
86.9023°E

27.9719°N
86.9295°E

Measurement pe-

riod

2002-2019 (inter-

mittent)

Dec 2012 - Nov
2016

Dec 2010 - Nov
2019

May 2019 - Nov
2019

May 2019 - Nov
2019

Parameters

T, RH, Pressure, u,

wind direction,
Prec. Snowfall

K{, KT, L, LT

Prec

T, RH, Pressure, u,

wind direction,
K{, KT, L, LT

T, RH, Pressure, u,
wind direction,
K, KT, L{, LT

T, RH, Pressure, u,

wind direction,

K!, KT, L, LT

Khumbu Glacier mass balance

Purpose

LR calculation to match WCN T to Pyra-
mid_2

Infilling of WCN temperature records

Model input for reference simulation

Model input for reference simulation

High elevation validation

High elevation validation

Table 4.1 AWS data used as inputs of reference simulation and interpolated meteorology.

Source

http://geonetwork.evk2cnr.org

Salerno et al. (2015)

https://glacioclim.osug.fr/Donnees-himalaya
Wagnon et al. (2013)

Sherpaetal, (2017)

https://glacioclim.osug.fr/Donnees-himalaya
Wagnon et al. (2013)

Sherpa etal, (2017)

https://www.nationalgeographic.org/pro-

jects/perpetual-planet/everest/weather-data/
Matthews et al. (2020)

https://www.nationalgeographic.org/pro-

jects/perpetual-planet/everest/weather-data/

Matthews et al. (2020)


http://geonetwork.evk2cnr.org/
https://glacioclim.osug.fr/Donnees-himalaya
https://glacioclim.osug.fr/Donnees-himalaya
https://www.nationalgeographic.org/projects/perpetual-planet/everest/weather-data/
https://www.nationalgeographic.org/projects/perpetual-planet/everest/weather-data/
https://www.nationalgeographic.org/projects/perpetual-planet/everest/weather-data/
https://www.nationalgeographic.org/projects/perpetual-planet/everest/weather-data/
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4.3.2 Static surface data

A 30 m digital elevation model (DEM) was acquired from the Shuttle Radar Topography Mission
(SRTM) (Farr et al., 2007). The DEM was degraded for experiments with coarser spatial resolu-
tion. Aspect and slope were calculated from the DEM using Python programming packages gdal,
rasterio and xarray. Glacier outlines were from the Global Land Ice Measurement from Space
(GLIMS) Randolph Glacier Inventory (RGI) version 6.0 released in 2017 (Arendt et al., 2015). The
outline of Khumbu Glacier represents ice extent in 2018 and has an area of 26 kmz2. It clearly
shows the detachment of the glacier from the debris-covered terminus of the tributary Changri

Nup glacier.

The Changri Nup and Changri Shar outlines were from the same source with a combined area of
13.95 km? and marked in grey (Figure 4.6). The mass balance of these two glaciers was also
modelled to assess the performance of COSIPY compared to observations (Figure A4), though
focus is on Khumbu Glacier. It should be noted that the Changri Nup/Shar glacier outlines are
known to be erroneous for this period. In reality, the debris-free West Changri Nup is
disconnected from the debris-covered Changri Nup glacier (Vincent et al.,, 2016 and Sherpa et al,,
2017). However, several studies (Bolch et al,, 2011 and Bocchiola et al,, 2020) have used this
GLIMS outline and so for comparitive reasons this outline is used. Equally, as the simulations are
included only briefly, simply to aid model evaluation through comparison with point
measurements, the total glacier area is not important. The outlines are treated as boolean masks

within the model.
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Figure 4.6 Static surface files for distribution of meteorology: (a) Khumbu Glacier mask (green)
and Changri Nup and Changri Shar (grey), (b) height of terrain, (c) aspect of slope and (d) slope of
terrain).

4.3.2.1 Debris thickness data for sub-debris ablation correction

Debris thickness estimates on Khumbu Glacier include those made manually (Soncini et al., 2016),
those simulated by ice flow models such as iSOSIA (Rowan et al., 2015, 2021) and those using a
combined thermal satellite imagery and melt modelling approach (Rounce and McKinney, 2014
and Rounce et al., 2018). Debris thicknesses derived by Rounce and McKinney (2014) were found
to be under-estimated when compared with in-situ measurements (Nakawo et al., 1986), due to
difficulties parameterising fluxes and temperature gradients within the debris layer. Also, ice
cliffs and/or meltwater ponds can exist within the same pixel as thick debris, thereby reducing
the surface temperature and the measured debris thickness. For this reason, debris thicknesses
estimated using an inverted sub-debris ablation model and elevation change derived from DEM
differencing were used (Rounce et al., 2018; Figure 4.7). The sub-debris ablation correction using

these 600 m bands will not produce high resolution mass balance estimates, but the improved
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consistency of this dataset relative to that of Rounce and McKinney (2014) will aid validation of

COSIPY following the clean-ice mass balance sensitivity analysis.

L]
& o
2
L]

E s .
=,
W [
-
=]
E |
5 Mo ponds
E 4 - ® With ponds
£ »
I
£
= L
m
]

2

L
L
L
a
o 05 1.0 15 20 25 30

Surface Debris Thickness (m)

Figure 4.7 Mean and standard deviation of estimated debris thickness of centrepoint of each band
as a function of distance from the glacier terminus (yellow) and the same but including suprag-
lacial ponds and ice cliffs (blue). Data from http://doi.org/10.5281/zenodo.120620.

4.4 Sensitivity experiments

4.4.1 Reference Simulation

The reference simulation is run from 2013-2015. Temperature and precipitation are distributed
from the elevation of the Pyramid gauge (5,035 m.a.s.l,; section 4.3.1) using linear LRs for distri-
bution across the domain (Table 4.2). The temperature LR represents the calculated mean from
all stations in the Ev-K2-CNR network, as in Figure 3.9 (Chapter 3) but for the measurement pe-

riod used within this Chapter.

For the purpose of model evaluation for this Chapter, the precipitation LR (0.00001% per km)
was calculated from observed accumulation rates from Sherpa et al. (2017) and Inoue (1977).
This method is of course based on the assumption that the sole source of accumulation is through
direct precipiation onto the glacier surface. In reality, avalanching is estimated to contribute to
accumulation rates by 66-75% (Benn and Lehmkuhl et al., 2000; Rowan et al., 2015). This process
is not represented in COSIPY and is challenging to quantify (Laha et al., 2017). The distribution of
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precipitation in this simplistic, linear way was purely conducted to aid validation of the spatially-
averaged simulated mass balance, though the precipitation LR used is very weak, which is the
case for those found across this region (Ageta and Higuchi, 1984). Validation of precipitation LRs
for the elevation range of Khumbu Glacier is not possible, with precipitation observations above
5050 m.a.s.l. absent. It is therefore assumed that precipitation LRs remain weak, and for the

purpose of the modelling studies for this Chapter, slightly positive with elevation.

The glaciological constants used in this reference simulation are included in Table 4.3.
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Figure 4.5 Reference run at 200m spatial resolution.

The glacier-wide clean-ice mass balance across Khumbu Glacier for this period is -3.4 m w.e which
equates to -1.13 m w.e a-1. The area of maximum ablation located on the tongue of the glacier
show cumulative melt rates of up to 16.23 m w.e. for the reference period. Ablation is set in mo-
tion in May (the pre-monsoon) (Figure 4.9 and 4.10). High precipitation events (Figure 4.6) can
be seen in the accumulation record, and if they occur outside of the summer months can offset
some of the ablation (as in October 2013 and May 2014; Figure 4.10). Higher minimum tempera-
tures in the winter of 2013 /14 relative to the other winters did not influence accumulation rates,
which are similar to those 0f 2014/15. The reduced precipitation in the monsoon months of 2015

(286 mm total compared to 330.8 mm and 333.9 mm for 2013 and 2014, respectively) led to
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lower accumulation in the upper reaches of the glacier. The 2015 monsoon was 10% drier than
the average monsoon total for the 2009-2015 period of 329 mm (using data from Sherpa et al,,
2017 and Chapters 3 and 5).
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Figure 4.6 Monthly mass balance sums of lower ablation area (solid line) and of the upper accumu-
lation area (dotted line). The threshold between ablation and accumulation (0 m w.e.) for the
lower ablation zone is marked with a dark red line. Note different y axes scales for ablation vs ac-
cumulation.

Lapse Rate Value Unit Source
T -0.00554 K per m Ev-K2-CNR network
Precip 0.00001 % per m Accumulation meas-

urements of Mera
(Sherpaetal., 2017)
Inoue (1977)

RH -0.002 % per m Calculated from Ev-
K2-CNR network and
validated with Nat

Geo network

Table 4.2 Lapse rates for meteorology distribution for reference run.
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Parameter Value Unit Source
Ufreshsnow 0.85 = MOlg etal. 2012 and
Changri Nup meas-

urements (Chapter

3)
Olfirn 0.6 - Oerlemans and
Knap, 1996 and Molg
etal. 2012
Qlice 0.3 = Molg et al. 2012
t 20 days Molg et al. 2012
d* 1.0 cm Molg et al. 2012
Zosnow 0.24 mm Gromke etal., 2011
Zofirn 4.0 mm Brock et al., 2006
Zoice 1.7 mm Brock et al., 2006

and Cullen et al.,
2007
Zo ageing length (linearly 60 days Molg et al. 2012

from Zosnow to ZOfirn)

Table 4.3 Glaciological constants used for reference run. The albedo values are widely used within
the literature. Zo values are less well parameterised, and in reality there is high spatial variability
on clean-ice but particularly debris-covered glaciers (discussed further in section 4.4.4).

4.4.1.1 Initial conditions

Simulated mass balance is highly sensitive to initial snow depth conditions, shown by three sen-
sitivity experiments using initial snow depths of 0, 0.5 and 1 m (Figure 4.10). The cumulative
mass balance and absolute values are similar until May 2013 where the increased temperatures
with the pre-monsoon bring significant mass loss for the experiment with 0 m of initial snow
depth. The maximum ablation difference is 1.05 m w.e. al between experiments with initial snow
depths of 0 and 1 m. The impact of differing initial snow depths on the maximum accumulation
are minimal yet is considerable for ablation rates and glacier-wide cumulative mass balance. De-
spite the overall high sensitivity of glacier mass balance, the temporal and spatial variability of

snow depth remains poorly constrained in the Himalaya.
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Figure 4.7 Cumulative mass balance of three experiments using three different initial snow condi-
tions.

As with total precipitation measurements across the HKKH, there is a paucity of snow depth
measurements. The Pyramid AWS measures snow depth though measurements are highly inter-
mittent. Fig A1 shows snow depth data from Pyramid for 2009-2015 taken from Rounce et al.
(2018). Assuming the January 2013 measurement is correct, the initial snow depth was low, at
least for the lower glacier elevations. The first 6 weeks of 2013 received considerably higher
snowfall than the preceding and succeeding years (Figure A2). The sum of total precipitation in
January/February 2013 was also 105 mm at Pyramid, compared with 45 mm in the same months
0f 2014, and 26 mm of 2015. The few snow depth measurements that are available include those
taken from a snow pitlocated at 5,601 m.a.s.l. on West Changri Nup Glacier on 4 May 2014, where
snow depths of up to 0.2 m were measured (Bocchiola et al., 2020). Therefore 0.5 m is considered
a reasonable estimate of initial snow depth that would also account for greater snow depths at
higher elevations. An initialisation period of up to 1 year is found to be required for the subsurface
module to adapt to local conditions. Therefore the first MB year (2013) is interpreted with cau-
tion, and focus is on the cumulative mass balance over the measurement period rather than spe-

cific years.
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4.4.1.2 Spatial resolution

The simulated maximum accumulation rate does not change significantly with resolution (Table
4.5). The accumulation area located from 6,500 to 7,000 m.a.s.l. saw rates of 2.1 to 3.9 m w.e. over
the study period. The 27 glacier points of the 1 km resolution simulation do produce a similar
spatial mean MB to the finer resolution experiments (Table 4.5 and Figure 4.11). However, there
are obvious gaps across the glacier, affecting the height of the ELA and significantly reducing the

calculated maximum accumulation.

The 30 m resolution experiment produces remarkably similar results to the 50 m resolution ex-
periment. Both of these finer resolution experiments capture greater spatial variability in mass
balance relative to the 200 m resolution experiment, particularly below the ELA between 5200
and 5400 m.a.s.l. (Figure 4.8 against Figure 4.12). The coarser resolutions fail to capture variabil-
ity that does not result from elevation. However, given that the height of the ELA and the modelled
maximum and minimum mass balances are not significantly different, the 200 m resolution ex-
periment is adopted for use in the sensitivity studies, benefitting from much reduced computa-

tional expense.

Experiment ELA height Max Accumula- = Max Abla- Spatial aver- Simulation
resolution (m.a.s.l.) tion (m w.e.) tion (m age MB (m time (hours)
(m) w.e.) w.e.)

30 5838 7.221 16.33 -2.09 62

50 5835 7.221 16.29 -2.02 33.5

100 5810 7.31 16.25 -2.22 11.5

200 5790 7.477 16.23 -2.12 2.7

1000 6050 3.7 14.57 -2.2 0.61

Table 4.4 Glacier mass balance characteristics with different spatial resolutions. Simulation time
is the sum of the pre-processing (the distribution of meteorology across the domain) and the core
mass balance simulation.
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Figure 4.9 30 m resolution reference simulation
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4.4.1.3 Energy flux and melt components

The contribution of the components to the SEB is investigated at five points along the glacier cen-
treline (Figure 4.13a) and varies substantially in both absolute values and seasonality. Net
shortwave radiation (Qsw) contributes the largest energy input to the surface at the lower eleva-
tion sites, and is the SEB component that correlates most strongly with Qmerc (with a mean corre-
lation coefficient of 0.79). The high temporal variability relates to varied cloud cover exhibited in
the hourly SWi, forcing and fluctuating albedo during the warmer months with the melting of the
snowpack. Qswis especially low at higher elevations. The high SWi, in the upper reaches indicate
this low Qsw is not through topographic shading. Qsw is correlated with albedo (r=0.86, not
shown), and the persistence of snow throughout much of the year will reduce Qmei. Modelled SWi,
matches closely to observations (Figure A3) indicating the radiation model performs fairly well
despite the extreme terrain. Net longwave radiation (Quw) also contributes to Qmelc as the pattern
of both fluxes correspond. At EB5950, EB6480 and EB7910 (Figure 4.13a), Quw sometimes rises
above zero during the monsoon, most likely from heavy cloud cover and increased temperatures
relative to the glacier surface. Qi is almost zero at the lower elevation sites as the arrival of the
monsoon brings higher RH, and this pattern is similar but dampened at the higher elevations. At

site EB7910, Qmerccorrelates exactly (r=1) with the sensible heat flux.
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a0 (b) EB4980

Energy Flux (W m?)

85360 (d) EB5950

Energy Flux (W m?)

(e) EB6480

Energy Flux (Wm?)

Figure 4.10 (a) Locations of energy balance (EB) points used for energy flux and melt components
analysis (named after corresponding altitude e.g. EB6480) and (b-f) 5-day average of energy
fluxes across study period for each site. Note that scales are different for (e) and (f) compared to
(b)-(d) due to the marked difference in absolute values.
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The energy available for ablation peaks in the pre-monsoon and monsoon, bringing higher rates
of sublimation and subsurface melt (Figure 4.14a, b). Modelled sublimation occurs at all eleva-
tions, with the highest cumulative loss at EB7910 near to South Col where sublimation dominates
(Figure 4.14a). Sublimation rates are increasingly tied to seasonality down-glacier, with rates at
site EB4980 located on the lower section of the tongue increasing from April until the start of the
monsoon in July. At EB7910 sublimation only slightly slowed from December until May. Subsur-
face melt at or above the ELA (5,950 m.a.s.l) is negligible. At the lower elevations sub-surface melt
dominates, with a stronger seasonal cycle related to surface temperatures. The interannual vari-
ability in subsurface melt is tied to surface temperatures, though low simulated subsurface melt
rates in the first year are likely largely due to the initial snow cover persisting, shielding the sub-
surface from surface temperatures until the subsurface adapts to local conditions (as discussed
in section 4.4.1). Refreeze (Figure 4.14c) occurred at all sites and the onset was staggered with
increased elevation, though for all sites absolute values were low. The higher Q. with the mon-
soon brings higher deposition to the glacier at the lower elevations, with negligible rates at higher

elevations. Similar absolute values and patterns are seen for condensation (not shown).
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Figure 4.11 5-day averages of (a) Sublimation, (b) subsurface melt, (c) refreeze and (d) deposition
for the 5 EB sites across Khumbu Glacier. Note different y-axis scales.
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4.4.2 Atmospheric forcing perturbations

4.4.2.1 Parameter perturbation

The coupled parameter testing (Figure 4.15) involved perturbing precipitation and temperature
simultaneously. Perturbations are within the range of possible uncertainty that may stem from a
combination of observations, climate models, downscaling approach or distribution of meteorol-
ogy. The temperature and precipitation positive perturbations are comparable in magnitude to
possible future climate forcings (Table 2.3; Kraaijenbrink et al.,, 2017; Sanjay et al., 2017b; Kaini
et al,, 2019; Chapter 5). The most significant change in spatially averaged MB follows a 3°C in-
crease in temperature and 20% decrease in precipitation, which is not reflective of current end-
of-century climate projections for the region (Table 2.3). The perturbation that best matches the
scenarios outlined in Table 2.3 (1.5°C increase in temperature and 10% increase in precipitation)
leads to a MB change of -0.6 m w.e. (38% higher mass loss than the reference simulation). The
ablation following an increase in temperature of 1.5°C is fully compensated by the accumulation

from 20% higher precipitation. The implications of this are discussed further in Section 4.6.2.
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Figure 4.12 Coupled parameter testing of temperature and precipitation for reference period.
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4.4.2.2 Snow/rain partitioning

Accurate estimation of precipitation phase is of great importance for summer-accumulation type
glaciers. Threshold values of air temperature are often used to separate liquid and solid precipi-
tation. Previous work has calculated threshold temperatures across 6883 stations in the North-
ern Hemisphere, finding an average threshold value of 1°C, and 95% of observations falling be-
tween 0.4 and 2.4°C (Jennings et al., 2018). Although there remains a lack of data for the HKKH,
this study also found that high mountain areas have the highest thresholds (up to 4.5°C on the
Tibetan Plateau). Other studies have used 2°C for Patagonian glaciers (Rivera, 2004, Koppes et al,,
2011; Bravo-Lechuga et al,, 2019).

The impact of two different precipitation partitioning schemes on glacier MB is investigated.
Here, threshold temperatures of 0.5, 2 and 3.5°C are chosen and compared with the default STF
(outlined in section 4.1.1.), and a final scheme that smoothly scaled from 100% solid precipitation

at -1°C to 0% solid precipitation at 4°C was also tested.

Scheme Temperature (°C) MB change (m w.e.)
Threshold 0.5 -2.51

2 -0.77

3.5 +1.01
Smooth scale -1to +4 +0.22

Table 4.5 Snow/rain partitioning schemes, median temperatures and resultant MB change for the
study period.

The marked impact of snow/rain partitioning schemes on glacier-wide MB is also found for Pat-
agonian glaciers (Bravo-Lechuga et al., 2019) where point-based calculations diverged by up to
3.5 m w.e. depending on the chosen scheme. This highlights the need for future work to investi-
gate the appropriate scheme for the HKKH (which are currently lacking) to ensure that mass
balance calculations are accurate to allow comparisons between studies. In the absence of this
data, the original scheme by Weidemann et al. (2018) is used for mass balance modelling both

within this Chapter and Chapter 6.

4.4.3 Temperature distribution

The sensitivity of the cumulative MB to different LRs is tested at 200 m resolution (Figure 4.16)
using the LR values given in Table 4.6. These LRs are calculated using the same method in Chapter

3 (Figure 3.9) for all available stations in the Ev-K2-CNR network for the 2013-2015 study period,
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and with the same seasonal/diurnal split (i.e. 8am until 4pm and for day and 8pm until 4am for

night to account for changing sunrise/sunset times and topographic shading).

Experiment LR (K per km) Source

Reference -5.54 AWS network (2013-
2015)

ELR -6.5 Meteorological stand-

ard (Thayyen and
Dimri, 2018)

Diurnal Day -59 AWS network (2013-
Night -5.18 2015)

Seasonal Monsoon -4.84 AWS network (2013-
Non-monsoon -5.78 2015)

Dayseas Monsoon Day -5.5 AWS network (2013-
Monsoon night -4.16 2013)
Non-monsoon day -5.99
Non-monsoon night -5.37

Table 4.6 LRs used to distribute temperature across the model domain, and sources from which
they were calculated. These are close to those measured in Chapter 3 but for the study period used
in this Chapter.

The seasonal LR yields a spatially averaged mass balance that is -5.6% relative to the reference,
and the diurnal LR mass balance is only -0.45% (as the reference LR is close to the mean of the
day/night LRs; Table 4.6). The experiment where temperature is distributed by time of day and
season (dayseas) produces a MB 5.98% lower than the reference, whereas the MB for the simu-
lation using the ELR was 1.24% higher. This is likely due to the high elevation of the accumulation
area being below 0°C for much of the year, meaning the effects of the steeper LR do not propagate
to these upper reaches. The tongue of Khumbu Glacier is at an elevation close to that of the refer-
ence station (Pyramid) from which the meteorology is distributed, and so experiences less change

with varying LR.
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Figure 4.136 : Percentage difference of modelled glacier mass balance using (a) the ELR, (b) diur-
nal, (c)seasonal and (d) diurnal/seasonal lapse rates. The Pyramid AWS is shown by the red circle,
though the temperature is interpolated from this elevation (5,035 m.a.s.l.), not necessarily this lo-
cation.

For all LR experiments, the largest difference from the reference measurement is located just be-
low the ELA (up to £24%). The position of the ELA between experiments does not change with
different LR forcing, most likely as the horizontal deviation in ELA position is no greater than the

200m grid-spacing.

The height of the 0°C isotherm during months that experience significant ablation (May - Septem-
ber) fluctuates around 5,125-6,250 m.a.s.l. (Figure 4.17), which correlates with the elevations
that also experience the greatest MB change with different LR forcings. Though LRs used to dis-
tribute temperature do not have a significant impact on glacier-wide MB, the elevation of the 0°C
isotherm from the pre-monsoon until the end of the monsoon is highly sensitive to temperature

distribution.
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The installation of the National Geographic weather stations in 2019 provided an opportunity to
examine temperature LRs at higher elevations of the glacier. For the period (April to November
2019) the LR measured between Camp II and South Col (5.36°C km) is similar to the LRs used
here (5.38°C per km). LRs measured between Phortse (3,810 m.a.s.l.) and Basecamp (5,315
m.a.s.l.) were 4.68°C per km. The LR measured between the two highest weather stations (South
Col and Balcony), are on average 1.2°C per km higher than those measured between stations be-
low 5,600 m.a.s.l.. This indicates that LRs in high elevation, glacierised sections may be better

represented by LRs suitable for the free atmosphere (the ELR).
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Figure 4.147 Height of freezing isotherm (monthly mean) over measurement period. During the
winter the isotherm is located outside of model domain (at lower elevations).

The low sensitivity of modelled mass balance to varying temperature lapse rates contrasts with
findings for Yala glacier in the Langtang region where different LR forcings caused differences in
simulated glacier ablation of up to 400% (Immerzeel et al., 2014). As Khumbu Glacier spans a
large elevation range with a smaller section along the 0°C isotherm relative to glaciers like Yala,
the lower sensitivity of the glacier-wide mass balance to temperature LRs is perhaps not surpris-

ing.
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4.4.4 Glacier parameter perturbations

The glacier ice surface roughness (zo) is defined as 1.7mm for the reference simulation (Table
4.4), which is a reasonable estimate for clean-ice glaciers (Molg et al., 2012). The z, values re-
ported within the literature vary widely even for clean-ice glaciers, and so two substantially dif-
ferent zo values are used. Values of 0.1 mm were measured at Midtre Lovénbreen, Svalbard (Ir-
vine-Fynn et al. 2014) and August-One glacier, China (Guo et al., 2018), and of 6.9mm on the clean-
ice section of the Haut Glacier D’Arolla (Brock et al,, 2006) and Laohugou Glacier No. 12 (Sun et
al,, 2018). These values are adopted as endmembers of the likely range in zo values. Overall, ad-
justing zo has minimal impact on glacier mass balance (Figure 4.18), though a higher (lower) zo
did result in slightly increased (decreased) mass balances. The response is not proportional to
the change in zo, with a zo 1.6 mm lower than the reference value leading to a similar mass balance

change than that of the experiment with a zo 5.2 mm higher than the reference value.

The albedo values of the three glacier components are perturbed by +0.05 from that used in the
reference experiment (e.g. 0.85 for fresh snow, used widely within the literature). There is a
strong response of the glacier mass balance to changing snow albedo. Reducing snow albedo by
0.05 led to a 65% reduction in MB of 2.21 m w.e. (Figure 4.18). Ablation (accumulation) rates
were 3.7 m w.e. (1.75 m w.e.) higher relative to the reference simulation for this perturbation.
This further supports the importance of Qsw to ablation rates. Varying albedo values for firn and

ice revealed a lower sensitivity of glacier MB relative to snow albedo.
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Change in Mass Balance (m w.e)

001
z0 6.9
a_snow 0.9

a_snow 0.8

a_ice 0.35

a_firm 0.65
a_fim 0.55
a_ice 0.25

Glacier Parameter Change

Figure 4.158 Sensitivity of mass balance for the reference period to changing glacier parameters
(surface roughness, and albedo of snow, firn and ice).
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4.5 Model validation

Model evaluation is a necessary step to ensure that COSIPY is appropriate for Khumbu Glacier MB
calculations prior to integration with the ice-flow model in Chapter 6. This is challenging as CO-
SIPY does not resolve two glacier components that are critical for Khumbu Glacier mass balance:

sub-debris ablation and avalanching.

Khumbu Glacier is split into two sections to aid validation of this complex glacier. Changri Nup

Glacier is also considered to assess the performance of COSIPY for the tributary glacier (A2).

4.5.1 Mass balance below the ELA

The clean-ice melt rate simulated with the DADDI model for May to October 2013-2015 is 3.2
cm/day (Figure 4.7). This agrees well with measurements made by Kayastha et al. (2000) of 3.1
cm/day (from 21 May until 1 June 1999) and 2.6 and 2.5 cm/day from August 1956 (Inoue, 1977)
and August 1978 (Inoue and Yoshida, 1980), respectively. The melt reduction curve (Figure 4.19)
is similar to those measured on Khumbu Glacier by Kayastha et al. (2000) and from other HKKH

glaciers, though direct measurements of melt beneath debris layers thicker than 50 cm are absent.

Following integration of the sub-debris ablation correction with the clean-ice MB model, the ab-
lation rates across Khumbu Glacier are much improved, particularly when using the debris thick-
ness estimates with ponds from the Rounce dataset (Figure 4.20) though differences between the
two datasets are not substantial (not shown). The observed inverse mass balance with elevation
is simulated, with the thick debris towards the terminus suppressing ablation by up to 90% (Fig-
ure 4.20). With the addition of the sub-debris ablation correction, the glacier-wide MB is -1.64 m
w.e. for the study period, which equates to -0.546 m w.e. a-1. This agrees well with measurements
derived from DEM differencing from King et al. (2017) of -0.58 + 0.19 m w.e. a-! for 2000 and
2015. Modelled mass balance is slightly higher than those using lower resolution DEMs of —0.45
+ 0.52 m w.e. a-1for the 2002-2007 period by Bolch et al. (2007).
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Figure 4.19 Comparison of simulated melt reduction from varying debris thickness produced here
(solid orange line) with findings from other studies for other HKKH glaciers. Note measurements
on Ngozumpa Glacier are extrapolated from observed suppression of melt of 50% under 50 cm of

debris (as in Rowan et al., 2015).

The spatial distribution of ablation matches point measurements well, though it is likely that
these ablation rates and the spatial distribution and thicknesses of debris have changed since the
measurements in 1979 and 2000. The high ablation rates in the debris-free area just below the
ELA were well replicated by COSIPY. The representation of these high ablation rates is important,
as mass loss here is considered a critical component for present-day DCG mass loss (Benn et al.,
2012). Experiments where temperature is distributed using the reference LR and the diurnal LR
best matched observations. On-ice temperature measurements to improve estimates of LRs
would be beneficial and may reveal that different LRs are required for temperature distribution
across the debris-covered tongue compared with the clean-ice areas. This would likely improve

simulated mass balance, particularly below the ELA where temperatures circulate around 0°C.
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Figure 4.160 Simulated mass balance with correction for sub-debris ablation using the DADDI
model as a function of elevation. Point observations from Inoue (1977) and Benn and Lehmkuhl
(2000) are included to aid validation.

It is possible the ablation correction from the DADDI model is too significant, particularly com-
pared to other curves such as those from Nicholson and Benn (2013, Figure 4.19). Ablation rates
could differ by 40% under 0.25 m between these two corrections. When this curve was used to

correct simulated mass balance with COSIPY, glacier-wide mass balance was -0.712 m w.e. a-™

Maximum debris thickness measurements by Rounce et al. (2018) match field measurements
made by Nakawo et al. (1986). Debris thickness also increases with decreasing elevation as is
seen in observations. However, it is possible that absolute debris thicknesses are underestimated
in places (Rounce et al,, 2018). This excludes the area immediately below the icefall (8.4 km from
the terminus) where debris is ~1.5 m thick, an overestimation of ~1 m (Nakawo et al., 1986 and
Rounce; McKinney et al., 2014). The anomalously thick debris here is considered by Rounce et al.
(2018) to be an artifact of the flux divergence calculations through an absence of surface velocity
data upglacier. This dataset was chosen as previous efforts substantially underestimate debris
thickness (Rounce and McKinney, 2014) and debris thickness simulated using ice flow modelling
is known to be slightly overestimated (Rowan etal. 2015). Despite these uncertainties associated
with this dataset and the sub-debris ablation correction, the addition of this debris component to
COSIPY has enabled validation of the simulated mass balance in the present day, which is critical

for ensuring accurate initial conditions for future glacier modelling.
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4.5.2 Mass balance above the ELA

Matthews et al. (2020) modelled total sublimation of 0.05 m.w.e. and 0.12 m.w.e. with data from
Camp II (6,464 m.a.s.l.) and South Col (7,495 m.a.s.l) from May until November 2019. If these rates
are extrapolated to a 3-year period, and assuming little seasonality as with the EB7910 sublima-
tion rates shown here (Figure 4.14a), sublimation rates at South Col are twice as high as those

modelled by COSIPY.

This is likely due in part to the assumed uniformity of wind speed across the domain in COSIPY.
Wind speeds at high elevations will therefore be significantly underestimated; South Col AWS
measured wind speeds of up to 21 m/s (Matthews et al, 2020). Simulated Qmei: was between 1-2
times higher at Camp II than the respective grid point in these simulations (Figure 4.13) and Qmeit
was also 25 W/m? higher at South Col, whereas at EB7910 it remained close to zero. Different
parameterisations of snow and ice albedo and decay were also likely responsible for these dis-

crepancies.

The radiation model performs well (Figure A3) which is perhaps surprising given the extreme
topography and solar insolation (>1,250 W/m?2 at times) of the upper reaches of the glacier, only

recently revealed through the National Geographic weather station network.

Despite the low relative contribution of sublimation at high elevations to total glacier mass loss,
the ability of COSIPY to parameterise this MB component is valuable and is an improvement to
existing models that assume ablation can only occur if Tar 2 0°C. The contribution of refreeze to
overall MB has not been investigated for Khumbu Glacier prior to this study. Simulated refreeze
is lower than expected, particularly given the significant subsurface melt at lower elevations (Fig-
ures 4.14b; 4.14c) and the anomalously high internal ice temperatures measured via borehole

drilling that are indicative of latent heat release via refreeze (Miles et al., 2018a).

A weak precipitation gradient has been applied to Khumbu Glacier to match the few accumulation
measurements available (1979 and 2000, Figure 4.20), and as avalanching is not treated by CO-
SIPY which is thought to contribute substantially to accumulation. This approach enabled model
evaluation, though it should be noted that accumulation high above the icefall is potentially over-

estimated with this method, though no observations exist to confirm this.
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4.6 Discussion

4.6.1 Sources of uncertainty

The topographic and climatic complexity of the catchment produces high spatial variability in
atmospheric forcings that are critical for glacier viability. Spatially distributed high-resolution
climate data can give an insight into those variations, in a way which is not possible from individ-
ual weather stations. Distributing the meteorology with LRs is a simplistic approach, but is nec-
essary in the absence of high resolution data that covers more than several months. Varying LRs
did not significantly impact the spatially-averaged melt rates, though significantly affected rates
around the 0°C isotherm. New high elevation weather station data supports use of a bespoke LR
that accounts for the extreme atmospheric conditions (i.e. different to free atmosphere not af-
fected by topography). As more data is released from this network, including from Balcony AWS

(8,430 m.a.s.]) we will learn whether this is true for LRs at this elevation.

Ablation is perhaps overly suppressed in the lower reaches of the ablation area when simulated
with the debris component compared with other measurements from nearby Ngozumpa Glacier
(Figure 4.19). The coarse resolution of the debris thickness data from Rounce et al. (2018) means
that the observed surface heterogeneity is not represented using this approach. Different param-
eterisations of differential ablation resulting from the increasing presence of ice cliffs and melt-

water ponds are investigated in Chapter 6 (Brun et al., 2018; King et al., 2020).

It should be noted that geodetic mass balance observations used for model evaluation represent
surface lowering which is a function of ablation (and/or reduced accumulation) and emergence
velocities; the speed of ice uplift due to ice flux convergence (Nuimura et al., 2010; Vincent et al,,
2021). Glacier-wide mass balance could therefore be more negative than these geodetic measure-

ments, though emergence velocities are poorly constrained.

4.6.2 Implications

The varying spatial resolution experiments revealed that some detail was lost when modelling at
200 m (though this was necessary due to available computational resource). There was no added
value for resolutions below 100 m, and so this was the chosen resolution for coupling with the ice

flow model in Chapter 6.

Analysis of glacier mass balance seasonality demonstrates that melt is triggered in May, prior to
the onset of the monsoon (Figure 4.11). Future climate projections indicate an increased likeli-

hood of delayed monsoon onset, which would mean melt could continue unabated without any
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mediating accumulation. With the 0°C isotherm reaching heights of 6,250 m.a.s.l. in the present
day (Figure 4.10), it is likely that monsoon precipitation will more frequently fall as rain along
the flat glacier tongue, even if warming is limited to 1.5°C. For this reference period, heavy pre-
cipitation events outside of the monsoon were seen in the simulated mass balance. Increased fre-
quency of extreme precipitation events, inside and outside of the monsoon (Panday et al., 2015;
Sanjay et al., 2018) may partially offset increased pre-monsoon and monsoon melt. However fu-
ture precipitation trends are a significant source of uncertainty for future glacier viability (Im-

merzeel et al.,, 2013).

The potential of increased future precipitation acting to compensate for the Himalayan glacier
mass loss from warming has been proposed in numerous studies (e.g. Immerzeel et al., 2013;
Kraaijenbrink et al. (2017); Rounce et al.,, 2020) and is shown here in a simplistic way (Figure
4.15). Changing seasonality will complicate this however, with predictions of increased precipi-
tation through prolonged monsoons and increased sporadicity in the drier (often colder) seasons
in Nepal complicating predictions of glacier change (Dhaubanjar et al,, 2019). Uncertainty of the
direction of precipitation trends is considerably higher than that of temperature in the Central
Himalaya (Sanjay et al., 2017b). The impact of future temperature and precipitation trends for
glacier viability is explored in later Chapters following this analysis, by selecting varying precipi-
tation scenarios for downscaling. These downscaled climate scenarios will then be used to force
COSIPY. The future distributed simulated mass balance will be integrated with iSOSIA to investi-
gate whether compensation of atmospheric warming induced glacier mass loss from increased

precipitation can occur even with committed mass loss from historical warming.

Although a somewhat crude approximation, this sub-debris ablation component has added value
to COSIPY and was computationally inexpensive. Further work to fully integrate this debris cover
correction into future versions of COSIPY is underway (Sauter et al., 2020) to enable users stud-

ying debris-covered glaciers to produce more accurate simulated mass balance.

The high sensitivity of the EBM to perturbations in albedo values, particularly of fresh snow, high-
lights the importance of in situ albedo, rain/snow threshold and snow depth measurements, and
has implications for real-world melt rates (Litt et al., 2019). Darkening of snow and ice across
HKKH has been observed for several years (Yasunari et al., 2015; Kang et al., 2020), including
from surface snow samples in the upper Khumbu valley (Jacobi et al. 2015). Increased albedo
decay times have also been observed over the 21st century from industrial black carbon deposi-
tion (Maurer et al., 2019) particularly in the pre-monsoon, though observations on the south side
of the HKKH are lacking (Gertler et al.., 2016). Future predictions of these parameters are non-
existent given the immense challenge of predicting future industrial activity in the region and

trajectories of atmospheric circulation.
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4.7 Conclusion

This analysis of simulated Khumbu Glacier mass balance is the first of its kind. The extreme ele-

vation range of Khumbu Glacier makes simulating mass balance challenging. Unlike other glaciers

of the HKKH that have more distinct meteorological drivers of glacier mass balance (Bonekamp

et al,, 2018), the meteorological drivers of Khumbu Glacier mass balance fluctuate significantly

over space and time. Therefore EBM is the preferred approach for simulating mass balance.

Though ablation is likely underestimated in these upper reaches, the ability of COSIPY to simulate

ablation in these dry conditions that are well below freezing is encouraging.

There are three critical elements of Khumbu Glacier mass balance: accumulation through ava-

lanching and ablation from just below the ELA and beneath the thick supraglacial debris on the

tongue. The results for each of these elements are summarised here:

Few mass balance models resolve avalanching including COSIPY, and therefore a weak
precipitation gradient, that would otherwise have been kept constant (Inoue, 1977), was
used to roughly match observed accumulation rates. The role of avalanching in the spatial
distribution of accumulation and rates is investigated in Chapter 6.

The high ablation rates (approximately 5 m w.e. a-1) observed just below the ELA, are well
replicated by COSIPY.

The inverse mass balance of DCGs such as Khumbu Glacier makes mass balance simula-
tions challenging, but the addition of the Khumbu specific, computationally inexpensive
sub-debris ablation correction (calculated using the DADDI model) has enabled this in-
verse mass balance to be replicated. This debris component improved accuracy of calcu-
lations of melt across the debris-covered tongue and glacier-wide mass balance is close
to geodetic calculations. However, the DADDI model assumes a uniform supraglacial de-
bris cover. The high ablation rates seen around ice cliffs and supraglacial ponds are key
sources of ablation. In Chapter 6, the role that differential ablation plays in mass balance

and historical glacier evolution will be explored.



119 Downscaling

Chapter 5 Downscaling of present and future Regional Climate

Model data for glacier mass balance modelling

5.1 Introduction

The use and development of General Circulation and Regional Climate Models (GCMs and RCMs,
respectively) has grown significantly over the last decade with a consequent rise in the number
of climate change related studies across disciplines. There have also been great advances in com-
putational and scientific knowledge, vastly enhancing the quality and quantity of climate models,
as well as improved collaboration as part of the Coupled Model Intercomparison Project (CMIP).
Despite this, there still exist significant systematic biases of climate variables between GCM and
RCM outputs relative to observations. These biases result in significant differences in absolute
values, as well as seasonal and inter-annual trends and can be attributed to several sources. These
include, though are not limited to, the poor representation of large-scale climate variability and
forcing in GCMs, that can further propagate when dynamically downscaled to RCMs, such as those

from the Coordinated Regional Downscaling Experiment (CORDEX) project.

Biases can also occur due to poor resolution of sub-grid scale processes, such as atmospheric con-
vection, which can significantly alter local climate (though parameterisations of such processes
are a key and growing area of research (Sherwood et al. 2013, de Rooy et al. 2013, Yano 2014 and
Morrison et al.,, 2020)). Coarse resolution GCMs (falling between 70 and 400 km resolution) are
unable to resolve synoptic-scale interactions between weather systems and complex topography
(Cannon et al., 2016), which is of utmost importance for the HKKH given the extremes in terrain
atthe sub-grid scale. Downscaling or bias correction prior to application in climate change studies

is therefore required.

The RCMs used to force the present day (2014-2019) and future (2095-2100) mass balance of
Khumbu Glacier and subsequent ice flow modelling are from the World Climate Research Pro-
gramme initiative CORDEX. The CORDEX project is a co-ordinated worldwide effort to generate
an ensemble of RCMs and climate change projections at a higher spatial resolution (50 km) than
their driving parent GCM. Sanjay et al. (2017a) assessed the CORDEX RCMs for their skill in sim-
ulating general climate characteristics over South Asia, and found that performance is highly de-
pendent on the chosen RCM and boundary conditions (i.e. the parent AOGCM). Future climate
across the HKKH has also been assessed using multiple CORDEX models and emission scenarios
until 2095 (Sanjay et al., 2017b). This study found a multi-model approach provided greater con-

sensus than the single driving GCM in projecting increased monsoon precipitation for the foothills



120 Downscaling

of the southeastern Himalaya and the Tibetan Plateau (by 22% under RCP8.5). However, poor
consensus over projected monsoon and winter precipitation dynamics remained for the central

Himalaya and Karakoram among the multiple RCMs.

This poor consensus for the Central Himalaya between RCMs (Sanjay et al., 2017b) means a sim-
ilar multi-model approach is taken for this study. RCMs are firstly selected based on their ability
to simulate present day temperature and precipitation seasonality, and the selected number is
reduced based on future temperature and precipitation projections to ensure several future cli-
mate scenarios that are not limited to emission scenarios are covered, and to assess uncertainty.
Given the higher uncertainty regarding precipitation change relative to temperature, the RCMs

were selected to cover a range of future precipitation scenarios.

Dynamical downscaling involves high resolution atmospheric simulations linked dynamically to
large-scale climate patterns, often through nesting within the coarse climate model boundary
conditions. A convection permitting resolution of 10 km resolution was able to reproduce sum-
mer precipitation patterns in the Himalaya (Norris et al., 2017), however < 6.7 km was found to
be necessary for accurate representation of nocturnal precipitation patterns (Norris et al., 2017)
when dynamically downscaling the Climate Forecast System Reanalyses with the Weather Re-
search Forecasting (WRF) Model. Although there are clear advantages of dynamical downscaling
that are particularly apparent in complex terrain (Potter et al., 2018), it is often not computation-

ally feasible, especially for long-term climate change modelling studies.

Initially, the delta change method was considered for bias correction, as it is computationally in-
expensive, and has been widely applied to temperature and precipitation for future climate
change studies, including projections of glacier evolution (Akhtar, M. et al., 2008, Immerzeel et al.,
2012, Shea et al, 2015a and Zhang et al., 2015), winter and monsoon precipitation patterns
(Rajbhandari et al., 2016 and Kaini et al., 2019) and hydrological change (Li et al., 2017) in the
HKKH. The future climate change signal (delta) is calculated through comparison between the
reference period and future scenarios (Bosshard et al., 2011). Delta is applied to observations
from the present day into the future. However, there exist several assumptions behind this
method, the first being that it is effective for all quantiles of the distribution: the mean and the

extremes. Equally future temporal patterns are assumed to remain identical to observations.

Statistical downscaling addresses the latter assumption from the delta change method, as in place
of the observations being adjusted, the climate model data is corrected towards the reference
observations, thereby partially eliminating systematic biases. For this reason, statistical
downscaling is common practice in climate change modelling studies, and is a more viable alter-
native to dynamical downscaling. It is therefore used in this Chapter. There now exists a plethora

of statistical algorithms designed to correct and lessen biases in mean, variance and extremes of
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climate model data (Gudmundsson et al.,, 2012 and Cannon et al., 2015b). They are effective in
improving the representation of fine scale processes, and so in theory bias between RCMs and
observations should be reduced relative to GCMs, although several studies show that the 0.25°
spatial resolution of CORDEX RCMs still contain systematic bias when compared to observational
data. This is particularly true for this region in the Central Himalaya, where an elevation range of
7000 m could exist within one single RCM grid box. This does however mean that pointwise
downscaling can be used for this study, and so the chosen downscaling method does not need to

accurately resolve spatial variability, only temporal variability and trends.

Removal of systematic biases as sources of error is of particular importance for climate change
studies that involve successive modelling chains. The efficacy of the method is dependent on the
climate model data, the length and quality of observations, and the parameter in question. Quan-
tile mapping (QM) has been found to produce more accurate results in terms of the mean and
variance for most climate variables relative to delta change or simpler bias correction methods
such as linear regressions (Gudmundsson et al., 2012 and Chen et al., 2013). This is particularly
true for precipitation, with previous simple methods assuming linearity or normal distribution
which would lead to erroneous corrected precipitation. Two-state gamma distribution QM per-
forms particularly well for precipitation (Tengetal.,2015) and so is used here. Many downscaling
approaches are designed for monthly or daily temporal resolutions (Maurer et al., 2008 and Li et
al,, 2010), to force hydrological or crop models for example. Given the importance of the diurnal
trend in temperature and radiative fluxes for glacier melt, downscaled daily data are further dis-
aggregated from daily to hourly resolution when modelling energy exchanges and ultimately,

glacier mass balance.

The previous chapter examined the sensitivity of glacier mass balance to changing atmospheric
forcing using the COSIPY model, and assessed the suitability of this model for Khumbu Glacier.
The analysis of meteorology and glacier mass balance is used here to inform the CORDEX model
selection and downscaling, through QM. This will be used in the final chapter of the thesis to force
present day (PD) and future mass balance, which will be used to drive an ice flow model to explore
future evolution of Khumbu Glacier. There is emphasis on temperature and precipitation
downscaling given their strong influence on glacier mass balance, though the full range of COSIPY
atmospheric forcings are considered and subject to downscaling. The efficacy of the downscaling
methods is assessed through comparison with the raw RCM data, but mainly with the observa-

tions used to conduct the downscaling.



122 Downscaling

5.2 Climate model selection and downscaling

5.2.1 CORDEX data

Many research institutions around the world have contributed to CMIP5 (Taylor et al., 2012).
Several modelling centres have dynamically downscaled CMIP5 data from the coarse resolution
atmosphere-ocean coupled GCMs to 50 km spatial resolution RCMs over the South Asia domain
(19.25°-116.25°E; 15.75°S - 45.75°N) through the CORDEX project. The Centre for Climate Change
Research (CCCR) at the Indian Institute of Tropical Meteorology led on this for CORDEX South
Asia, and hosts an archive of data (http://cccr-dx.tropmet.res.in:8000/cccrindia/) to aid users
conducting climate change research in the region. Daily data were downloaded from this website
for the grid box nearest to Khumbu Glacier (27.9065056°N, 86.4352951°E). These data include
the climate variables used to force the COSIPY mass balance model. As the CCCR website did not
provide SWi,, LWi, and RH, these were downloaded from the ESGF portal (https://esgf-in-

dex1.ceda.ac.uk/search/cordex-ceda/).

5.2.2 Future climate scenarios

Climate data from two different future emission scenarios were used: RCP4.5 and RCP8.5.
CORDEX only conducted dynamical downscaling of these two RCPs. An RCP refers to a green-
house gas concentration trajectory, and by proxy an emissions trajectory, and was used in the
Intergovernmental Panel on Climate Change (IPCC) 5t Assessment Report (AR5) in 2014. These
two RCPs represent the intermediate and high-end radiative forcing values that are possible for

2100 AD (so 4.5 and 8.5 W/m?, respectively).

At the time of writing, the next generation of climate model simulations had just been released
through CMIP6. These state-of-the-art experiments use shared socioeconomic pathways which
allow simulations of a wider variety of future climates that are based on economics and de-
mographics (Eyring et al., 2016). It was decided that these should not be used as they were not
all yet available. Equally there had been few studies assessing the biases of these climate models
or employing them to perform dynamical downscaling such as CORDEX or to assess glacier

change, particularly for the HKKH.

Analysis since AR5 has suggested that global emissions are following the trajectory of the middle
range scenarios, and that RCP8.5 should be described as “low-possibility, high-impact” (Pedersen
et al,, 2020). Both observations and predictions indicate that high elevations warm much faster
than lower elevations. This elevation dependent warming (Pepin et al,, 2015) is brought about by
several feedback mechanisms, including surface albedo feedbacks with snow cover and ice mass

shrinkage and water vapour changes and latent heat release. Kraaijenbrink et al. (2017)
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estimated that the extent of atmospheric warming in mountain regions could in fact exceed those
widely used RCPs relevant for global climate change scenarios. Therefore, a higher emissions sce-
nario (RCP8.5) future climate could be more plausible for these high elevations, and in fact could

even still underestimate warming.

It is recommended that at least 10 years (and ideally 30 years) of observations are used for
downscaling to ensure the reference period is notin an extreme phase of natural variability. Many
studies that necessitate PD downscaled climate data sourced from the CMIP5 or CORDEX projects
use historical experiment data (1951-2006). Given that the first high elevation observations in
this region (Pyramid) began in 2001, there would be insufficient (5 years) of reference observa-
tions for the same time period. Therefore for PD downscaling, climate data from the RCP4.5 ex-
periment (from 2006) across the historical period was used in place of the historical experiment

data.

Observational data from January 2006 until November 2019 were gathered from the Ev-K2-CNR
and glacioclim networks (Chapter 3 and 4) with gaps filled with interpolated data from neigh-
bouring stations where possible (Figure 5.11). December 2019 climate data were not available
and so the mean from each day of the December months in 2001-2005 were used for interpola-
tion. Daily means (or sums for precipitation) were calculated from hourly observations to pro-
duce the reference dataset. These reference data were used for both calibration (or training) of

the statistical downscaling method that will be used on the RCM data.

In theory the choice of RCP should not significantly impact climate in the PD, but this was specif-
ically assessed prior to choosing RCP4.5 for the PD climate. This approach of using the RCP ex-
periment data over historical experiment data for both the present day and the future also en-
sures greater confidence in future downscaling, as the bias between RCM data and observations
in the present day is better understood. Equally the MB simulations forced with PD climate can

effectively and legitimately be compared with remote sensing and in situ MB measurements.

5.2.3 Model selection

A single RCM approach was not considered sufficient for representing both PD climate and po-
tential future climatic extremes. A multi-model mean approach, which is widely used elsewhere,
was also not considered as this gives equal weighting to models with poor and good performance
in their ability to reproduce climate (Pierce et al.,, 2009). Therefore three RCMs were chosen and
downscaled separately in order to force separate COSIPY simulations. The selection of the three

RCMs was a combination of two approaches.

Firstly, RCMs were assessed on their fidelity to present day climate, also known as hindcasting

(Biemans et al., 2013), with the emphasis on temperature seasonality and seasonal precipitation
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dynamics given the importance of these parameters for glacier viability. The resolution of the
monsoon even in RCMs is poor (Kaini et al., 2020), with much reduced seasonality relative to
observations mostly due to a significant overestimation of winter precipitation, and the known
challenges associated with the representation of complex orography at the sub-grid scale. This
analysis also found that RCP PD experiments have an even poorer representation of seasonality
relative to the historical experiments. Given the high elevation of the study area, it was expected
that there would be a strong warm bias, however the wet bias was also significant. A drawback
of this approach is the assumption that climate models that perform well for past climates will
also represent future climate well (Lutz et al., 2019). Nevertheless, several CORDEX models were
discounted purely on their performance in the historical period, such as the absence of monsoon

signal (e.g. the RCM driven by the CSIRO GCM; Figure B1.2).

The second stage comprised analysis of possible future climate scenarios. The potential of fu-
ture precipitation trends acting to either exacerbate or compensate for atmospheric warming
was demonstrated simply in the coupled parameter perturbation experiments. It was therefore
important that future projections that represent contrasting temperature and precipitation sce-
narios were used for glacier model forcing. This envelope-based selection approach is often
used to ensure a variety of possible future climate extremes are selected. The quadrilateral ap-
proach is used by Kaini et al. (2019) for the entire Koshi river basin spanning the China/Nepal
border, where future climate scenarios can be considered as being four corners of a quadrilat-
eral representing warm/wet, warm/dry, cold/wet and cold/dry scenarios or indices. These ex-
tremes were found to vary in time and space for each model and for each RCP, with a clear

knock-on effect for future glacier evolution.

A three-model approach was used instead of the quadrilateral approach for this study (Figure
5.1), in part because there were not four future climate scenarios that fitted the above indices for
the Khumbu region, and also for computational efficiency with the expensive modelling efforts of
the final chapter in mind. The future precipitation projections of the six CORDEX models that were
downscaled by the Indian Institute of Tropical Meteorology were compared (Figure B1.1), and
three discounted based on the future precipitation scenario, or fidelity to precipitation seasonal-
ity in the present day (e.g. B1.2). Given the higher uncertainty on future precipitation trends in
comparison to temperature trends, and the interplay of changing precipitation with atmospheric
warming for glacier evolution, three models that represented three discrete precipitation scenar-
ios were chosen (Figures 5.2 a-b). These RCMs represent wet, moderate and dry climates in 2080-

2100 for at least one of the two future emission scenarios.
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CORDEX South Asia | Driving CMIP5 | CMIP5 Modelling | Name referred to
RCM GCM Centre in this chapter
IITM-RegCM4 CCCma-CanESM2 Canadian Centre for | CCCma

Climate Maodelling

and Analysis

(CCCma), Canada
IITM-RegCM4 NOAA-GFDL-GFDL- | National = Oceanic A NOAA

ESMZM and  Atmospheric

Administration

(NOAA), USA
IITM-RegCM4 IPSL-CM5A-LR Institut Pierre- | IPSL

Simon Laplace

(IPSL), France

Table 5.1 Chosen models and information regarding their GCM. Further information on the driving
GCMs as part of the CMIP5 can be found here: https://verc.enes.org/data/enes-model-
data/cmip5/resolution.

CCCma

Figure 5.1 Schematic of future precipitation scenarios of three chosen models.
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Figure 5.2 (a,b) Annual temperature (thick coloured lines) with monthly means (shaded) from the

start of the RCP experiments (2006) until the end (2100). This is for each of the selected CORDEX
models, and multi-model mean in black, for RCP4.5 (a) and 8.5 (b).
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Figure 5.3 Annual precipitation sums (dots) with fitted trend line from the start of the RCP experi-
ments (2006) until the end (2100) for each of the selected CORDEX models for RCP4.5 (a) and 8.5

(b).

The climate time-slice for the period 2095-2100 is used to force the future MB simulations which
drive the ice flow model from the present day into the future, and is referred to hereon in as the
future time-slice. Five year time-slices were chosen to reduce computational expense associated
with COSIPY. To ensure the selected 5 years were reflective of the climate of that period, the pre-
ceding decade was also used for comparison with the time-slice climate data, though the

downscaling method using 14 years of reference data should limit the influence of any natural
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variability. This comparison was particularly important for the future time-slice where uncer-
tainty arises between models and with no observations for validation of downscaled climate or
mass balance. A midway point time-slice (2059-2064) was selected for two of the experiments
(CCCma under RCP4.5 and NOAA under RCP8.5), and were downscaled and disaggregated in the
same way as in this chapter. This was used to force a mid-century MB simulation to assess the

response of the ice-flow model to this mid-way MB forcing.

5.2.4 Statistical downscaling of daily climate data

Quantile mapping, also known as “distribution mapping”, corrects for biases in the distribution
of a modelled variable (e.g. precipitation) through “training” against the distribution of observa-
tions. The raw climate model output is downscaled through determining a correction or transfer
function from observations that will differ depending on the quantile. This quantile-dependent
correction is applied to the raw data to produce a third downscaled dataset, which should better

match the observations, though will not be identical (Figure 5.4).

The quantiles from both observations and the climate model can be derived from a full empirical
distribution, so will not differ depending on the climate variable (non-parametric QM; Déqué et
al. 2007, Lafon et al., 2013; Themessl et al., 2012). The alternative is to use a theoretical distribu-
tion for each variable (parametric QM; Piani et al., 2010). In this instance, a statistical relationship
between the raw climate data and the observations is formed by substituting the climate model
data with observations at a cumulative density function (CDF) of the prescribed distribution. For
example, if temperature data were being downscaled, a normal distribution would be used. The

distributions and equations for each of the key variables are shown in Table 5.2.

The climate variables listed in Table 5.2 were downloaded for the calibration periods for all time-
slices for the three CORDEX RCMs. Though Tmin and Tmax are not required to force the MB model,
these were downloaded and statistically downscaled using QM with normal distribution (equa-
tion 5.2) to aid disaggregation to an hourly time step (section 5.2.3). Table 5.2 does not include
wind speed or pressure, which are both required for MB modelling, which were not subject to
QM, the approaches used for these are discussed later. Prior to downscaling, the precipitation
data were converted from precipitation flux (kg/m2/s) to mm/day by multiplying daily sums by
86,400.

For future downscaling, the same method was used as for present day. However, RCM data for
the same historical period used for the PD downscaling were also used to ensure any changes in

parameters into the future were preserved following downscaling (Cannon et al., 2015). The PD
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RCM data were for the same RCP as the future data that were being downscaled, given that there

was some difference in absolute values between the two RCPs evident even in the present day.

Distribution Climate Equation Reference
Model Variable
Gamma Precip Vrac et al., 2007;
- ! Fol ( Fyon( xms)): s = Xon Piani et al., 2010
ms.corr 0’ xms 2 xth
(5.1)
Normal / Tiean Lietal, 2010,
Gaussian = _ -1 -1 Gupta et al.
i X ms.corr me + FO Fms X - Fm Fms me ’
Tmin n (s s ) {Fms (¥ims)) 2016; Luo et al,
Tmax 2018
(5.2)
Beta SWin Ruane et al.,,
LWin x ms.corr — Fo_h1 (th(xms)) 2015
RH (5.3)

Table 5.2 Distribution models and cumulative density function equations (1-3) used for each cli-
mate variable. Where x is the climate variable, Xms.corr is the downscaled climate model data. cate-
gories between the wet and the dry day threshold value xw, F is the cumulative density function,
and F-1is its inverse. o refers to observations observed, m is model, h is historical period, and s is
simulation period.
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Figure 5.4 Schematic of quantile mapping using temperature as an example though this would be
appropriate for other variables (e.g., precipitation as in Figure 1 of Lafon et al., 2013). A quantile
of the observed distribution is used to replace the quantile of the observed distribution is used to
replace the quantile of the raw climate model data. Modified from Maraun (2016).

Piani et al. (2010) developed the QM method for precipitation data using a gamma distribution.
This was based on annual precipitation, but it was recommended that seasonal distinctions would
improve results. Given the extreme precipitation seasonality in the Khumbu region, this seasonal
approach was adopted here, supported by the work of Li et al., (2010), where daily values of each

month were fitted to a gamma distribution.

The parametric QM method for precipitation has been compared with two forms of bias correc-
tion (linear and non-linear) and another form of QM (empirical) for their efficacy in downscaling
RCM derived precipitation in Great Britain (Lafon et al.,, 2012). Error reduction in mean precipi-
tation using gamma QM was slightly lower than for other methods (86% compared to 88%, 86%
and 88% for linear, non-linear and the empirical method, respectively). However, the gamma dis-
tribution method outperformed all other methods in terms of reducing error in standard devia-
tion, coefficient of variation and skewness of distributed values and so was generally considered
the most accurate and robust option. Alternative methods for precipitation downscaling were as-
sessed for this study, including Random Forest Regression, linear regression and Generalized An-
alog Regression Downscaling (GARD) and though the prediction of mean values was sometimes
better than for QM, QM was found to outperform these methods for other variation and distribu-

tion statistics, as with the study by Lafon et al. (2012).
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Solar radiation for each month was converted so as to range from 0 to 1; the range of beta distri-
bution (Ruane et al., 2015). Beta distributions were fitted to the daily mean of the two radiation
components (LWi, and SWi,) for the simulated and observed datasets. The monthly maximum
from the 14 years of observations was used as the upper limit for the distribution of each month

and zero as the lower limit, and then the distribution was adjusted using QM.

QM for the CORDEX wind data was found to be ineffective when analysing the time series output
against observations, both for the absolute wind speed as well as the reduced day-on-day varia-
bility = seen  during the monsoon. Therefore, GARD  was used instead
(https://github.com/NCAR/GARD). This is a simple statistical analogue regression downscaling

method appropriate for pointwise downscaling.

The RCM simulated atmospheric pressure performed well in terms of seasonality with a peak in
pressure in the post-monsoon matching observations and reduced variability during the mon-
soon. However, there was a systematic bias evident in the absolute values of 140 hPa likely due
to the elevation difference between the RCM grid box and observations. Given the low sensitivity
of MB modelling to pressure change, this bias was subtracted from the CORDEX pressure variable

for all RCMs and time periods to improve the match to observations.

5.2.5 Disaggregation to hourly resolution

The requirement of glacier energy balance models to be forced with hourly resolution climate
data necessitated further disaggregation of the daily downscaled data. This was conducted on a
variable-by-variable basis by training downscaled data with hourly observations from the 2006-
2019 period. The primary focus was on disaggregating temperature, precipitation and the two

radiation components, given their particular importance for energy balance modelling.

The hourly reference data and the downscaled daily data were both subdivided into a calibration
period (2006-2014), and a validation period (2015-2019). The validation period is used hereon
in to assess the downscaling method and to compare downscaled present day and future climate
(2095-2100). The future downscaled daily climate was disaggregated in the same way as the pre-
sent day. For all variables excluding temperature, this relies on the assumption that the diurnal
cycle in climate variables will be the same into the future, the validity of which will be discussed

in more depth later.
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Temperature

Daily temperature on a given day (Ti) was upsampled to hourly (T;) using equation 5.4, a cosine

function defined by Debele et al. (2007)

Tmin,iTmax,i T. (tj + a)
Ti,j = Tmin,i + f .11+ cos 12 (54)

where daily Tminand Tmax define the cosine amplitude and a refers to the time difference between
midday (12 - approximately maximum SWi,) and the occurrence of maximum temperature (Tmax)
that is calculated from the hourly time series as previous analysis has found this to vary season-
ally. Simple statistics (R? and r values) between hourly observations and the disaggregated output
were calculated and random sampling of the time series was conducted to check seasonality and
day-on-day variability of diurnal cycles. The former is illustrated with the NOAA PD example in
Figure 5.5a, showing good agreement between modelled and observed data particularly during
the monsoon, though the timing of Tmax occurred after midday in observations in contrast to the
modelled data. The day-on-day variability (shown as standard deviation in Figure 5.5b) also
matched better to observations during the monsoon (i.e. reduced variability, especially over-

night) though was underestimated in the disaggregated data outside of the monsoon.

] B
= Annual NOAA
= Non-monsoon NOAS (a) (b)
= Monzoon NOAA 7
* Annual Obs
* Non-monsoon Obs

" Monsoon Obs

Temperature (*C)
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0 ] 12 ] i} 8 12 18
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Figure 5.5 (a) Temperature mean diurnal trend for the NOAA PD time-slice following disaggrega-
tion using equation 4 observations split by season (b) and the diurnal standard deviation. Note the
different scales on the y axis.

Radiation components

For disaggregation of the radiation components the open-source MEteoroLOgical observation

time series DISaggregation Tool MELODIST (Forster et al., 2016 and gathered from the site:
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https://github.com/kristianfoerster /melodist) was used. A variety of methods were tested and

those with the best R% values were chosen.
For SWi, hourly values of potential (clear-sky conditions) radiation is calculated using
Ro = 1370 Wm™2,cos Z. (¢ dir +  dif) (5.5)

where the solar constant (1370 W/m-2) was scaled according to the solar zenith (Z) which was
calculated using time of year, hour since solar noon and latitude (Liston and Elder, 2006). The
division of direct (dirys) and diffuse radiation (difys) over time is also outlined in the study by
Liston and Elder (2006). Potential radiation was calculated for an assigned location. The longi-
tude, latitude and time zone of Pyramid were used, and statistics derived with the same hourly
dataset used for temperature. The CCCma results exhibited diurnal cycles that match well with
observations (Figure 5.6a) and were able to represent the seasonal variation in diurnal cycles.
This seasonal variation was underestimated with a more extreme diurnal amplitude in SWij, dur-
ing the monsoon, for example. The peak in SWi, in the disaggregated data was an hour earlier
(later) in the non-monsoon (monsoon) compared to the observations. The variability in SWi, was
higher during the monsoon in both disaggregated data and observations than outside of the mon-

soon (Figure 5.6b).
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Figure 5.6 (a) SWin mean diurnal cycle for the CCCma PD time-slice following disaggregation using
equation 5 and observations split by season (b) and the diurnal standard deviation. Note the dif-
ferent scales on the y axis.

The seasonal variation of LW;, was slightly underestimated in the disaggregated output e.g. for
the IPSL data (Figure 5.7a). The stability of the high LWi, values during the monsoon were cap-
tured (Figure 5.7b) though the variability in the diurnal trend was not so well represented during

the monsoon and across the year.



134 Downscaling

00 100

= Annual IPSL == Annual Obs
(a) = Non-monsoon IPSL ==' Mon-monsoon Obs (b)
Monsoon IPSL == Monsoon Obs

400

00

LWin (W/m?)

200

100

a i} 12 18 a i} 12 2
Hour of day Hour of day

Figure 5.7 (a) LWin mean diurnal cycle for the IPSL PD time-slice following disaggregation, and ob-
servations split by time of year (b) and the diurnal standard deviation. Note the different scales on
the y axis.

Precipitation

The cascade method (Olsson, 1998 and Gunter et al.,, 2001) of MELODIST was used to test the
disaggregation of the downscaled daily precipitation. It is a probabilistic method, and as such is
useful for realising extreme, stochastic precipitation events, but it was unable to reproduce the
midnight peak in precipitation that is characteristic of the Central Himalaya, particularly during
the monsoon (Ueno etal., 2001, Barros and Lang, 2003 and Bhatt and Nakamura, 2005 and Figure
5.8). It also produced low R? values (<0.3) compared to hourly observations. Therefore, the diur-
nal curve (Figure 5.8) was applied to disaggregate daily precipitation sums for the monsoon/non-

monsoon and to ensure the “nocturnal peak” of precipitation was taken into account.



135 Downscaling

= Annual Obs a7 —— Annual Obs
025 (a) — Mon-monsocon Obs (b) = Mon-monsoon Obs

Monsoon Obs Monsoon Obs

08
0.20

0.5

=)
o

04

Precipitation {mm)

=)
=

0.3

005 0z

01

[i] [i] 12 ] a [i] 12 18
Hour of day Hour of day

Figure 5.8 (a) Precipitation mean diurnal cycle from observations for 2006-2019 period. (b) The
seasonal diurnal cycle was applied to the downscaled daily data to disaggregate to an hourly time
step. The standard deviation of the diurnal precipitation curve. Note the different scales on the y
axis.

RH

Though the parameter perturbation study revealed a low sensitivity of glacier MB to changing
RH (Figure 4.14, Chapter 4), there is a strong diurnal cycle in RH that should be represented at

the hourly time step. The method uses equation 5.6
Tdew,day = alpin + b (5.6)

where a =1 and b=0, and thus relies on the assumption that the dew point temperature (Tgew) is
assumed to be equal to daily Tmin. This was found to be sufficient in representing the mean diurnal
cycle for each season, with a good match in timing of minimum RH during the monsoon, though

in the early morning hours until sunrise RH is overestimated.
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Figure 5.9 RH mean diurnal cycle for the NOAA PD time-slice following disaggregation using equa-
tion 6 and observations split by season.

Wind

Wind speed is spatially and temporally variable, particularly in complex terrain (Stull, 2009).
There is ample evidence of thermally driven winds in the Khumbu valley producing a distinct
diurnal wind regime in both wind direction and wind speeds (as discussed in more depth in Chap-
ter 3). In wind speeds the diurnal pattern is characterised by decreasing wind speeds overnight
to a minimum at 7am that was persistent in all seasons, and maximum wind speeds between mid-
day and 2pm (Figure 5.10a). Given this phenomenon and that the glacier MB was found to be
moderately sensitive to wind speed change, equally distributing wind speed (i.e. applying one
unique value for each hour as in Waichler and Wigmosta (2003)) was not considered sufficient.
The diurnal trend in wind speed is persistent regardless of season or synoptic conditions (Figure

5.5) and so a cosine function similar to that used for temperature from Debele et al. (2007) was

used:

m. (t— At
Vig = aw.vi.cos< ( W)>+ b, .v;

12 (5.7)

where the wind speed for dly i is upsampled to v;;for hour t. Parameters aw by and A t, are site-

specific parameters determined when creating the station object (Forster et al., 2016).

This cosine function was fitted to observed hourly data and then applied to daily data for dis-

aggregation. The results did not match observations as well as for temperature as there was not
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minimum and maximum wind speed to force the diurnal amplitude, and the amplitude was reli-
ant on calibration of the cosine function from hourly observations. The amplitude was overesti-
mated, with wind speeds too low overnight (Figure 5.10a) though with a good match to observa-
tions following sunrise. The assumption of this method is that there is higher variability during
the day as is often the case for temperature (Green and Kozek, 2003; Debele et al., 2007) which is
not realistic for wind speed at this location as shown by Figure 5.10b. This method is thought to
work well for locations that have a local wind circulation that endure for the majority of the time
period, such as land-sea or mountain-valley system. It is likely that this method will not work as
well when a dominant synoptic weather system overwhelms the local wind system (Oke, 1987),

such as a winter westerly disturbance or a typhoon though, these are fairly rare in this region.
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Figure 5.10 Wind mean diurnal cycle for the NOAA PD time-slice following disaggregation using
equation 7 and observations split by season (5.10a) and the diurnal standard deviation (5.10b).
Note the different scales on the y axis.

Pressure

Pressure was redistributed from the daily mean following the prescribed course calculated from

the hourly observations using equation 5.7.
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5.3 Downscaling results

5.3.1 Present day downscaling with observations

The Pyramid station that neighbours the debris-covered tongue of Khumbu Glacier experiences
mean annual air temperatures of -2.1°C and receives up to 600 mm of precipitation per year. With
this in mind, the raw RCMs significantly overestimate absolute mean annual air temperature by
up to 7°C (Figure 5.2a and 5.2b) and annual total precipitation by at least a factor of 5 (Figure 5.3a
and 5.3b) for the selected gridpoint. The annual precipitation matches measurements in the
southern Dudh Koshi catchment at 2000 m.a.s.l. (Asahi, 2010 and Figure B2.2). Simulated sea-
sonal temperature and precipitation trends from the raw RCMs are seen in Figure 5.12. There is
a much larger proportion of temperatures above 0°C than in observed temperatures, due to the

altitudinal range within one gridbox.

Notwithstanding the clear differences in absolute values, RCM temperature seasonality (Figure
5.12) follows a similar pattern to observations (Figure 5.11) with warmer temperatures in the
summer months. However, the stabilising effect of the monsoon (i.e. the reduced day-on-day var-
iability in temperatures) is not seen in the raw RCM temperatures. Temperature seasonality is
also more extreme in the CORDEX temperature dataset for all three RCMs. The most marked
weakness in the raw RCM data is their inability to simulate monsoon precipitation as the signifi-
cant proportion of annual precipitation, with a considerable overestimation of winter precipita-
tion both in frequency and magnitude. The absence of the monsoon signal in the RCM precipita-
tion data means that a simple bias correction to resolve the difference in absolute values would

be inadequate.

The QM with normal distribution for tmean significantly improved absolute temperatures and sea-
sonality. However in comparison to the raw CORDEX data (Figures 5.12a-c) and to a lesser extent
the observations (Figure 5.11) there was much less noise. Temperature extremes not tied to sea-
sonality are of particular importance for glacier melt when temperatures go above freezing in
winter and below during the monsoon. This issue is improved when disaggregating daily temper-

atures to an hourly time step.

Following correction to the CORDEX precipitation using gamma distribution QM, the issues of
overestimation of winter precipitation and relative underestimation of monsoon precipitation
amounts were substantially improved, with a much clearer monsoon signal (Figure 5.13). When
comparing with the observations from the PD time-slice, the downscaling perhaps over-corrected
the seasonal precipitation pattern, with an underestimation of winter precipitation or at least

extreme winter events.
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Figure 5.11 Daily mean temperature (split by above/below freezing) and total precipitation over
the PD time-slice used for comparison with downscaling efforts later in the Chapter.
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Figure 5.12 (a-c) Daily mean temperature and daily total precipitation prior to downscaling for PD
time-slice for three RCMs, with temperatures categorised into above (red) and below (blue) freez-

ing.
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For the entire 14 years of observations used for calibration and validation, monsoon precipitation
accounted for 62% of total annual precipitation. For the 2015-2019 period, 58.5% of annual pre-
cipitation fell during the monsoon period (Figure 5.14). This figure is lower than those reported
elsewhere of annual sums of ~450-475 mm and 80% of annual precipitation occurring between
June and October (Bertolani et al., 2000; Bookhagen and Burkan, 2006; Ueno et al., 2008; Shea et
al,, 2015; Benn et al,, 2016), compared to 67.5% of precipitation falling between June and October
in the reference observations. This discrepancy partly stems from the interannual variability in
the strength of the monsoon and of heavy precipitation events from winter westerly disturbances
(as seen by the standard deviation bars; Figure 5.14). The winter and pre-monsoon of 2015 was
unusually wet with the monsoon only accounting for 55% of the annual precipitation. The higher
proportion of monsoon precipitation (and lower annual sums) reported elsewhere likely are de-
rived from precipitation quantities calculated from tipping bucket measurements, such as the one
located at the Ev-K2-CNR run Pyramid observatory. These known to systematically underesti-

mate solid precipitation, particularly during high winds (Sherpa et al,, 2017).
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Figure 5.14 Annual precipitation totals for non-monsoon and monsoon months pre and post
downscaling with standard deviation between selected years shown by black bars (a and b) and as

their seasonal percentages (c and d). Only the downscaled data for RCP4.5 is used for the present
day.
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The distribution of downscaled temperatures from the CCCma climate data in comparison to ob-
servations show that a good match (Figure 5.15). Though vastly improved both in absolute values
and distribution of temperatures in both seasons, there is still a slight warm bias in the
downscaled data, mainly seen in the higher minimum temperatures compared to observations.
The three downscaled RCMs show good agreement in the mean annual air temperature (-2.15
+0.05°C; Figure 5.16). Temperature seasonality is well resolved following downscaling, with
monthly Tmean and Tmin generally matching observations well across the PD time-slice (Figure
5.16). There is a tightening in the range between Tmin and Tmax during the monsoon, which would
translate to a decreased diurnal temperature range following disaggregation, agreeing with ob-
servations (Figure 5.5a). Downscaled Tnmax is often too high during the post-monsoon and winter
relative to observations, and Tmax from NOAA is too high in the pre-monsoon and monsoon. There
is a warm bias of up to 3.9°C for the downscaled IPSL Tmean, Tminand Tmax in January, though tem-
peratures have a better match with observations in the pre-monsoon and month of usual mon-

soon onset (June) compared to the downscaled CCCma and NOAA temperatures.
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Figure 5.15 Daily downscaled temperature for CCCma against observations for 2015-2019, split by
monsoon/non-monsoon with 1:1 line to aid analysis of temperature distributions (dashed orange
line).
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Figure 5.16 Downscaled monthly mean, maximum and minimum temperature calculated for the
PD time-slice. Tmin and Tmax are used to disaggregate daily downscaled temperatures in equation
5.4. For the observations, Tmin and Tmax are calculated from hourly data and then the monthly
mean is calculated.

Hourly disaggregation of precipitation means that, although rare, extreme precipitation events
are spread throughout the day. The maximum hourly precipitation recorded in the observational
reference period is 6 mm, in comparison to 3.4 mm, 3.3 mm and 2.6 mm for the disaggregated
precipitation from NOAA, IPSL and CCCma, respectively. In the 5 years of observations (Figure
5.17a) there are 9 hours during which >3 mm of precipitation fell, whereas this did not occur in
the CCCma downscaled data (5.17b) and the precipitation is instead spread across several hours.
The temperature seasonality is much improved following disaggregation, yet hourly maximum
temperatures is often higher than observations during the monsoon. The incidences of extremely
low temperatures (i.e. less than -10°C) occurring during the monsoon are lower in the hourly
temperatures from the downscaled CCCma data (Figure 5.17b). However, the proportion of tem-
peratures above and below freezing are well resolved following QM with normal distribution

(Figure 5.21).

The seasonality of modelled wind speed is fairly well represented in the raw CCCma model data
(Figure 5.18c) though the reduction in wind speed with the onset of the monsoon is overesti-
mated. Following downscaling the absolute values are closer to observations. The maximum wind
speeds are not as prolonged as in the observations, though the seasonality and monsoon wind

speeds are improved compared to the raw CORDEX data.

Modelled radiation components are subject to biases from parameterisations of cloud feedbacks

and land-atmosphere interactions within RCMs. The SWi, temporal patterns in the raw IPSL data
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are able to simulate the seasonality and the high variability seen in the observational record. The

reduction in SWi, with the onset of the monsoon (Figure 5.18a) is not resolved by the three

CORDEX RCMs. This reduction in SWi, is mirrored by an increase in observed LWj, which has a

much clearer seasonal signal than SWj, This increase with the monsoon onset is apparent and

slightly overestimated in the raw CORDEX data (Figure 5.18b). The seasonality and absolute val-

ues are much improved following QM using a beta distribution. The sub-daily patterns of these

components are also critical for energy balance modelling, particularly for SWi, which has a

strong diurnal signal that varies by season, and these are well resolved (Figures 5.6 and 5.7).
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Figure 5.17 Hourly observations (a) and disaggregated hourly data for CCCma (b) as an example of

disaggregated data.
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Figure 5.18 Raw CORDEX, observed and downscaled SWin (a), LWin (b) and wind speed (c). Each
of the three CORDEX RCMs are used as example. Note that the raw wind speeds are 10-1 so as to fit
on the same scale as observations, as were at times an order of magnitude higher.
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5.3.2 Future downscaled climate scenarios for Khumbu Glacier

Both prior to and following downscaling, under all RCPs and across all seasons, temperatures are
higher in the future time slice than for the present day. Disparities in Tmean between RCMs in the
increase into the future. Under RCP4.5, for IPSL annual temperatures are -0.56°C for IPSL, -0.03°C
for CCCma and -0.73°C for NOAA. Under RCP8.5, these were 1.63°C for IPSL, 1.96°C for CCCma
and 1.62°C for NOAA. Annual temperature rise is most significant in the downscaled CCCma da-
taset, with increases of as much as 2.2°C and 4.1°C for RCP4.5 and 8.5 in the 80 years between

time-slices.

There is higher disagreement between models for Tmax and Tmin than for Tmean, and this is particu-
larly true under RCP8.5. At points in the year the difference between Tmin and Tmaxis significantly
larger under RCP8.5 than under 4.5. This is particularly true during the pre-monsoon. For exam-
ple, in April the difference between Tmin and Tmax under RCP4.5 is the same as the difference be-
tween Tmin and Tmean under RCP8.5. There is better agreement between models under the present

day than for either of the future RCP downscaled monthly temperatures (Figure 5.16).

Monthly Tmean exceeds 0°C one month earlier (May) in the future time-slice under RCP4.5 (5.19a)
compared to the downscaled PD time-slice (Figure 5.16). This occurs in April under RCP8.5 for
[PSL and CCCma. This timing is likely to be similar for much of the ablation area of Khumbu Glac-
ier given the low angle of the tongue, though will be delayed for the steeper upper ablation area
and accumulation area. There is reduced seasonality in Tmax for the CCCma dataset under RCP4.5
compared to RCP8.5. Interestingly, the monsoon period is the only time of year where monthly

CCCma Tmaxis significantly warmer (approximately 2.5°C) under RCP8.5 compared to RCP4.5.

Discrepancies in future annual and seasonal precipitation totals between RCMs remain, though
are reduced following downscaling (Figure 5.20). There is no evidence of a strengthening in the
monsoon before or following downscaling, seen by the proportion of monsoon precipitation com-
pared to present day (cf. Figure 5.14 c and d vs Figure 5.20 c and d). However total annual pre-
cipitation increases for all RCMs in the future time-slice, by on average 14.8% with little differ-
ence between the two RCPs. The mean annual precipitation difference between the present and
future time-slices in the raw RCM data is 6%. Future annual precipitation for 4 out of 6 of the
downscaled RCMs exceeds 600 mm, whereas none of the present-day RCMs or observations ex-
ceed this. An increased frequency of days with high precipitation (defined here as > 15 mm daily
precipitation) mostly in the pre and post monsoon is mostly responsible for this. Monsoon pre-
cipitations remains predominantly drizzle into the future. The number of high precipitation days

increases by a factor of 5 and 7 under RCP4.5 and 8.5 in the IPSL data, respectively. For the NOAA
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data, the number of high precipitation days doubles relative to observations (where there are 22

days) for both RCPs, though is higher under RCP4.5.
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Figure 5.19 Downscaled monthly mean, maximum and minimum temperature calculated for the
future time-slice under (a) RCP4.5 and (b) RCP8.5.
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Figure 5.20 (a and b) Future time-slice annual precipitation totals for non-monsoon and monsoon
months pre and post downscaling with standard deviation between selected years shown by black
bars and (c and d) split as seasonal percentages. Note different scales on the y axis between the
raw and downscaled precipitation.

5.4 Discussion

5.4.1 Implications for glacier modelling

Quantile mapping improves the representation of the monsoon in the seasonal precipitation cycle
compared to the raw RCM data. However, high magnitude events outside of the monsoon, such
as those recorded over several days in December 2015 and January 2016 in the observations, are
less frequent or of lower magnitude in the downscaled PD precipitation data. NOAA precipitation
has the closest match to observations, with 49 days with precipitation totals >15 mm compared
to 84 for observations, and IPSL only has 23 days. These events are often triggered by winter

westerly disturbances (Ueno et al., 2008) and can substantially alter annual glacier mass balance.

The disaggregation methods used here for all variables excluding precipitation match the mean

diurnal cycles, whilst allowing some stochasticity through the varied amplitudes that force the
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disaggregation, particularly for temperature. The proportion of temperatures above and below
0°C is generally the same following disaggregation, with any differences stemming from daily tmax
and tmin which determine the amplitude (Figure 5.21). A temperature-index approach would pro-
duce highest mass loss in the present under [PSL and in the future under a CCCma RCP8.5 climate
(Figure 5.21). At the time of writing, there appears to be only one study that has explicitly used
or required temporal disaggregation for glacier modelling in the literature. Hanzer et al. (2017)
used a variety of disaggregation procedures with EURO-CORDEX daily data to hourly for model-
ling glaciers of the Otztal Alps, Austria.

Quantile mapping improves the representation of the monsoon in the seasonal precipitation cycle
compared to the raw RCM data. However, high magnitude events outside of the monsoon, such
as those recorded over several days in December 2015 and January 2016 in the observations, are
less frequent or of lower magnitude in the downscaled present day precipitation data. The pre-
sent day NOAA precipitation has the closest match to observations, with 49 days with precipita-
tion totals >15 mm compared to 84 for observations, and IPSL with only 23 days. These events
are often triggered by winter westerly disturbances (Ueno et al., 2008) and can substantially alter
annual glacier mass balance. The mass balance modelling results from these three downscaled
climates and comparison with observations will help determine the most realistic present day

climate.
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Figure 5.21 Proportion of temperatures occurring above and below freezing for the PD time-slice
and future time-slice (for each RCP) for the (a) downscaled daily data and (b) following disaggrega-
tion. NB (a) only includes the daily Tmean and a change in the temperature split above/below freez-
ing following disaggregation may stem from the amplitude defined by Tmin and Tmax.

The precipitation diurnal cycle is prominent in this region, and in the absence of other appropri-
ate methods for the local climate, the mean diurnal trend was applied to the daily data. Given the
more extreme diurnal cycle during the monsoon, with the “nocturnal peak” that is so distinct for
the south facing slopes of the Central Himalaya (Ueno et al., 2001), it is important to differentiate
this pattern from the annual trend for disaggregation. Given that 260% of annual precipitation
falls during the monsoon and that the 0°C isotherm, and thereby the rain/snow threshold, can

reach elevations of atleast 6,250 m.a.s.l. (as shown in Figure 4.16, Chapter 4), it is critical that this
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nocturnal peak is somehow integrated into the disaggregation process, even if in a simple manner

as done so here.

The reason behind this peak is disputed, but it has been hypothesised as resulting from interac-
tions between gravity waves and atmospheric instability over the region’s high peaks (Barros et
al,, 2004). It could also be due to meridional circulation bringing depressions from the Bay of
Bengal to interact with orographic vertical shear winds from the east, triggering return flows and
formation of localised but persistent night-time depressions (Bhatt and Nakamura, 2005). The
disaggregation method used in this chapter relies on the assumption that this nocturnal peak will
be similar in the future. In the Central Himalaya, strengthened downslope nocturnal winds across
seasons since 1987 are associated with significant nocturnal drying at higher elevations (Norris
et al,, 2020), indicating that this nocturnal peak may become less prominent into the future. This
is contrasted by anabatic winds that have acted to prevent diurnal drying in higher elevation re-
gions. The likelihood of precipitation falling as snow rather than rain is much higher during the
night-time, particularly during the monsoon, so a reduction in this nocturnal precipitation peak

could bring an associated reduction in this accumulation input for the region’s glaciers.

Wind speed absolute values are at times an order of magnitude too high amongst all three
CORDEX RCMs relative to observations of the same period (Figure 5.18a). The significant discrep-
ancy in the raw RCM wind data is likely in part due to winds from CORDEX being modelled 10 m
from the surface, whereas the AWS anemometer height is 5 m. This height correction would de-
crease RCM winds by ~30% (see Chapter 3, section 4.3). There are several >7000 m peaks within
the CORDEX grid box and these features may produce higher modelled wind speeds (gusts of up
to 50 m/s have been recorded by the South Col AWS; Matthews et al., 2020). Overestimation of
wind speeds within CORDEX RCMs have also been highlighted in other regions with less complex
terrain (Li et al, 2019), and was also found in grid boxes in the lowlands south of the Khumbu as
a sense check for this study. An increase (decrease) in wind speed of 0.75 m/s decreased (in-
creased) spatially averaged glacier MB by 1 m w.e. a1 (0.87 m w.e. a'1). Though this sensitivity is
not additive (Figure 4.14, in Chapter 4), calculating glacier MB with raw RCM wind data could
produce highly erroneous results. Following downscaling, this systematic bias in annual mean

absolute wind and seasonality of wind speeds was substantially lessened.
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5.4.2 Comparison of future climate with other studies

Under RCP4.5 (8.5) mean annual temperatures are -0.56°C (1.63°C) for IPSL, -0.03°C (1.96°C) for
CCCma and -0.73°C (1.62°C) for NOAA. Annual temperature rise is most significant in the
downscaled CCCma dataset, with increases of as much as 2.2°C and 4.1°C for RCP4.5 and 8.5, re-
spectively in the 80 years between time-slices. Temperature change is most substantial in the

winter, mirroring findings for the Central Himalaya and the Koshi river (Table 5.3).

On average, Tmax increases by 0.2°C more than Tmi» under the two future emission scenarios. This
contrasts with observed historical trends, where DTR reduced due to a disproportionate increase
in Tmin at Pyramid and the wider HKKH (Salerno et al., 2015; Ren et al,, 2017; Sun et al., 2017,
Table 2.1). However this trend in increased Tmax relative to Tmin has been observed in Nepal up to
2,566 m.a.s.] (Thakuri et al., 2019, Table 2.1). This indicates that this trend is an artefact from the
raw RCM data and reaffirms the earlier point based on the annual total precipitation, that this

gridpoint is representative of the Dudh Koshi at ~2,000 m.a.s.l..

Annual precipitation increases amongst all downscaled RCMs relative to present day by up to 100
mm for CCCma under RCP4.5. Despite this, there is no evidence of future weakening or strength-
ening of the monsoon with the seasonal split remaining the same both prior to and following
downscaling (Figures 5.14 and 5.20). Sanjay et al. (2017b) found poor consensus between
CORDEX RCMs for future changes in monsoon and winter precipitation particularly in the Central
Himalaya. Future intensification of the monsoon in the Koshi river of up to 44% (Table 5.3, Kaini
etal, 2019) contrasts strongly with the findings here. There is an absence of downscaled climate
scenarios for this region to compare with the results here. It should be noted that QM depends on
the assumption that the bias between the RCM gridpoint and the observations will be the same
into the future as it is in the present day (Cannon et al.,, 2018). Future work to improve regional
atmosphere/land feedbacks in RCMs, but also effective future climate downscaling methods,
could bring a higher degree of certainty in the direction and magnitude of precipitation seasonal-

ity over the coming centuries.

The climate scenarios produced in this study show increased high magnitude precipitation events
into the future. This increase is most stark in the NOAA data for both RCPs and in the CCCma data
under RCP4.5, where the number of days with >15 mm precipitation is 1.2-1.7 times higher than
the present-day equivalents. The future IPSL climate shows an increased frequency of higher
magnitude events than the present day, particularly under RCP8.5. Winter precipitation strength-
ens in line with annual trends, contrasting with projections of decreased winter precipitation for

the Central Himalaya (Sanjay et al., 2017b) and under RCP4.5 for the Koshi river (Table 5.3, Kaini



154

Downscaling

et al,, 2019). The low winter precipitation seen at Khumbu Glacier means that just a 15 mm in-

crease in precipitation is a 20% increase into the future, and this is largely due to the increased

frequency of high magnitude precipitation days.

The changes in the other downscaled climate parameters are significant compared to the present

day, though an increase in incoming longwave radiation is observed, particularly under RCP8.5

(by up to 5% before and following downscaling).

Region

Khumbu
Glacier

Central Hima-
laya

Koshi river
Basin (Ne-
pal/Tibet)

Emission
scenario
RCP4.5

RCP8.5

RCP4.5

RCP8.5

RCP4.5

RCP8.5

Temperature
change (°C)
1.81+0.38
(annual)

1.45+0.44
(summer)

1.77+0.88
(winter)
3.91+0.19
(annual)

3.74+0.58
(summer)

4.44+0.23
(winter)

2.2 (summer)
3.3 (winter)

2.7 (summer)
3.6 (winter)

4.3 (summer)
6.0 (winter)

4.7 (summer)
5.8 (winter)

2.0 (annual)
2.1 (summer)
2.3 (winter)

4.1(annual)

3.6 (summer)
4.7 (winter)

Precipitation
change (%)
14.8+4.64
(annual)

5.43+9.47 (sum-
mer)

14.1£7.17
(winter)
14.87+2.32
(annual)

9.75+4.1 (sum-
mer)

19.4349.69
(winter)

10.5 (summer)
1.5 (winter)

11.8 (summer)
-0.7 (winter)

19.1 (summer)
-8.8 (winter)

19.1 (summer)
-8.1 (winter)

16 (annual)
20 (summer)
-9 (winter)

39 (annual)

44 (summer)
13 (winter)

Year

2015-2020 to
2095-2100

1976-2005 to
2066-2095

1976-2005 to
2066-2095

1981-2010 to
2071-2100

Data
source
QM of
CORDEX
South Asia

CORDEX
South Asia

CMIP5
AOGCMs

CMIP5
AOGCMs

Reference

This study

Sanjay et al.
(2017b)

Kaini et al.
(2019)

Table 5.3 Summary of temperature and precipitation projections found here and compared to two

other studies. Summer/winter are categorised as the summer monsoon (June-September) and

winter (December-February) as in Sanjay et al. (2017b). Note the difference between the median

of the reference and end-of-century periods is 90 years for the Sanjay et al. (2017b), Kaini et al.

(2019) and this study and making temperature/precipitation change more comparable.
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5.5 Conclusion

Based on the above analysis the following concluding remarks are made:

Downscaling with quantile mapping greatly improves the representation of seasonality
of climate relative to observations. This is particularly true for monsoon precipitation that
was previously poorly resolved in the raw CORDEX RCMs. However, there is less noise

following quantile mapping, and less day-on-day variability relative to observations.

Following disaggregation, the variability is improved, particularly for temperature using
Tmin and Tmax. The seasonality of the diurnal cycle for temperature and the radiation com-
ponents is reproduced. Forcing the EBM with this disaggregated climate will determine

the efficacy of the present day climate scenarios.

Annual and seasonal temperature increases are in line with findings from other studies

for the region, and are strongly linked to RCP.

Mean annual precipitation is projected to increase by 14.8% over the next 80 years, but
shows no dependency on RCP. Precipitation trends are more linked to the selected RCM
demonstrating the poor agreement on strength of future precipitation trends. There is

little evidence of monsoon intensification, contrasting with findings from other studies.
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Chapter 6 Present-day and future evolution of Khumbu Glacier

6.1 Introduction

Calculations and measurements of glacier mass balance are critical for determining the footprint
of anthropogenic warming on glaciers and how this will change into the future. However, the re-
lationship between mass balance and glacier dynamics has been much less explored, particularly
for the HKKH (Shea et al,, 2015a; Rowan et al.,, 2015; Wijngaard et al., 2019). Debris-covered glac-
iers manifest negative mass balances through ice thinning (Benn and Lehmkuhl, 2000; Figure 6.1)
and associated deceleration (Dehecq et al., 2019). Surface lowering on both clean and debris-cov-
ered ice is strongly related to mass balance change as well as ice flux change (Pellicciotti et al.
2015; Banerjee, 2017). Historical and future projections of glacier change would therefore be in-
complete without the consideration of ice dynamics, though mass balance and ice flow modelling
are often considered separately. This chapter aims to address this shortcoming in a novel way by

integrating a distributed mass balance model with an ice flow model.

Figure 6.1 Looking down-glacier towards the terminus of Khumbu Glacier where surface lowering
from the Little Ice Age lateral moraine crests is clearly visible (surface lowering shown by red ar-
rows and direction of glacier flow by orange arrow). The glacier surface is pitted with supraglacial
ponds and exposed ice cliffs.
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Mass balance studies usually provide a snapshot of the influence of a climate change signal on
glacier ablation/accumulation rates. However, the present-day climate is not immediately exhib-
ited in glacier volumes and ice flow. Glacier response time is the length of time taken for glacier
volume to adjust to a new geometry and reach a new equilibrium, or hypothetical steady-state,
following a mass balance perturbation (J6hannesson et al., 1989). This period is typically between
50-100 years for valley glaciers, though is less well constrained for glaciers of the HKKH, partic-
ularly DCGs (Rowan et al., 2015; Anderson and Anderson, 2016). The response time is controlled
by a multitude of factors that are not restricted to atmospheric forcing. For clean-ice glaciers the
response time of a given mass balance change is dependent on glacier length, thickness and ve-
locity at the (active) terminus (Pelto and Hedlund, 2001; Raper et al,, 2009; Kirkbride et al., 2012)
and ELA (Pelto, 2010). This is much more complex for debris-covered ice surfaces given their

well-evidenced non-linear responses to external forcings (Benn et al., 2012).

The presence of thick supraglacial debris complicates the response of glaciers over space and
time (Rowan et al., 2015, 2021; Pellicciotti et al., 2015; Anderson and Anderson, 2016). Preferen-
tial melt on clean-ice areas will trigger melt-out of englacial debris and ultimately increase debris
coverage. Mass loss through surface lowering on debris-covered areas will also enable suprag-
lacial layers to thicken. In theory, this should allow DCGs to be sustained for longer into a warmer
future than their clean-ice equivalents, given the insulating effect of debris on ablation rates
(@strem, 1959, and see Figure 4.4). However, observations indicate that mass loss of debris-cov-
ered glaciers is close to that of glaciers without debris (e.g. Banerjee, 2017). A contributing mech-
anism to this debris-cover anomaly (Pellicciotti et al., 2015; Kraaijenbrink et al., 2017; Brun et al,,
2019; Rowan et al., 2021) may be the accelerating development of supraglacial ponds and ice
cliffs in response to historical warming which act as hotspots of melt and inflate glacier-wide cal-
culations of mass loss. Understanding how debris-covered glaciers respond to changes in climate
relies on effective ice flow models designed for DCGs with heterogenous surfaces, that are also

able to effectively model the dynamics of ice flux change over time (Banerjee, 2017).

Modelling glacier flow in steep terrain is particularly challenging. Existing ice flow models vary
hugely in complexity, from simple flowline models (Oerlemans et al., 1998; Huss et al., 2007;
Banerjee and Shankar, 2013) to higher-order three dimensional models (Egholm et a., 2011;
Scherler and Egholm, 2020; Rowan et al., 2015, 2021) or Full Stokes models that resolve all flow
equations (Zwinger et al., 2007; Pattyn et al., 2008). The Shallow Ice Approximation (SIA) (Hut-
ter, 1983) is the simplest representation of the Full Stokes model, that assumes basal drag per-
fectly counters the gravitational driving stress and neglects all transverse and most longitudinal
stress gradients (Figure 6.2). The SIA is particularly effective for ice masses with small aspect

ratios (i.e. “shallow” relative to their horizontal extension; Pattyn, 2002; Le Meur, et al., 2004)
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such as ice sheets. The SIA is unsuitable for areas where basal sliding contributes significantly to
glacier velocity, such as ice streams and ice divides (Pattyn, 2003) and glaciers in steep terrain

(Egholm et al.,, 2011).

The flow of glaciers in high mountains is restricted by steep, confined valley sides that act to im-
pose more complex stresses on flow. This is especially true for the Khumbu icefall, where the
narrow valleys and steep slopes lead to convergence and high velocities, which is evidenced by
the fractured surface of evolving crevasses (Altena and Kaab, 2020). To resolve these more com-
plex stresses on flow, higher-order or second-order models include longitudinal and transverse
stress. The integrated second-order shallow-ice approximation (iSOSIA, a coupled ice flow and
landscape evolution model; Egholm et al.,, 2011) accounts for these two stresses that govern
mountain glacier flow (Figure 6.1). Ice thicknesses simulated using iSOSIA have been shown to
compare well with those from a full Stokes model (underestimation of 4%), representing a vast
improvement on simple SIA modelling approaches (underestimation of 25%). Ice extents derived
from iSOSIA have also been shown to agree well with the full Stokes approach (Egholm et al,,
2011).

|:| SIA stresses

Additional stresses in iSOSIA
(Egholm et al., 2011):

|:| Transverse stress
. Longitudinal stress

iSOSIA with debris
(Rowan et al., 2015)

Supmsla‘ﬁa. debris

= Terminal moraine

o —

Figure 6.2 Schematic of stresses that are resolved in basic SIA models, and the additional stresses
resolved by iSOSIA that are critical for simulating mountain glacier flow. The debris model compo-
nent is a novel approach to coupling ice flow with debris transport and accumulation, and feed-
backs with glacier mass balance (Rowan et al., 2015). This is used in simulations throughout this
chapter.
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Varying approaches to modelling ice flow in the Himalaya have produced projections of future
glacier evolution in the region that differ markedly. At the most extreme end, work using an ice
redistribution model intended for clean-ice glaciers predicted that 70 to 99% of glaciers in the
Everest region will be lost under RCP4.5 and 8.5, respectively (Shea et al., 2015). Reductions in
ice volume of up to 50% in the Dudh Koshi catchment were predicted by Soncini et al. (2016)
using a glacio-hydrological model, where glacier flow was driven by a simplified force balance
(Wallinga and van de Wal, 1998). This model corrected for the suppression of ablation under a
homogenous supraglacial debris cover, albeit in a relatively crude and spatially invariant manner.
In this study, glacier mass loss was found to be most significant for elevations <6,500 m.a.s.l.. Vol-
ume loss of 8-10% was predicted under RCP4.5 by Rowan et al. (2015) using the iSOSIA model.
The addition of englacial debris transport, an evolving supraglacial debris layer (Figure 6.2) and
the associated feedbacks on glacier mass balance resulted in a much more realistic representation
of the complex dynamics that govern Khumbu Glacier evolution, although simulated mass loss
was underestimated relative to observations. For this reason, a stronger sub-debris ablation pa-
rameterisation developed in Rowan et al. (2021) is used in for the simulations in this study and

is discussed in more detail later.

Shea et al. (2015a) and Soncini et al. (2016) parameterised mass balance using a degree-day ap-
proach that (a) accounts for aspect (Shea et al., 2015a) or (b) includes the short-wave radiation
balance (Soncini et al., 2016). Rowan et al. (2015) parameterised MB as a function of elevation,
where ablation/accumulation rates scaled linearly with temperature. In their study, future cli-
mate change was represented using the delta method and the ELA was adjusted in line with the

temperature scenarios; other climate parameters were not considered.

In Chapter 4, the degree-day approach was considered unsuitable for Khumbu Glacier, in part due
to it being a summer-accumulation type glacier. Large parts of the tongue lie along the 0°C iso-
therm between June and September meaning sub-daily temperature and precipitation cycles are
vital for simulating accurate ablation/accumulation rates. A high sensitivity of glacier MB to the
radiation components SWi, and LW, was also noted, and the contribution of these fluxes to the
mass budget was found to vary significantly both spatially and seasonally. The non-linearity of
the mass balance of DCGs with elevation, including Khumbu Glacier, with the highest ablation
rates in the upper ablation area causing a reversal of the MB gradient and glacier slowdown
(Quincey et al., 2009; Benn et al., 2009), suggests that the methods used by Shea et al. (2015),
Soncini et al. (2016) and Rowan et al. (2015, 2021) are not adequate representations of mass

balance. This reinforces that a distributed MB approach is preferable.

In this chapter, a distributed glacier mass balance that accounts for many of these factors which

complicate the mass balance of Khumbu Glacier is used to force the higher-order ice flow model



160 Khumbu Glacier evolution

iSOSIA. At the time of writing, a higher-order ice flow model has not been forced with a distrib-
uted mass balance to model present-day and future evolution of a glacier. This work builds on the
study by Rowan et al. (2015) with the novel contribution being the distributed mass balance forc-
ing, and improved representation of climate (including the seven parameters that are used to
force COSIPY, rather than just temperature) and future climate scenarios. An ensemble of mass
balance forcings from the three downscaled RCMs (Chapter 5) are used to explore how present
day and future climate uncertainty impact on glacier evolution. Improved parameterisations of
sub-debris ablation, developed and evaluated against three decades of mass loss in Rowan et al.
(2021), is used alongside this novel distributed glacier-wide mass balance forcing to produce
more robust projections of glacier change. The interplay of glacier-wide mass balance with three
sub-debris ablation parameterisations is first investigated in the historical simulations. This
study then builds further on the work by Rowan et al. (2021) by simulating future glacier evolu-

tion.

6.2 Model description

iSOSIA is a depth-integrated, higher-order model that resolves the longitudinal and transverse
stress gradients that are imposed by the topography. It was originally used to study landscape
evolution, including erosion and moraine building (Egholm et al., 2011; Braedstrup et al.,, 2016),

but it has since been applied to model glacier response to climate change (Rowan et al,, 2015).
Ice flow in iSOSIA is driven by internal ice deformation and basal sliding with
U= g +u, (6.1)

where the contribution of ice deformation (Gq4) to velocity (1) depends on a polynomial function
of ice thickness, coefficients that account for the angle of the ice surface and bed, as well as longi-
tudinal stress gradients (Figure 6.2, Egholm et al., 2011; Rowan et al., 2015). uy refers to velocity

from basal sliding.

Basal sliding is regulated by basal shear stress, which is controlled by ice thickness, velocity and
surface and basal slope. There is a maximum bound on basal sliding that comes from drag from
basal protuberances (Schoof, 2005). The relationship between basal shear stress and sliding ve-
locity is parameterised as follows

ub/Nn

) 1/n (62)
ub/N” + AO

Ts/N = C. (

where Ts is basal shear stress Cy, Ce, and Cc are sliding coefficients (defined in Table 1 of Braadstrup

etal, 2016), uy is the velocity from basal sliding and Ao is a constant that defines the bed geometry
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(Schoof, 2005; Gagliardini et al., 2007). The inaccessibility of the ice-bed interface means the var-
ious sliding laws that are used in glacier models cannot be tested (Zoet and Iverson, 2017). How-
ever, resolving the impact of these obstacles on basal drag, including separation of the basal ice
from their leeward side, is an improvement to the standard empirical, power-law approach that
assumes infinite levels of basal drag from the bed with increased basal sliding (Nye, 1970, Kamb,

1970; Budd et al,, 1979).

Few mass balance models resolve avalanching, including COSIPY. In Chapter 4 this was discussed
as a major limitation, as avalanching from the steep hillslopes of the Western Cwm is thought to
comprise 66-75% of the total accumulation of Khumbu Glacier (Inoue, 1977; Benn and Lehmkuhl,
2000). In these iSOSIA experiments snow and ice are removed from hillslopes with a critical slope
angle greater than 28° and are then distributed uniformly across the ice surface, with mass con-
served. This threshold was previously applied in the simulations by Rowan et al. (2015) and was
found to be low enough to prevent snow/ice accumulation on slopes that are observed to be bare,

whilst allowing accumulation on steep sections of the glacier.

6.2.1 Debris transport

Debris is fed to the glacier surface from upper hillslopes, and debris concentrations were esti-
mated from hillslopes that are without ice and assuming erosion rates of 1 mm a-! (Rowan et al,,
2015, 2021). Avalanching is likely responsible for much of the debris accumulation on the surface,
but there is little information regarding the magnitude and frequency of these avalanches, There-
fore for the purposes of these simulations this eroded debris from the headwalls, which is then
transport via avalanching onto the glacier, is assumed to be uniformly spatially distributed across

the accumulation area.

Debris is diffused englacially via a Eulerian advection scheme:

dc
— = _ 6.3
Frie V. {cu} (6.3)

where debris concentration (c) within the ice updates over time (t). Though iSOSIA is two-dimen-
sional and velocity (u) is depth-integrated, depth-dependent calculations with 20 vertical glacier
layers were used for tracking of the englacial debris (Rowan et al.,, 2015; Scherler and Egholm,
2020). The vertical distribution of velocity assumes that horizontal velocity through ice defor-

mation reduces with depth as a fourth-order polynomial:
u@ = 2[1-(5) Y|a+u (6.4)
4 h

where z is the burial depth below the ice surface, h is ice thickness and i is the horizontal velocity

across the 20 vertical layers.
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Vertical velocity is scaled linearly with surface ablation/accumulation and basal melting, the cal-

culation for which is described in Rowan et al. (2015).

Debris is transported passively with ice flow, generally following a concave path with submerg-
ence in the accumulation zone and emergence in the ablation zone (Figure 6.2). Numerical diffu-
sion of debris occurs between grid cells meaning the debris input mechanism from the headwalls
of the accumulation area does not impact supraglacial debris distribution following melt-out at
lower elevations. The distribution of debris in the ablation area is a function of mass conservation,
thinner debris layers are found where ice flow lines diverge, as they often do in the ablation area.
In one-dimensional glacier models (e.g. Anderson & Anderson, 2016, 2018) debris thickens with
distance downglacier, which is less realistic. Simulated debris thicknesses were compared with
observations and found to correlate well, albeit over-estimating slightly in some areas (Nakawo,

1986; Rounce et al., 2018; Figures C4, C5).

The sub-debris ablation schemes used in the simulations in this chapter are described in section

6.2.3.2.

6.2.2 Static surface data

A 30 m digital elevation model (DEM) was acquired from the Shuttle Radar Topography Mission
(SRTM) (Farr et al., 2007). The DEM was resampled to a 100 m grid spacing to match the resolu-
tion of the energy balance and ice flow modelling experiments. Spatial resolutions finer than 100
m were tested but found to add minimal value to the energy balance modelling results (Chapter
4). This same 100 m grid spacing, was used in iSOSIA simulations by Rowan et al. (2015) allowing
for direct comparisons with the future projections to be made, enabling the added value of an

improved representation of glacier mass balance, climate and sub-debris ablation to be assessed.

Estimates of distributed ice thickness and volume provided by Farinotti et al. (2019) were re-
moved from the DEM to produce the subglacial topography required to initialise experiments.
This yielded an ice-free domain that incorporated the full hydrological catchment and included
the steep hillslopes of the Western Cwm that provide avalanche material into the glacier accumu-
lation zone. The domain comprised 19,164 glacier points, in a square grid, and provided the basis

for both the mass balance and ice flow simulations.

6.2.3 Experimental design

Khumbu Glacier is surrounded by a terminal moraine complex and roughly two sets of lateral
moraines (Figure 6.1) denoting the late Holocene advance and the Little Ice Age (LIA) advance,
and thereby the glacier extent and thickness which also aid evaluation of historical simulations

(Hambrey et al., 2008; Owen et al., 2009; Rowan et al.,, 2017). The delay in glacier response to
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climate also necessitates the ice flow modelling experiments to spin up from a stable period when

the glacier was in equilibrium with climate.

The Late Holocene Khumbu Glacier was reconstructed with a 5000-year steady-state simulation
starting from an ice-free domain and with the same elevation dependent mass balance forcing
used in Rowan et al. (2015, 2021). For this, the LIA maximum was simulated by forcing the Late
Holocene ice mass with a mean sea level temperature of 21.3°C, assuming a temperature lapse
rate of 0.004°C/m, to produce an ELA of ~5,325 m.a.s.l.. The supraglacial debris layer at this time
was negligible, as debris was being exported to the margins to build the moraines seen today
(Owen et al., 2009; Rowan et al., 2015). Glacier slowdown allowed supraglacial debris export

which, aided by the enclosing moraines, enabled the glacier to thicken (Rowan et al., 2015).

A variety of dating techniques indicated that the LIA advance occurred approximately 500 years
before present (Owen et al., 2009; Rowan et al., 2017). The present day in the iSOSIA simulations
starting from the LIA maximum was placed at 200 years. The glacier would likely have had a de-
layed response to retreat from the LIA moraines due to the presence of supraglacial debris. The
inner moraines show no vegetation, suggesting they are relatively young (towards the very end

of the LIA, around 1900 CE).

From this point in time onwards the simulations were forced by present-day distributed mass

balance, and a variety of sub-debris ablation schemes were used.
430
3225

215

Ice thickness (m)

107.5

Elevation {m.a.s).)

5425

Figure 6.3 Simulated Khumbu ice thickness at the LIA maximum that matches well with moraines
seen in valley today.
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6.2.3.1 Mass balance forcing

Each iSOSIA experiment was forced by a 100 m grid of annual glacier mass balance. This grid was
generated using COSIPY, with each five year time-slice experiment forced by one of the three
downscaled CMIP5 model datasets outlined in Chapter 5. The mean of the 5 annual clean-ice mass
balance grids was calculated, and then used to force the ice flow simulations. COSIPY calculates
the clean-ice mass balance, meaning the impact of supraglacial debris on ablation rates was not
double counted following integration with iSOSIA. The debris component of iSOSIA is more so-
phisticated than the relatively simple ablation correction implemented in Chapter 4, and includes

debris transport which no existing glacier mass balance models do.

Present day MB simulations were forced with the three downscaled RCM datasets described in
Chapter 5 for 2015-2019, and these resultant grids were used to generate present day glaciers in
iSOSIA. These present-day glaciers were forced with end-of-century MB grids (2095-2100) from
the downscaled RCM datasets for both RCP4.5 and 8.5. A mid-century MB grid (2059-2064) was
selected for two of the RCMs (CCCma under RCP4.5 and NOAA under RCP8.5) and these were

used to assess the response of the ice-flow model to this mid-way MB forcing.

The eleven MB forcings produced by the above downscaled datasets are shown in Figure 6.4, as
their cumulative MB calculated from the glacier-wide MB simulations. Simulated glacier-wide
mass balance became more negative into the future, particularly under RCP8.5. Mass balance
forced by the downscaled NOAA climate remained the lowest relative to the CCCma and IPSL
RCMs.
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Figure 6.4 Spatially averaged cumulative mass balance with clear seasonality for (a) the present
day time-slice (including the MB forced by the observations used in downscaling) (b) the mid-cen-
tury time-slice (c) the future time-slice under RCP4.5 (d) the same, but under RCP8.5.

The downscaled future time-slice of the NOAA climate under RCP4.5 was 1.4°C higher than pre-
sent day (mean annual temperatures of -0.75°C and -2.15°C, respectively). However the spatially
averaged cumulative mass balance was only slightly lower in the future time-slice (0.7 m w.e.
lower, equating to a 0.14 m w.e. clean-ice annual MB). The impact of warming on mass balance
was likely offset by the projected increased in precipitation (annual precipitation totals were
581.4 mm in the present day, against 664.8 mm per year in the future under RCP4.5; Figures 5.14
and 5.20).

It should be noted that the cumulative mass balances shown here are not directly comparable to
the simulations in Chapter 4 (Figure 4.9) as the larger glacier square grid used for these simula-
tions with iSOSIA includes a higher proportion of lower elevations than those of the existing glac-
ier, thereby reducing simulated MB. Equally, for present day and future simulations the initial
snow depth was 0.2 m, chosen as there were measurements of up to 0.25 m from the Pyramid

ultrasonic depth in November 2014 (Figure A2).

At the time of writing, there was an absence of regional temperature projections beyond 2100,

with downscaling experiments such as CORDEX only running until 2100. There are also no global
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projections of post-2100 precipitation change, or of other climate parameters used to force the
EBM. For these post-2100 experiments only, the delta change method (described in Chapter 5,
page 122) was therefore used to apply the following global temperature change projections to
the end-of-century climate for RCP4.5 and 8.5. Given the lack of post-2100 projections for the
other climate parameters, and the significant uncertainty and error associated with precipitation
even in the present day within RCMs, the precipitation and other climate variables from the
downscaled 2100 climate were used. The simulations forced with 2095-2100 MB were also left
to run with no further warming until they reached steady state. This was to ascertain when in the
future the glacier is likely to reach equilibrium following present day warming and as, under
RCP2.6, some GCMs project stabilising or even minor cooling (<0.5°C) of global temperatures af-

ter 2100.

Temperature changes for the post-2100 transient simulations, as described below, were all

taken from Collins et al. (2013).
Transient simulations 2100-2200:

1. For RCP4.5, warming of 0.5°C was applied to MB mean of 3 RCMs for 2100 RCP4.5 cli-

mate.

2. For RCP8.5, warming of 2.8°C was applied to MB mean of 3 RCMs for 2100 RCP8.5 cli-

mate.

Transient simulations 2200-2300:

1. For RCP4.5, warming of 0.2°C was applied to MB mean of 3 RCMs for 2200 RCP4.5 cli-

mate.

2. For RCP8.5, warming of 1.3°C was applied to MB mean of 3 RCMs for 2200 RCP8.5 cli-

mate.

6.2.3.2 Sub-debris melt parameterisation

In these simulations, several approaches to parameterising the role of supraglacial debris on ab-

lation rates were used.

The first approach was to emulate the exponential method used in Rowan et al. (2015) where
suppression of ablation was scaled from the clean-ice rate (beean) via an exponential function to

generate the reduction of ablation from debris (bdcbris)

baebris = Dciean X €Xp (m) (6.5)



167 Khumbu Glacier evolution

where ablation was suppressed by 50% under a debris thickness (h) of 50 cm to give a value of
0.72 (as was calculated for neighbouring Ngozumpa Glacier; Nicholson and Benn, 2013). This is
referred to as ‘exponential’ hereafter (Table 6.1) and the resultant ablation reduction curve can
be seen in Figure 6.5. This assumed a uniform debris layer, as in Chapter 4, though the melt re-
duction curve here differs from that created by the DADDI model (Figure 4.20). However as sim-
ulated debris thickness is higher than that found by Rounce et al. (2018), generally =1.5 m across

Khumbu Glacier, the impact on glacier melt between these two curves would be minimal here.

The observed heterogeneity of the surface of Khumbu Glacier meant a parameterisation that rep-
resents differential ablation was considered preferable (Rowan et al., 2021), and this formed the

basis for the remaining three approaches.

ho
baepris = bcrean X m (6.6)

Reciprocal functions were used to determine differential sub-debris ablation. Variability in debris
thickness at the 1-m grid scale was estimated as the mean of 1000 thickness values. In compari-
son to the exponential method, the sub-grid randomised variation in h produced higher sub-de-
bris ablation rates, as the thin or clean ice areas act to increase the spatially averaged ablation

rates for each grid cell.

The parameterisations selected for this study represented varying levels of differential ablation:
those that match the thickness distributions on Ngozumpa Glacier, which are highly positively
skewed (ho=1.1) (Nicholson and Mertes, 2017), positively skewed (ho=0.8) and uniform (ho=0.4)
(Table 6.1 and Rowan et al., 2021). The uniform (ho=0.4) sub-debris ablation correction with de-
bris thickness matched most closely to the exponential method (Figure 6.5). The presence of
clean-ice surfaces e.g. ice cliffs meant for the reciprocal functions the lower limit of h was 0 m. In
the positively skewed distribution, 6% of h values were 0 m to 0.05 m, denoting the proportion

of the debris-covered tongue on Khumbu Glacier that comprises ice cliffs (Watson et al., 2017).

ebris forcing Exponential ho=0.4m ho= 0.8 m he=1.1m

MB Forcing

IPSL PD 1 2 3 4
CCCma PD 5 6 7 8
NOAA PD 9 10 11 9

Table 6.1 Experiments for LIA maximum to PD using the three different MB grids and four sub-de-
bris ablation parameterisations. h0 = 0.4, 0.8 and 1.1 m refer to the reciprocal schemes used in Ro-
wan et al. (2020) and Exponential to the exponential scheme in Rowan et al. (2020) and Exponen-
tial to the exponential scheme in Rowan et al. (2015).
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Figure 6.5 Melt reduction factors for the sub-debris ablation parameterisations as a function of

debris thickness, modified from Rowan et al. (2021).

The four sub-debris ablation parameterisations (exponential, hp=0.4, ho=0.8, ho=1.1) were used

in the LIA maximum until present day simulations to investigate the role of differential ablation

on glacier mass balance in observed mass loss. The present day simulated glacier produced by
the combination of mass balance and debris forcing (Table 6.1) that best matched the historical

and present-day dynamics of Khumbu Glacier was used as the starting point for the future simu-

lations.
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6.3 Results

6.3.1 Integration of gridded mass balance with iSOSIA

The spatial mass balance following integration with iSOSIA is a much closer match to reality for
all simulations than the clean-ice mass balance forcing (Figure 6.6). The location of the ELA is
broadly similar between the two, but the debris cover element of iSOSIA produces the inverse MB
gradient that is matched by observations. In all experiments iSOSIA effectively simulates the high-
est ablation rates observed just below the ELA. At this location, the ablation rates closest to ob-

servations are from experiments with parameterisations that resolve differential ablation.

Avalanching changes the distribution of accumulation in the upper reaches of the glacier, with
increased accumulation occurring along the glacier centreline. The contribution of avalanching
to accumulation was tested by forcing the ice flow model with a gridded MB from a very weak
precipitation gradient (used to aid model evaluation in Chapter 4) and no precipitation gradient.
Historical glacier evolution was remarkably similar in both, with maximum ice thickness 10

lower with the latter MB forcing used in these simulations.

Mass balance (m w.e.)

Figure 6.6 (a) Clean-ice mass balance from the NOAA present day time-slice prior to integration
with iSOSIA and (b) mass balance from the same climate forcing, but following integration with
iSOSIA at the timestep considered to be present day (experiment 11).

The Changri Nup and Changri Shar glaciers thinned much more rapidly than Khumbu Glacier,
with volume loss of up to 50% in the 80 years since the LIA maximum starting point and are
mostly absent in the simulated present-day. These glacier systems are very distinct from Khumbu
Glacier, with low observed and simulated accumulation rates that are at times close to zero due
to their low maximum elevations (Figure A4). Simulated detachment of these tributary glaciers

from Khumbu Glacier occurs 110430 years before present; the end of the LIA.
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6.3.2 Historical glacier evolution until present day

The simulations forced with the three present-day (2015-2019) MB grids from the LIA maximum
until present all show varying but marked mass loss (Figure 6.7). Glacier evolution is highly sen-
sitive to the parameterisation of sub-debris ablation. Experiment 9 (Table 6.1) exhibits the lowest
volume loss from LIA maximum to PD and experiment 4 the highest (Figure 6.8). These two ex-
periments also represent the upper and lower bounds of the simulated ELAs of 5,650 and 6,050
m.a.s.l.. Similar simulated PD ice thickness and extent to experiment 9 were produced in Rowan
et al. (2015). Supraglacial debris thickness increases with decreasing elevation, as is seen in ob-
servations (Nakawo et al., 1986) though is slightly higher than has been estimated elsewhere,
particularly within 5 km of the terminus (Rounce et al., 2018; Figure C5). It does however appear

reasonable when compared with field measurements collected by Nakawo et al. (1986; Figure

C5).
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Figure 6.7 Historical volume loss of Khumbu Glacier since LIA maximum, grouped by parameteri-
sation of sub-debris ablation with bold line showing the mean of the three RCM MB forcings and
shading the range. Note that the tributary Changri Nup and Changri Shar Glaciers are present at
the start of the simulations as they are attached to Khumbu Glacier during the LIA maximum. Vol-
ume loss is therefore inclusive of the simulated historical detachment and rapid decay of these
glaciers. The crosses denote simulated detachment of the stagnant Khumbu Glacier tongue from
the active glacier (explained in more detail later).
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Figure 6.8 Present-day simulated ice thickness for (a) experiment 9 (b) experiment 4.

6.3.2.1 Validation of the ‘best fit’ present-day simulated glacier

The present-day simulated Khumbu Glacier from experiment 11 shows a good fit with the ob-
served active glacier extent (Nakawo et al., 1986, Rowan et al,, 2015, 2021; King et al., 2020). The
associated sub-debris ablation parameterisation (ho = 0.8m) that resolves differential ablation is
known to better simulate observed mass loss than the uniform exponential approach (Rowan et
al,, 2021). Equally, the downscaled NOAA climate is most similar to observations and produces
spatial (not shown) and cumulative mass balances that are closest to those driven by observa-
tions (Figure 6.4a). Ablation rates are overly suppressed using the exponential parameterisation
with the NOAA MB forcing (Figure C3b), this may partly stem from the slight overestimation of
supraglacial debris relative to observations (Figure C4, C5) but is thought to mostly demonstrate
the importance of differential ablation for observed mass loss. The median height of the ELA is

5,850 m.a.s.l.

The added value of forcing iSOSIA with a gridded MB is seen in the simulated present-day veloc-
ities that are a much better fit to remote sensing observations than previous simulations using an
elevation-dependent mass balance forcing (Rowan et al., 2015, 2021) where the maximum simu-
lated velocities were 117.9 m a‘l. Here, the surface velocity in the Khumbu icefall is up to 320 m
a'l (Figure 6.9a). Altena and K&ib (2020) used a novel approach to estimate icefall velocities
through satellite image matching, with validation from Everest mountaineers’ navigation devices
from May 2018. They calculated surface velocities of just over 1 m d-! but for a limited period.
The icefall likely exhibits faster (slower) flow in the monsoon (winter), but both periods are ex-

cluded in their surface velocity estimates. Feature-tracking estimates of the upper ablation area

Ice thickness (m)
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on Khumbu Glacier indicate velocities of up to 20 m a-! (Quincey et al., 2009 and Figure 6.10a),

which agree well with simulated velocities in this section (Figure 6.9b).
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Figure 6.9 (a) Present day simulated surface velocity supraglacial debris thickness and (b) capped
at 100 m a1 for experiment 11 (NOAA climate MB forcing and ho = 0.8 m).

The inability to simulate both the stagnant tongue and these higher, more realistic velocities in
the active glacier indicates that the debris-covered tongue has dynamically detached from the
active part of Khumbu Glacier (i.e. the upper ablation area and accumulation area). This implies
that the active glacier and the largely stagnant tongue are already acting as two separate systems,
with the debris-covered tongue in an advanced state of decay and absent in these simulations.
They should therefore be modelled as such. Indeed, treating these two glacier sections separately,
that are exhibiting such different behaviour, improves the active glacier dynamics relative to ob-
servations. For this reason, the focus of the subsequent historical and future simulations shifted
to resolving the active glacier, approximately 6 km upglacier of the terminal moraine, rather than

the ‘dead’ ice.

An additional suite of observations, that also lend support to the idea of active and stagnant ice
co-existing in the glacier tongue, comes from englacial optical televiewing (OPTV) records of
Khumbu Glacier, which indicate that thrusting occurs at several sites, as denoted by skewed in-
ternal debris layers (Miles et al., 2021b). It is plausible that these arise from variations in velocity
at the base of the icefall as fast-flowing ice is shunted above the stagnant tongue. There are also
observations of basal ice that has been thrusted to the surface near to the relict Changri Nup con-

fluence but from the direction of Khumbu icefall (Figure C1).

Surface velocity (m a ‘])
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In order to resolve this thrusting in the modelling experiments, the stagnant tongue was inte-
grated into the subglacial topography with the following steps using a similar method to Rowan

etal. (2021):

1) Tongue at close to fullest extent (ice mass 1).
2) Active glacier prior to what simulated PD (ice mass 2).
3) Subtraction of ice mass 1 from ice mass 2 (ice mass 3).

4) Integrate ice mass 3 into the subglacial topography, so the stagnant tongue is represented

in the LIA maximum until present day simulation.

This results in an active glacier that evolves with a stagnant dynamically detached tongue down-

valley, as is observed in the valley today (Figure 6.10b).

Velocity
(m per year)
| ———— ]

195

Ice thickness (m)

Figure 6.10 (a) Velocity and active glacier demarcation (black line) from feature tracking esti-
mates beveen 4th May 2013 2nd 23rd May 2014 (taken from Rowan et al.,, 2015) (b) present day
simulated active glacier ice thickness and the stagnant glacier tongue represented as ice rather
than topography, with the active terminus marked by a black line.

Following integration of the stagnant tongue into the basal topography, after the LIA maximum,
the simulated glacier tongue is forced to melt more quickly over the stagnant tongue in the topog-
raphy, however the resultant active glacier extent remains the same. This was also found by Ro-
wan et al. (2021) where this incorporation of the stagnant tongue was used to generate the active
glacier (rather than the climate/mass balance forcing as in this work). In this simulation, the rate

of tongue retreat is not faster than the simulation with normal subglacial topography. Once the
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ice tongue has retreated to above this point, simulated active glacier extent from 40 years before
present day matches the position estimated by Nakawo et al. (1986) from fieldwork during the
1979 monsoon season. The simulated active terminus thickness was approximately 175 m at that
time, which agrees well with observations of thinning of up to 55 m at this location between 1984

and 2018 (King et al., 2020).

In the simulated present day, the active glacier terminus is 130 m thick, 40 m thicker than prior
to tongue integration, and a closer match to observations. Radio-echo sounding from 1999
(Gades, et al., 2000) obtained thickness estimates close to the active terminus (just above Gorak
Shep) of ~160 m. The simulated active glacier terminus thickness implies that this section of
Khumbu Glacier has thinned by 30 m in 20 years, which is reasonable given downwasting esti-

mates of 40 m for 1984-2015 for this section from King et al. (2020).

6.3.3 Future active glacier evolution

For the future experiments of the active glacier, the sub-debris ablation parameterisation of hy =
0.8 m is used. For clean-ice and other parameterisations produced no significant difference in
results, as for many simulations the active glacier had retreated above the zone of supraglacial

debris.

The mean simulated volume loss by 2100 for the three RCM MB forcings under RCP4.5 is 0.399 x
109 km3 (46%) and 0.506 x 109 km3 (58%) under RCP8.5. There is only a 1% difference in volume
loss between the two climate scenarios for the CCCma forced simulations, despite a 1.9°C differ-
ence in downscaled mean temperature change between the two scenarios in the 80 years since
present. The rate of volume loss is highest from the present day until 2070, as the simulated glac-
iers slowly start to reach a new hypothetical steady-state by the end of the century following the

present-day mass balance forcing (Figure 6.11).

In 2100, the maximum ice thickness in the icefall is 214 +17 m under RCP4.5 and 197+12 m under
RCP8.5 and the ELA height is 6,050+150 m.a.s.l. and 6,310+96, respectively. This represents an
average increase in ELA elevation of 200 and 460 m for RCP4.5 and 8.5. Under the most extreme

scenarios, there is thinning of up to 73 m in the icefall over the next 80 years.

The committed mass loss demonstrates the loss that would occur even if warming ceases in the
present day and the impact of historical glacier-climate imbalance on future mass loss (Figure

6.11). For the active glacier this ranges from 10 to 22% by 2100 and 13 to 34% by 2300.
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Figure 6.11 Glacier volume change from present (2015-2020) into the future under two RCPs for
the three RCMs. The accelerated mass loss following the start-of-century MB perturbations is par-
ticularly clear for the RCP8.5 simulations.

The NOAA MB simulations under RCP4.5 show a similar glacier wide cumulative mass balance to

the present day (Figure 6.4a), owing to the additional 83 mm (15% increase) in annual precipita-

tion in the future that acts to offset the 1.4°C of warming. Despite this, over the next 80 years,

Khumbu Glacier retreats 2.1 km up-valley and the maximum thickness decreases by 40 m (Figure

6.12a). This simulated glacier is likely in a hypothetical steady-state given the minimal 2100 MB

perturbation relative to present day. In fact, a steady-state simulation, starting with an ice-free

domain and using the same present-day MB forcing and sub-debris ablation parameterisation,

produced an almost identical glacier in terms of ice thickness, extent (Figure 6.12b), mass balance

and velocity (not shown).
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Figure 6.12 : (a) Khumbu Glacier in the year 2100 under RCP4.5 and NOAA RCM MB forcing and (b)
Khumbu Glacier in equilibrium with present day climate (same climate forcing) produced from a
steady-state simulation (ice-free domain spin-up).

The present day until 2100 simulations were left to run until the glacier reached steady state. The
CCCma and IPSL forced simulations under RCP4.5 led to significant volume loss, with the latter

leading to a glacier that has retreated 5 km above the present-day active terminus.

Once the glacier recedes into the Western Cwm, the temperature forcing from RCP4.5 is not suf-
ficient to produce significant change, indicating that the glacier has reached a new equilibrium
that can sustain a moderate warming scenario. For example, between 2200 and 2300, thinning of
only 8 m occurs for the experiments forced by CCCma RCM and there is no change in length. The
simulated 2300 glacier for the NOAA RCP4.5 forced MB experiment shows little change from the
2200 glacier. The large accumulation area relative to ablation area and annual precipitation rates
of 665 mm (used from the 2100 downscaled climate forcing), allows the glacier to endure the

moderate warming.

Khumbu Glacier is no longer considered a viable glacier system when there is no distinct ice mass
present in the Western Cwm, and ice velocity is negligible. This occurs in 2160 (2170) under
RCP8.5 and a climate forcing from the CCCma (IPSL) RCM (Figure 6.11). Though there is more ice
present in the Western Cwm under the NOAA RCM, maximum surface velocity is reduced to 35 m

alin 2260 and the glacier is no longer considered viable (Figure C7).

Detachment occurs in several future simulations of the active glacier. For example, in 2100 under
RCP4.5 with the IPSL MB forcing, the icefall disconnects from the upper ablation area as the clean
ice upper ablation area below the present-day ELA has thinned so significantly that it is no longer
present (Figure C7). This also occurs in 2070 under a NOAA RCP8.5 forcing. In 2140 the CCCma

RCP8.5 MB forcing experiment shows detachment of the small ablation area that occupies the
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Western Cwm from the accumulation area (Figure C7), ultimately leading to cessation of the glac-

ier.

6.3.4 Glacier response time to mass balance forcing

In this section, the response time of Khumbu Glacier for the historical and present day to 2100
simulations is investigated. This response time can be expressed via an e-folding scale, which is
defined as the time taken to complete 1-e-1 (or 63.2%) of the overall volume change (Leysinger
Vieli and Gudmundsson, 2004, Oerlemans, 2018 and Zekollari et al., 2019). This is preferable to
calculating response time from the time it takes for volume change to stabilise, as minor volume
change can often continue for centuries. E-fold response time is hereon referred to as response

time.

For the historical experiments, the glacier response times with a present-day MB forcing range
from 28 to 199 years (Figure 6.13). This range stems from the differing sub-debris ablation pa-
rameterisations, which roughly cluster the three present day downscaled RCMs driving the ex-
periments. Response times reduce under more negative present-day MB forcings. The experi-
ments with the selected sub-debris ablation parameterisation of hy = 0.8m produce glacier re-
sponse times of 75 * 10 years.
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Figure 6.13 E-fold response time as a function of present-day MB forcing (following integration
with iSOSIA) from LIA maximum to present day.
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Evolving glacier-wide mass balance is a function of the clean-ice MB calculated from COSIPY; the
correction of this with the sub-debris ablation parameterisation and avalanching following inte-

gration with COSIPY, and also changing glacier volume, geometry and accumulation area ratio.

The response time of the present day to 2100 simulations is 26-44 years (Figure 6.14) and is
strongly positively correlated with the MB forcing (not shown). Interestingly, unlike the change
in MB forcing, the change in glacier-wide mass balance becomes slightly more positive over time
particularly under the more extreme climate scenarios (Figure 6.14), as the accumulation area
ratio increases into the future. Glacier-wide mass balance becomes more positive over time, par-
ticularly under RCP4.5 but remains negative overall despite the larger (relative) accumulation
area and retreat to higher elevations. The ablation zone retreats to higher elevations over time,

where ablation rates are up to twice that of accumulation rates, particularly under RCP8.5.

The mass balance and volumes of the end-of-century IPSL and CCCma glaciers are similar. A very
small area of debris-covered ice below the present-day ELA persists throughout the CCCma
RCP8.5 simulation, reducing glacier-wide MB and thereby change in MB since present day (Figure
6.14).

This relationship between response time and MB is not included for the post-2100 experiments
as the starting ice volumes differ hugely, and glacier masses become so insignificant that the anal-
ysis is not considered valuable. Post-2100 glacier mass balance remains negative amongst all fu-
ture scenarios, but is close to 0 m w.e. for the RCP4.5 simulations, particularly after 2200. This

likely explains the resulting insignificant volume change (Figure 6.11).
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Figure 6.14 E-fold response time as a function of change in MB (following integration with iSOSIA)
between present day until 2100. The low MB change stems from the higher accumulation area ra-
tios into the future with the retreat of the remaining ablation area.

Under RCP4.5, mean annual air temperature increases by 2.1°C between the NOAA present-day
climate, that is used to force historical simulations to produce the present-day glacier, and the
CCCma 2100 climate. Interestingly, the response time for this experiment is much lower than for
the two other RCP4.5 experiments (Figure 6.15). The 2100 mean annual air temperature at 5,050
m.a.s.l. under this scenario is -0.03°C (compared to -0.75°C and -0.56°C for the NOAA and IPSL
climates under RCP4.5). Winter temperature is particularly high in the downscaled CCCma cli-

mate compared to the two other RCMs under RCP4.5 (Figure B2.1c).
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Figure 6.15 Annual temperature and precipitation change between simulated present day
Khumbu Glacier (experiment 11) and 2100. The colour scale denotes the (e-fold) response time.

6.4 Discussion

6.4.1 Validation and comparison with previous work

6.4.1.1 Historical glacier change

The preceding modelling setup and set of results represents an advance on previous efforts
through its robust representation of mass balance, sub-debris ablation, debris transport and glac-
ier dynamics. This simulates a present-day glacier extent that is considerably smaller than the
generally accepted glacier outline, but simulates a more realistic extent of active glacier ice than
previous studies have achieved (Shea et al.,, 2015a; Rowan et al,, 2015). Indeed, the simulated
active glacier matches estimates from other studies derived from approximations based on the
spatial distribution of surface debris (Nakawo et al., 1986) and more detailed feature-tracking

and remote-sensing approaches (Quincey et al.,, 2009; Rowan et al., 2015; King et al., 2020).

The representation of an inverse mass balance, particularly the high ablation rates in the upper
ablation area, produces simulated velocities in the upper ablation area and the icefall that are
much closer to observations than previous estimates using a linear MB function with elevation
(Rowan et al., 2015, 2021). The recent study by Rowan et al. (2021) found that mass loss and
velocity are improved relative to observations if dynamic detachment is assumed to have already

occurred.
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Active glacier velocities in the simulations here match more closely with remote sensing studies,
particularly in the icefall. The present-day mass balance simulated using an approach designed
for a clean-ice glacier, and calibrated using mass balance gradients from Mera Glacier, found high-
est rates of mass loss on the lower tongue of Khumbu Glacier, which reduced with distance up-
glacier (Shea et al., 2015a). The spatial distribution of mass loss presented here therefore demon-

strates the added value of the distributed mass balance forcing.

Volume loss in the historical experiments here and in those by Rowan et al. (2021) is manifested
first through thinning, and then is followed by recession. In this study, using the exponential and
negatively-skewed reciprocal sub-debris ablation parameterisations, recession is significantly re-
duced and thinning dominated, mirroring the historical simulations of Khumbu Glacier from Ro-
wan et al. (2015). Simulated debris thickness patterns and true values from the exponential ex-
periment (experiment 9) compare well with observations, though are over-estimated slightly in
some areas (Figure C5). For the positively skewed simulations, the debris thickness of the remain-

ing active glacier is comparable with the equivalent debris-covered sections from experiment 9.

6.4.1.2 Future glacier change

The current simulations commit a loss of the active glacier of 15£5% by 2100 under no further
warming. This value is similar to committed loss estimates for the HKKH region, that range from
14% (Kraaijenbrink et al., 2017), 21% (Miles et al., 2021a) to 27% (Zemp et al., 2015). These
approaches depend on ELA or AAR scaling approaches, which are known to be skewed for ava-
lanche-fed DCGs, and rely on simplistic parameterisation of the influence of supraglacial debris
and an absence of parameterisation of avalanching. The estimates from these studies are also
calculated from present day warming (from 1996) and as such will not account for warming that

predates this.

Previous mass loss estimates for Khumbu Glacier are 53% by 2100 and 32% by 2050 (Soncini et
al,, 2016) under no further warming, though model structure and approach also differ signifi-
cantly to this study. For simulations using iSOSIA by Rowan et al. (2015), committed mass loss is
18% with Khumbu Glacier projected to continue to lose mass from post-LIA warming until 2500.
In this thesis, the historical simulations using the exponential sub-debris parameterisations (as
in Rowan et al., 2015) show a stagnant tongue which is sustained into the future with no further
warming, and committed mass loss from present until 2100 is 15%. Though mass loss is minimal,
Khumbu Glacier continues to respond to post-LIA warming until approximately 2440 (still as-
suming present day occurs 200 years since the LIA maximum), close to findings from Rowan et

al. (2015).
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Under RCP4.5 and 8.5 glacier mass loss estimates between present and 2100 is 54% and 59%
(Soncini et al,, 2016) and 84% and 95% (Shea et al,, 2015a), respectively. Rowan et al. (2015)
simulated historical and future Khumbu Glacier evolution by shifting the height of the ELA to rep-
resent future MB change. The results from this study are not directly comparable with those of
Rowan et al. (2015) as the future experiments here focus on the active glacier. Rowan et al. (2015)
found that warming of 1.6°C results in volume loss 0of 0.21 x 109 km3 or 10% over 100 years. Here,
the two RCP4.5 experiments with an equivalent warming since present day found active glacier
volume loss of 0.294 x 10° to 0.394 x 10° km3 over 80 years, with this range mostly stemming
from varying projections of future precipitation (Figure 6.15). This represents 35-46% volume
loss given the smaller present-day active glacier volume compared to that used in Rowan et al.
(2015). The active glacier therefore experiences more volume loss compared to the experiments

using the linear MB forcing in Rowan et al. (2015), despite it having receded to a higher elevation.

The presence of the supraglacial debris on the glacier tongue that thickens over time in the sim-
ulations by Rowan et al. (2015) allows the glacier to be sustained into the future, thereby reducing
total volume loss. For these active glacier simulations conducted here, much of the glacier com-
prises clean-ice, and so suppression of ablation by debris is limited and mass is lost through re-
treat and thinning. It is also possible the higher rate of mass loss between present day and 2100
in the simulations with comparable warming is due to the representation of the high ablation

rates below the ELA that have not previously been represented.

Glacier mass balance signifies the interaction between mass balance, glacier volume and geome-
try. As Khumbu Glacier retreats to higher elevations under both future climate scenarios, the ab-
lation area is reduced, which may have a stabilising feedback on mass balance and lead to a new
hypothetical steady-state. This is seen under RCP4.5 yet does not occur under RCP8.5, as the ab-
lation zone is able to rapidly propagate far up the Western Cwm following the MB perturbation.
Under this scenario, the temperature increase is significant enough to still decrease glacier mass
balance despite the high elevation and exacerbate the glacier-climate imbalance (Rottler et al.,

2019).

Prior to this work, the relationship between mass balance and response time had only been ex-
plored in a single study (Zekollari and Huybrechts, 2017), where hypothetical MB perturbations
(-2.0 to +1.25 m w.e with intervals of 0.25m w.e.) were applied to a steady-state Morteratsch
Glacier in the Austrian Alps. The response time ranged from 22 to 43 years, which increased with
a more positive MB forcing, as was found here. Although Morteratsch Glacier is smaller than
Khumbu Glacier (16 and 26 km?, respectively) similar response times of 30 and 33 years, respec-
tively, with ~1.0 m w.e. annual MB forcing are seen (Figure 6.13). This relation between MB and

response time is likely because more extreme warming scenarios (negative MBs) cause
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accelerated glacier shrinkage causing response times to decrease into the future with glacier
steepening. Zekollari and Huybrechts (2017) also suggested that warming may enhance glacier
flow, and thereby increase basal sliding, further decreasing response time. There is some evi-
dence of this amongst the historical Khumbu Glacier experiments, however the interplay with the
impact of differing accumulation rates from the varied RCM precipitation scenarios, which also

act to influence ice flux and velocities, complicates this potential coupling.

The mean annual temperature in 2100 under the downscaled IPSL and NOAA climates is 0.49°C
and 0.72°C cooler than that of the CCCma 2100 climate. This partly stems from the winter maxi-
mum temperature that is 1.7°C higher in the downscaled CCCma RCM than for the two other
RCP4.5 scenarios. Under this CCCma RCP4.5 scenario, there will be significantly increased abla-
tion and proportion of liquid precipitation. This represents a warming threshold beyond which
glacier mass balance does not become significantly more negative (unless offset by a significant
increase in precipitation, which may fall as snow particularly at higher elevations). This is re-
flected in the similar clean-ice mass balance between the two CCCma emission scenario experi-
ments (Figure 6.4), and resultant volume loss from the two future iSOSIA experiments (Figure

6.11).

6.4.2 The modelling approach

Simulating change in a glacier in an advanced state of decay is challenging. Though the active and
stagnant sections of the glacier are effectively behaving as two separate systems, the stagnant
tongue situated at the active glacier terminus can still influence active glacier evolution. Here and
in Rowan et al. (2021), it is postulated that the thrusting, that is evidenced from OPTV records
showing tilted englacial debris layers (Miles et al,, 2021b) and observed basal ice at the surface
(Figure C1a), is the result of fast-flowing ice from the icefall being pushed up over the stagnant
tongue. This theory has also been suggested by Benn et al. (2009) as a contributing mechanism
to hydrofracturing of supraglacial ponds on the debris-covered tongue, with compressive
stresses forming in the down-glacier direction as the active glacier meets the stagnant tongue.
The active glacier terminus may also be the transition from cold/warm ice, and so a change in
glacier thermal regime may also contribute to the observed thrusting, as observed by internal ice
temperatures in this glacier section (Miles et al.,, 2018a and 2021b; Figure C2). In the simulations
here, the integration of the stagnant tongue in the domain leads to a higher active glacier terminus

thickness that matches better with observations; supporting this thrusting theory.

For glaciers in an advanced state of decay such as Khumbu Glacier, it was found to not be possible

to resolve the dynamics of the debris-covered tongue using a higher-order ice flow with a robust
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representation of mass balance, differential ablation and debris transport. This was also found by
Rowan et al. (2021) using the same differential ablation parameterisations though a linear mass
balance function. In this Chapter this modelling approach goes further by then focussing on how
this larger, active section of the glacier evolves into the future, with this active glacier being of
greater importance for future glacier viability relative to the ‘dead’ (i.e. stagnant) debris-covered
ice. If the dynamics of the stagnant tongue were able to be well resolved along with the active ice
in the future simulations, the volume loss found here would be higher. Treating the debris-cov-
ered tongue in isolation within future glacier modelling efforts would be valuable so as to explore

the rate of decay following detachment from the accumulation area.

The committed mass loss demonstrates the spread of disequilibrium of Khumbu Glacier from the
present-day climate (Figure 6.11). The historical simulation from the LIA maximum allowed this
present-day glacier-climate imbalance to be accurately represented, and as such is a preferable

modelling approach for a glacier of this size that has long steady-state response times.

Glacier mass loss slows as it approaches end-of-century, particularly under the more extreme MB
forcing scenarios (RCP8.5 and RCP4.5 from the CCCma RCM, Figure 6.11) as these simulated glac-
iers shrink and adapt to a new geometry, or equilibrium. To address this, mid-century mass bal-
ance forcings were used for the CCCma run under RCP4.5 and NOAA under RCP8.5, as the end-of-
century MB for CCCma was considerably more negative compared to the MB forced by the two
other RCMs under RCP4.5 (Figure 6.4) and resulted in volume loss that was higher than that of
the NOAA forced MB simulation under RCP8.5 (Figure 6.11). However, the 2100 volume loss was
similar for experiments with and without a mid-century MB forcing, likely as the response time
of the simulated glaciers at this moment in their lifecycle was longer than the 40 year time period

between the PD and future time-slices.

6.4.3 Sources of uncertainty

The use of several RCMs to force present day and future MB has allowed the implications of cli-
mate uncertainty on glacier evolution to be illustrated. The differences that stem from RCM forc-
ing are at times greater than those from the future RCP, due to varied predictions of future pre-
cipitation and the impact of this on glacier volume change and response time. As the CORDEX
project only produces dynamically downscaled RCMs of RCP4.5 and 8.5, the implications of alter-

native future climate scenarios for future glacier evolution have not been assessed.
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The time-slice based MB forcing approach means that it was important to ensure that the time-
slices were representative of conditions for that time period and did not reflect an extreme phase
of natural climate oscillation. The quantile mapping approach meant that the time-slices were the
product of the 14 years of the calibration period. Analysis of the temperature and precipitation
trends between the PD and future time-slices and 1 km mass balance simulations of the 12 years
preceding both time-slices were conducted. However, information on signal and variability be-
tween the PD time-slice (2015-2020) and future (2095-2100) is not included. It is possible that

this would alter the glacier-climate imbalance into the future.

The projected temperature changes used for the post-2100 simulations are global averages.
Warming is likely to be higher for the Khumbu region given that warming over land is generally
atleast ~0.2°C higher than the global mean applied here (Collins et al., 2013). Historically, higher
elevations have also warmed at a faster rate than lowland regions, with warming rates up to twice
that of the global mean (Hock et al., 2019). Uncertainty increases with time from 2100, particu-
larly under the most extreme radiative forcing scenario (RCP8.5). For example, forecasts of
warming for 2281-2300 relative to 1986-2005 under RCP8.5 range from 3°C to 12.6°C (Table
12.2, Collins et al., 2013). In the absence of post-2100 precipitation data, the 2100 precipitation
was maintained for the post-2100 mass balance and ice flow experiments. This is unlikely to be
reflective of these climates and more realistic precipitation projections may allow the active glac-
ier to be sustained for longer into the future or lose mass more quickly. However, it is highly un-
likely that there will be a precipitation increase significant enough to compensate for the post-

2100 projected warming under RCP8.5.

Snow depth and other glaciological constants will change into the future, such as the albedo of
fresh snow and the rate of albedo decay. These are kept constant in the future COSIPY simulations,
as there is high uncertainty regarding future industrial activity in the region, and the associated
influx of particulate matter onto glacier surfaces. This also allows the mass balance signal and
resultant glacier evolution from changing future atmospheric forcing to be more robustly estab-

lished.

The distribution and rates of accumulation were greatly improved following integration with iS-
OSIA. The parameterisation of avalanching as regular snow fall from hillslopes onto the glacier
surface is an improvement on previous studies and improves agreement of simulated accumula-
tion rates relative to the few observations that are available. Future work to resolve the low fre-
quency, high magnitude events that may contribute significantly to accumulation rates would be
of real value. Representation of these events may also allow Changri Nup Glacier to persist in
these simulations, with large serac avalanches from the steep southern slopes reported to con-

tribute significantly to accumulation (Vincent et al., 2016). However, parameterisation and



186 Khumbu Glacier evolution

evaluation of the contribution of these events to accumulation rates is highly challenging, partic-
ularly from a field perspective, owing to the dangerous and remote upper reaches of Khumbu

Glacier.

6.4.4 Wider implications

As with other debris-covered glaciers, it is expected that the tongue of Khumbu Glacier will con-
tinue to thin and stagnate. The smaller accumulation area ratios associated with debris-covered
glaciers relative to clean-ice glaciers was less important under historically cooler climates (An-
derson and Anderson, 2016). However, the long ablation zones relative to the small accumulation
areas means it is perhaps unsurprising that the debris-covered tongue of Khumbu Glacier is una-

ble to persist under the present-day highly negative mass balance perturbation.

The rate of decay is also dependent on dynamic detachment from the accumulation area, which
the modelling results in this study suggest has already occurred. The debris-covered tongue will
continue to thin in situ, though sensitivity to atmospheric warming may decrease with thickening
of surface debris with englacial melt-out. The proportion of the glacier surface covered by suprag-
lacial ponds and ice cliffs has increased by 20% between 1984 and 2016 (King et al., 2020), and
if this continues it is likely that supraglacial ponds and ice cliffs will continue to develop, counter-
acting the effect of debris thickening on ablation rates and encouraging the disintegration of the
glacier tongue. The high climate sensitivity of these flat, low elevation tongues makes these glac-
iers more prone to developing proglacial lakes (Benn et al., 2012). The true-left flank of the
Khumbu Glacier tongue, where a long line of connected ponds exists, does already show signs of

break-up, mirroring the development of the proglacial lake at neighbouring Ngozumpa Glacier.

Glaciers with steep accumulation and flat ablation areas are possibly more prone to glacier de-
tachment presently, and in future decades. Rapid surface lowering in the upper ablation area
combined with reduced ice flux from the accumulation area have likely contributed to observed
and simulated dynamic detachment. A progressive decrease in velocities has been observed in
the upper ablation area since 1956-1978 (~56 m a-1) until 1995-2004 (~20 m a-1) (Seko et al,,
1998 and Nuimura et al,, 2011). This slowdown is likely driven by ice thinning and a lowered

surface gradient in response to climate change.

Dynamic detachment is a precursor to physical detachment (Rowan et al., 2021). Ultimately, ei-
ther dynamic or physical detachment of the ablation zone from the accumulation zone will accel-
erate glacier decay exponentially as replenishment of ablation of ice by upglacier flow is lost. This
is critical for the viability of glaciers and as such is an area that requires further research. For

other debris-covered glaciers that exhibit this inverse mass balance, and specifically the
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significant rates of mass loss just below the ELA as well as sustained slowdown, detachment is
also likely to occur. Delineation of the active terminus is challenging for debris-covered glaciers,
though advances in feature-tracking and remote-sensing of glacier velocities can aid these efforts.
This phenomenon could be a contributing non-linear mechanism to the debris cover anomaly that

will likely increase in prevalence in the coming decades.

At the time of writing there had only been one previous study attempting to model glaciers during
periods of dynamic or physical detachment (Rowan et al., 2021), where the stagnant tongue was
also incorporated into the model domain. This forced the tongue to melt rapidly to generate the
present day active glacier. The simulated active glacier in this Chapter using the improved mass
balance forcing is a step forward, as this simulated active glacier is the combined result of the
distributed mass balance and sub-debris ablation parameterisation. Nevertheless, results were
improved with the incorporated stagnant tongue by being more representative of likely dynam-
ics, and improving active glacier terminus thickness relative to observations, A growing number
of observations of detachment occurring across the Nepal Himalaya indicate that further work in
this area is required. Physical detachment is already apparent at the adjacent Lobuche Glacier,
which spans a much lower elevation range than Khumbu Glacier (Watson et al., 2018). Basal ice
is visible between the active glacier and the debris-covered tongue on the Shalbachum Glacier in

the Langtang valley, which is indicative of detachment (Pellicciotti et al., 2015).

Although the remaining ice is small, the detachment that occurs in 2100 under RCP4.5 and the
IPSL RCM demonstrates that detachment can continue even after the main tongue of the ablation
zone is disconnected from the active glacier. Glacier dynamics models that are able to represent
this mechanism are required to accurately predict the timing of glacier termination, and these

findings reaffirm the value of catchment-scale studies.

Future simulated mass balance indicates that mass loss will significantly increase in the summer
months particularly under RCP8.5 (Figure 6.4d), as the proportion of liquid precipitation in-
creases with atmospheric warming. The implications for this active glacier are also significant,
seen by the mean monthly temperature that is projected to be ~0°C at the end of the century
during the monsoon as high as 6,480 m.a.s.l. (Figure C8). Downscaled future precipitation sug-
gested that winter precipitation, when precipitation will most likely fall as snow, will increase by
19.4£9.7% under RCP8.5, partly through increased frequency of high magnitude events from win-
ter westerly disturbances (Chapter 5). Under this high-end warming scenario, Khumbu Glacier’s
mass balance regime may shift from being summer-accumulation type only at the highest limit of
Khumbu Glacier. Lower elevations will depend on avalanches from higher elevations and will oth-
erwise become predominantly winter-accumulation type. However, the future evolution results

here suggest that this projected increase in winter precipitation will not be able to slow mass loss.
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Recent analysis indicates that global emissions are following the trajectory of the middle range
scenarios, and that RCP8.5 should be described as “low-possibility, high-impact” (Pedersen et al.,
2020). However, elevation dependent warming (EDW) could mean that higher elevations are
more prone to the climate impacts of the high emission scenarios. Downscaled future climate sce-
narios used here for Khumbu Glacier are in line with projections from other studies where EDW
is found, though the pointwise downscaling approach means the presence of an EDW signal can-
not be fully explored (Chapter 5). Therefore, it is possible that future glacier evolution may follow
a more extreme trajectory than that found under RCP4.5, that may be closer to RCP8.5. Under the
downscaled RCP8.5 climates used here, there was no evidence of future precipitation increase

being able to offset the greater than 3.5°C of projected warming over the next 80 years.

6.5 Conclusions

The following concluding remarks can be made regarding the added-value of this modelling ap-

proach for simulating the historical evolution of Khumbu Glacier:

e The integration of the distributed mass balance and ice flow models posed some interest-
ing challenges (including evaluation of the clean-ice mass balance forcing, and resolving
sub-debris ablation and avalanching in iSOSIA). The value of using distributed mass bal-
ance forcing is seen in the simulated present-day velocities in the Khumbu icefall, which
give a better fit to remote-sensing observations than previous simulations using a linear

elevation-dependent mass balance forcing (Rowan et al,, 2015, 2021).

e The debris-covered tongue, known to be losing mass at an accelerating rate, is virtually
absent from these results, and is indicative of a stagnant tongue that is now or very soon

to be physically disconnected from the active upper reaches of Khumbu Glacier.

Considering the above, focus on resolving the active glacier was considered most pragmatic from
a modelling perspective. The findings from this analysis of the future evolution of the active

Khumbu Glacier can be summarised as follows:

e The high variability between RCMs, and implications for glacier mass loss, demonstrates

the high degree of uncertainty that mostly stems from future precipitation trends.

o Future precipitation increase can act to compensate the impact of atmospheric warming
on glacier mass balance, as seen by the NOAA RCM driven MB under RCP4.5. However,

historical climate change means committed mass loss still remains considerable, and this
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is exhibited with a 2.1 km retreat of Khumbu Glacier and thinning of maximum thickness

by 40 m.

e Glacier response time is strongly correlated to historical and future glacier mass balance

for simulations with the same initial glacier volumes.

e The committed mass loss of the active section of Khumbu Glacier ranges from 10 to 22%
by 2100 and 13 to 34% by 2300. Delayed mitigation efforts to limit atmospheric warming

will increase this committed mass loss and the climate-glacier imbalance.

o After 2100 under RCP8.5 Khumbu Glacier experiences substantial ablation in the Western
Cwm. Following this trajectory would mean that it will likely cease to exist as a glacier in

the next 140 years (i.e. by 2160).
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Chapter 7 Conclusions

Glaciers of the Hindu-Kush Karakoram Himalaya act as vital seasonal buffers against drought for
mountain and downstream communities; 25% of the world’s population are estimated to rely on
the five major rivers that are partially sustained by glacier meltwater (Immerzeel et al., 2010;
Pritchard, 2019). In Nepal, 80% of the population practise agriculture and 90% of electricity is
generated by hydropower. Glacier meltwater provides 65% of the water supply for the commu-
nities of the Khumbu region during the pre-monsoon (Shrestha and Aryal, 2010, Zarfl et al., 2014;
Wood et al,, 2020). As such, thorough catchment-scale projections of atmospheric and glacier
change are required. This thesis addresses a gap in future projections to date, which are often
regional scale estimates that rely on simplistic representations of climate, using the delta change
approach applied solely to temperature. Glacier change is frequently based on projections that
use linear scaling or simplified ice redistribution modelling approaches, which are not appropri-
ate for debris-covered or avalanche-fed glaciers. These studies are not able to include represen-
tation of the finer spatial and temporal climatic details, and how this is exhibited through glacier

mass balance and mediated through glacier dynamics over time.

The work presented in this thesis has sought to understand the implications of atmospheric
change for glacier mass balance and evolution at the catchment-scale. Despite the challenges that
modelling Khumbu Glacier provides, it has been an ideal study site thanks to the presence of me-
teorological and glaciological observations that have been used extensively for calibration and
evaluation of this novel modelling approach. The structure of this thesis relates to the overarching
modelling chain. It highlights the importance of resolving detailed present-day and future climate
for glacier mass balance and uncertainty estimates. This thesis advances the representation of
the mass balance and evolution of Khumbu Glacier, through the parameterisations of the influ-
ence of supraglacial debris and transport on ablation and avalanching on accumulation used in

the integrated modelling approach.
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7.1 Evaluation of thesis aims

Aim 1: To investigate the complexities of catchment-scale meteorology us-
ing a network of weather stations, and the implications for glacier model-

ling.

High elevation meteorology is the dominant control over glacier viability, yet in situ observations
of basic parameters such as temperature, precipitation and incoming and outgoing radiation are
lacking, particularly for the HKKH region. In Chapter 3, analysis of meteorological data from six
weather stations in the Ev-K2-CNR network, mounted at elevations from 2,680 to 5,700 metres,

in the glacierised Dudh Koshi catchment for the 2009-2012, period was conducted.

The monsoon was characterised by higher and more stable temperatures, and low magnitude,
high frequency precipitation. Measured temperature lapse rates were always lower than the En-
vironmental Lapse Rate, varying significantly seasonally and diurnally, and were lowest over-
night during the monsoon period. Precipitation gradients were weak and slightly negative, which
may represent undercatch of solid precipitation at the higher elevations. Clear gradients for the
entire catchment could not be derived. Though temporal patterns were captured, observed wind
speeds were appreciably higher than ERA-5 modelled (reanalysis) winds, a difference that in-
creased following correction of the modelled data to sensor height. Valley orientation dictated
the dominant wind direction, aiding the southerly passage of the monsoon, and with upslope flow
during the day and lighter downslope flow at night. Comparison with upper level (250 hPa) wind
from ERA-5 indicated that valley winds are driven by temperature-induced density perturbations

and controlled by topography.

Aim 2: To explore the sensitivity of Khumbu Glacier mass balance to atmos-

pheric and glaciological forcing in the present day.

The energy balance modelling approach allowed the meteorological drivers of ablation to be de-
fined, and these were found to vary significantly over time and space in the present day. The sea-
sonality of these meteorological drivers was increasingly pronounced with decreasing elevation.
For a hypothetical, clean-ice Khumbu Glacier tongue in this climatic setting, net shortwave radia-
tion was the dominant energy input, though net longwave also contributed substantially to abla-
tion during the monsoon. At higher elevations (> 6,500 m.a.s.l.), ablation was mostly driven by

the sensible heat flux. The low net shortwave radiation stems from the high albedo with the
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persistence of snow, and COSIPY is able to simulate the extremely high incoming shortwave radi-
ation (>1,250 W/m? at times). Distributing temperature using different lapse rate schemes al-
tered mass balance by up to 24% around the ELA (within the range of the 0°C isotherm), though

did not significantly influence glacier-wide mass balance.

Unlike with clean-ice glaciers, the highly non-linear mass balance gradient observed on debris-
covered glaciers such as Khumbu Glacier provides challenges for modelling. The calculation of a
Khumbu Glacier specific ablation reduction curve and the addition of this sub-debris ablation cor-
rection to the simulated mass balance, substantially reduces ablation rates, producing glacier-
wide and altitudinal mass balance rates that matched geodetic and in situ estimates. This is a
computationally inexpensive approach to resolving the impact of supraglacial debris on ablation
and could be used by future COSIPY users studying debris-covered glaciers as the meteorological
data requirements are the same as for COSIPY. This debris component also allows evaluation of

the simulated clean-ice mass balance, which is essential for integration with iSOSIA later.

Aim 3: To produce an ensemble of downscaled, hourly resolution present
day and future climate scenarios for Khumbu Glacier from a selection of Re-

gional Climate Models.

The third aim in this thesis is investigated in Chapter 5, where quantile mapping (and generalized
analog regression for wind) is used to downscale daily climate from three RCMs. The systematic
biases within the raw RCMs are substantial and the monsoon signal almost absent. The seasonal-
ity of climate variables is much improved following downscaling, though is perhaps overcor-
rected as seen by the removal of noise relative to observations and raw RCMs. The disaggregation
to produce the hourly climate data is rarely performed in future climate impact studies but was a
necessary step for the energy balance modelling. The approaches used allowed the observed sea-
sonality of diurnal trends to be replicated, whilst maintaining some stochasticity, thereby improv-

ing this overcorrection of the daily climate data.

Under RCP4.5, temperature is projected to increase by 1.81°C by the end of the century, with high
rates of warming in the winter and pre-monsoon. Atmospheric warming of 3.91°C is estimated
over the next 80 years for Khumbu Glacier under RCP8.5, with 4.44°C in winter months. These
findings are in line with those reported in other studies for this region (Sanjay et al., 2017b; Kaini

etal, 2019).

Mean annual precipitation increases amongst all RCMs with a multi-model mean increase of

14.8%. There is little evidence of monsoon intensification or dependency on RCP, with the trend
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more constrained by the RCM. High magnitude precipitation events become more frequent, by up
to a factor of 7 relative to present day. The discrepancy between RCMs reaffirms the high uncer-
tainty regarding future precipitation trends that is mirrored in other studies (Immerzeel et al.,

2013 and Sanjay et al., 2017b).

Aim 4: To improve accuracy of simulated historical and future evolution of
Khumbu Glacier through integrating a more robust representation of glac-

ier mass balance into ice flow modelling.

The novel integration of the distributed mass balance and ice flow models produces simulated
present-day velocities in the Khumbu icefall and upper ablation area that match closely with ob-
servations. This is a substantial improvement from previous simulations that use an elevation-
dependent mass balance forcing (Rowan et al., 2015, 2021). This is particularly true for the ex-
periment using the sub-debris ablation parameterisation that represents differential ablation,
and the downscaled RCM that matches most closely with observations for the present day. Under
this mass balance forcing, the debris-covered tongue is absent and the active glacier terminus
matches estimates from other studies. This indicates that the stagnant tongue has dynamically,
and perhaps physically, detached from the active Khumbu Glacier. This has occurred already for
nearby glaciers, such as Lobuche and North Changri Nup Glaciers (Watson et al., 2018; Vincent et
al,, 2016, respectively) though delineating the transition zones between the active and stagnant

sections of debris-covered glaciers is challenging (Neckel et al., 2017).

The evolution of the active glacier, with the simulated stagnant tongue downglacier, is a realistic
representation of present-day dynamics (Rowan et al., 2021). The modelling approach here al-
lows the committed mass loss of the active section of Khumbu Glacier to be assessed, which is up
to 22% by 2100 and 34% by 2300. After 2100 under RCP8.5 Khumbu Glacier experiences sub-
stantial ablation in the Western Cwm. Following this trajectory would mean that it will likely

cease to exist as a glacier in the next 140 years (i.e. by 2160).

Glaciers are key indicators of atmospheric change, yet the climate signal is not immediately or
clearly exhibited by large mountain debris-covered glaciers. The modelling approach used in this
chapter allowed the relationship between glacier response time and mass balance, controlled by
the clean-ice distributed mass balance forcing, the sub-debris ablation parameterisation and the
changing glacier extent, to be explored. This relationship has only been discussed in a theoretical
manner previously or using hypothetical mass balance perturbations to steady-state glacier sim-
ulations (Zekollari and Huybrechts, 2017). The transient simulations here show that, as the active

Khumbu Glacier shrinks and recedes under more extreme future glacier mass balance forcings,
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glacier-wide mass balance becomes less negative as the relative accumulation area grows. How-
ever, glacier-wide mass balance never becomes positive, and simulated ablation rates in the
Western Cwm are sometimes twice that of the accumulation rates, particularly under RCP8.5. The
relationship between temperature or precipitation change and response time was less clear than
with mass balance forcing, though clearly demonstrated the possible compensatory effect of in-
creased future precipitation for glacier viability under moderate atmospheric warming only,

though the substantial committed mass loss from historical warming may hinder this.

7.2 Cross-chapter conclusions

Using an ensemble of RCMs demonstrated the high uncertainty regarding future climate (mostly
of precipitation) and the significant impact of this on glacier mass balance. The proportions of
both days and hours above/below 0°C are similar, particularly in the present day (Figure 5.21).
Despite this, simulated mass balance and glacier evolution for the climate from the three RCMs in
the present day and future differ substantially. These differences stem from the intricate sub-
daily timings of precipitation and temperature for estimates of ablation and accumulation that
are particularly important for summer-accumulation type glaciers. The energy balance modelling
approach used here to calculate glacier mass balance is also able to represent the radiative fluxes

and thereby meteorological drivers of Khumbu Glacier ablation that vary over space and time.

Analysis of in situ meteorology and present-day simulated mass balance indicate that previous
estimates of monsoon contribution to annual precipitation (of up to 80% e.g. Burbank and
Bookhagen, 2002; Salerno et al., 2015 compared with 60% in this analysis) have been overesti-
mated, likely due to an undercatch of winter snowfall by the tipping bucket gauges of the Ev-K2-
CNR network (Sherpa et al.,, 2017). In this thesis, these winter precipitation events are found to
be significant for glacier-wide simulated mass balance. The persistent mass loss seen in the mon-
soon months demonstrates how ablation and accumulation overlaps across short timescales for
Khumbu Glacier. Though Khumbu Glacier is a summer-accumulation type glacier, and monsoon
precipitation plays a significant role in reducing rates of mass loss, monsoon precipitation was
never significant enough to offset glacier-wide mass loss. The contribution of winter precipitation
to accumulation rates has been previously underestimated and is characterised here by infre-

quent but higher magnitude events relative to monsoon precipitation.

The contribution of monsoon precipitation to accumulation reduces towards the end-of-the-cen-
tury as the proportion of liquid precipitation increases with atmospheric warming. This is partic-
ularly true under RCP8.5, with significantly enhanced summer mass loss (Figure 6.4) relative to

the present day. It is likely that the sole source of accumulation for the debris-covered tongue will
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be winter precipitation under this scenario. Much of the active Khumbu Glacier will rely on winter
precipitation, with only the highest limit remaining as a summer accumulation dominant regime

under RCP8.5.

The impact on ablation between the sub-debris ablation correction used in Chapter 4 (generated
with the DADDI model) and the exponential correction in Chapter 6 differed substantially for de-
bris thicknesses <0.5 m. In Chapter 4, following correction of the simulated clean-ice mass balance
using the exponential correction (Nicholson and Benn, 2013; Rowan et al.,, 2015), glacier-wide
mass balance was higher than observations, though point-based ablation rates below the ELA
were close to observations. This may partially be a product of the data produced by Rounce et al.
(2018) which, though an improvement from previous efforts, underestimates debris thickness
slightly relative to measurements by Nakawo et al. (1986), meaning the impact on ablation is in-
creased. Nevertheless, these two curves, one produced using the DADDI model that matches well
with those found elsewhere (Figure 4.20), and one that is based on measurements from nearby
Ngozumpa glacier (Nicholson and Benn, 2013) demonstrates the inherent difficulties and uncer-

tainties associated with producing accurate simulations of debris-covered glacier mass balance.

The spatial distribution of simulated debris thickness by iSOSIA matches well with observations,
though absolute values are slightly higher than observations (Nakawo et al., 1986) or estimates
used in Chapter 4 (Rounce et al., 2018). For this reason, the contrasting exponential sub-debris
ablation correction curve used in three experiments here, and that generated by the DADDI model
would not significantly alter mass balance and ice flow modelling results, as debris thickness sim-
ulated by iSOSIA is often = 1.5 m. This demonstrates the challenges associated with model evalu-
ation of debris-covered glaciers, with the bulk of glacier models being designed for clean-ice glac-
iers. To date the contribution of avalanches to accumulation rates have been largely neglected in
modelled representations of Himalayan glacier mass balance. The importance of avalanching and
supraglacial debris for Khumbu Glacier mass balance, that applies to many glaciers of the HKKH,
highlights the need for a coupled mass balance/ice flow model, where key mass balance elements

are treated within one streamlined approach.

Future precipitation increase can act to offset the impact of increased temperatures for glacier
mass balance, exhibited by the similar NOAA forced mass balance under RCP4.5 at the end of the
century to that of the present day. This 14.5% precipitation increase can mostly offset the impact
of the 1.4°C temperature rise on glacier mass balance. Similar results were seen in the coupled
parameter testing in Chapter 4, where 1.5°C of warming was offset by a 10% increase in precipi-
tation. Despite this minimal change, the integration of the NOAA forced mass balance with the ice
flow model meant that the impact of historical warming was exhibited by a 2.1 km retreat of

Khumbu Glacier and thinning of 40 m in the icefall.
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7.3 Future work

The focus on studying glacier change in the HKKH region has grown considerably during this pro-
ject in several ways. Remote-sensing analyses have allowed estimates of glacier change to span
60 years (e.g. Maurer et al., 2019), and to cover the entire HKKH range in a single analysis (e.g.
Brun et al.,, 2017). Further studies assessing surface lowering and velocities to identify additional
glaciers that may be prone to or close to detachment from the active glacier would be beneficial
and would aid future modelling efforts to represent this process. To date this phenomenon has
been understudied, and at the time of writing the work in this thesis is the first to simulate this,
despite the considerable implications for future glacier viability. Open-access glacier models are
growing in number, enabling research communities worldwide to contribute to model develop-
ment and undertake climate impact studies on Himalayan glaciers. The energy balance modelling
approach used in this thesis has been made possible as COSIPY is open-source, but also due to the
high elevation meteorological observations that have been used for glacier model forcing and
evaluation, and downscaling calibration and validation. These has been particularly important for
precipitation, given the poor representation of the monsoon signal in climate products. Many
glacierised regions of the HKKH remain unrepresented in modelling efforts due to a paucity of

glaciological and meteorological data.

The simulated mass balance revealed that ablation can occur high above the ELA, where temper-
atures are well below freezing. Future, finer detail simulations focusing on the mass balance in
the upper reaches of high elevation glaciers, such as Khumbu Glacier, to build on the work here
and the preliminary results from Matthews et al. (2020), would be beneficial. Installation and
maintenance of precipitation and/or snow-depth sensors in high elevation accumulation areas is
highly challenging, but would be particularly pertinent for helping to constrain the contribution
of avalanches to accumulation rates. There would be real value in exploring the energy balance
dynamics that could allow ablation in the upper reaches, which is now possible with the release
of meteorological observations above 6,500 m.a.s.l.. For example, the strong correlation between
net shortwave radiation and albedo found in this thesis, and the persistence of snow throughout
much of the year, makes these upper reaches particularly susceptible to darkening of snow from
industrial pollutants. Melting near to the summit of Everest, considered one of the most remote
and extreme locations, would be an extraordinary phenomenon that would highlight the far-

reaching influence of human activity on the cryosphere.

The integrated modelling approach used in this thesis would improve accuracy of projections of
glacier change elsewhere, such as in other regions of steep terrain where debris-covered glaciers

exist e.g. the Andes, Southern Alps of New Zealand or the European Alps. Glaciers in these regions
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are also often avalanche-fed. Forcing glacier dynamics models (that resolve avalanching) with
distributed mass balance is preferable for such glaciers, and is a vast improvement from scaling
of ELAs or accumulation area ratios, which often neglect avalanching and currently dominate
glacier change studies. This modelling approach is also able to resolve dynamic and physical de-
tachment, and as such could be applied to other regions. Detachment has been observed at Cho-
rabari Glacier in the Garhwal Himalaya (Dobhal et al., 2013), and at Lirung Glacier in the Langtang
Valley (Immerzeel et al., 2014a). More widely, there is evidence of this occurring in the Canadian

Rockies (Rippin et al., 2019) and the Alaskan icefields (Davies, et al., 2021).

Forcing a higher-order ice flow model with distributed glacier mass balance derived from energy
balance modelling, is a major advance in the representation of the complex mechanisms of glacier
change. Clean-ice mass balance was used to force iSOSIA, as iSOSIA treated englacial debris
transport and sub-debris ablation in a more sophisticated manner than COSIPY. Following inte-
gration with iSOSIA, glacier mass balance for the chosen sub-debris parameterisation was found
to match well with observations despite the overestimated simulated debris thickness. However,
the clean-ice mass balance forcing is a more time consuming and indirect approach both for com-
putational expense but also for model calibration and validation. This is also made more complex

given the substantial contribution of avalanching to accumulation rates for Khumbu Glacier.

A coupled version of the modelling approach developed in this thesis would be a valuable next
step for resolving the feedbacks between debris-covered glacier mass balance, debris transport
and ice flow. Further improvements could include representation of ice-climate interactions and
how these may change over time which would be of immense value for future glacier projections.
These are currently lacking, particularly for debris-covered glaciers, and are somewhat hindered
by the computational expense of running atmosphere-ice models at the required spatial resolu-

tion.

Analysis of the Ev-K2-CNR meteorological observations indicated that precipitation LRs were
slightly negative but very weak in this catchment. Given the high incidence of missing precipita-
tion data from these stations, the known undercatch of solid winter precipitation associated with
these rain gauges and the absence of precipitation data above 5,600 m.a.s.l, no precipitation lapse
rate was used for the present day and future integrated mass balance modelling. The high spatial
variability of the local meteorology, particularly precipitation, supports the need for the complex
terrain to be well-resolved using higher resolution climate models rather than through distribu-

tion of meteorology via elevation-based lapse rates.

The representation of debris-covered glaciers in regional climate model simulations of the Ever-
est region allowed the thermal up-valley winds to propagate further than if they were clean-ice

(Potter et al., 2021). Removal of these ice masses to represent future glacier shrinkage enhanced
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this propagation further (Potter et al., 2018). This may contribute to orographic enhancement of
precipitation. Despite these recent advances, the representation of these processes in modelling
remains one-way. High resolution atmospheric modelling that captures local (valley) winds, and
quantifies how these impact glacier surface temperature, energy balance, and thereby mass bal-

ance, would be of immense value.

More widely, this coupled modelling approach presents a broader need for interdisciplinary re-
search to ensure robust projections of glacier change. This thesis has used detailed climatology
to force and evaluate glacier models, and has relied on geomorphology, in situ and satellite im-
agery derived glaciological data for model evaluation. There are currently no co-ordinated efforts,
such as model intercomparison projects, that focus on high mountain climates and the atmos-
pheric feedbacks associated with cryospheric change. Higher spatial and temporal resolutions of
atmospheric modelling will reveal how sub-daily meteorology may change into the future, includ-
ing the nocturnal precipitation peak and the diurnal temperature range. Given the huge implica-
tions of elevation dependent warming for mountain environments, and the high uncertainty re-
garding future precipitation trends for the HKKH, a focussed effort on high mountain climate pro-

jections would be hugely beneficial for a multitude of disciplines.

7.4 Final remarks

The work presented in this thesis represents a great advance in the representation of the mass
balance of this complex, debris-covered Himalayan glacier. Specifically, the integration of the
clean-ice mass balance model with the higher-order ice flow model is able to resolve three key
elements of Khumbu Glacier mass balance that have not previously been sufficiently resolved in
modelling approaches: the inverse ablation rates gradient, particularly the high ablation rates
below the ELA, supraglacial debris and avalanching. The detail associated with each stage of the
modelling chain means that the projections of future change of Khumbu Glacier can be considered
the best estimates to date. The sources of uncertainty have been addressed and quantified where

possible, within the constraints of data availability.

The projections of future Khumbu Glacier evolution may be representative of other DCGs in the
region. However, the high elevation and size of the avalanching contributing area likely allow the
active part of Khumbu Glacier to be sustained further into the future than other glaciers. Detach-
ment from the active glacier or accumulation area is an important non-linear response that here
acts to bring forward the cessation of Khumbu Glacier. The significant committed mass loss
demonstrates the high climate-glacier imbalance that exists due to historical warming, even for
this high elevation active section of Khumbu Glacier and emphasises the urgency for substantial

and sustained efforts to curtail anthropogenic warming.



199

Appendix A: Investigating the sensitivity of Khumbu Glacier mass bal-

ance in the present day

(@)

Wind Speed (m's)
(=]

100.0

85.7

71.4

57.1

42,

©
Daily Mean Pressure (hPa)

286

10 Day Mean Relative Humidity (%)

14.3

325

© N

300 N Il

A T A w\
= N Y

225 ! l

200

150

Incoming Longwave Radiation (W/m?)

400

\ ’ | ||l
; i A
250 P ,‘ e '.\ ) ! ! | ‘ \ '.' l IM\
0 'L'-) '|'i.‘ ‘hl N '|L‘ / ‘“l!l || p“ J lll‘ } ' '.lll b

100

=]
-

Incoming Shortwave Radiation (W/m?)

50
Jan 2013 May 2013 Sept2013 Jan 2014 May 2014 Sept 2014 Jan 2015 May 2015 Sept 2015 Jan 2016

Figure A1: (a) 10 day (green) and daily (shaded blue) wind speed, (b) 10 day (black) and daily
(shaded blue) relative humidity and daily air pressure (red) (c) 10 day (black) and daily (shaded
blue) incoming shortwave and (d) longwave radiation.



200

0.4 1.2
0.35 2009 1 2013
0.3
0.25
0.2
0.15
0.1
0.05

0
0.4

0.35
0.3
0.25
0.2
0.15
0.1
0.05

0
04

035 | 2011 035 | | 2015
0.3 | | |

0.25
0.2
0.15
0.1
0.05
0 | ]

1 : N N QO D b A A
| 012 = S VA AAAT AT vY
03 | 3
0.25
0.2 -
0.15

o N bt

NIRRT TP S B IR S TR I SR WK TN
ST AT o o S

Snow Depth ()

Snow Depth (m)

Snow Depth (m)

Snow Depth (m)

Figure A2: Snow depth measurements from Pyramid ultrasonic depth gauge from 2009 - 2015.
Note the y-axis is scaled differently in 2013. Supplementary figure S2 from Rounce et al. (2018).



201

Modelled SWin
Modelled LWin
Camp Il SWin
Camp [l LWin

1750

1500

1250

1000

Hourly Radiation (Wim-2)

013 2014 2015 2016 2017 018 019 2020

Figure A3: Modelled SWin and LWin for nearest gridpoint to Camp I AWS (6,864 m.a.sl.) and pre-
liminary Camp II radiation.

The mass balance simulations were calibrated for the Khumbu, namely the precipitation gradient so as to
match accumulation observations (Inoue, 1977 and Benn and Lehmkuhl, 2000). This results in high abla-
tion rates for the West Changri Nup, that exceed those from observations (Figure A4; Sherpa et al., 2017).
The simulated accumulation rates were low and were at times close to zero due to low maximum eleva-
tions. Accumulation area ratios of zero were observed at times on West Changri Nup during 2010-2015
(Sherpa et al., 2017). Low modelled accumulation rates will not be able to represent the significant serac
avalanches from the steep south-facing slopes that are thought to act as critical inputs to the Changri Nup
glacier (Vincent et al., 2016). Debris-covered portion of the glacier MB of -1.21 * 0.2 m w.e. a-1 between

2011 and 2015 after correction of emergence velocity (Vincent et al., 2016).
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Appendix B: Downscaling of Regional Climate Model data

B1: Model Selection
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Figure B1.1: Annual precipitation sums (dots) with fitted trend line from the start of the RCP ex-
periments (2006) until the end (2100) for each of the Indian Institute for Tropical Meteorology

CORDEX models for RCP4.5.
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B2: Downscaled Climate
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f) the same but under RCP8.5.
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Figure B2.2: Latitudinal variations of precipitation along the Dudh Koshi valley in the southern
flank of the Khumbu region. Histograms show mean monthly precipitation with mean annual pre-
cipitation displayed under station name. From Asahi et al., 2010.

B3: Implications of temperature disaggregation for glacier mass balance

Resolving the meteorological complexity of the sub-daily temporal scale, was critical for ensuring
accurate glacier mass balance. Ensuring an accurate representation of disaggregated temperature
was found to be important both for a statistically significant relationship with hourly observa-
tions, but also realistic modelled mass balance. Downscaled Tmax and Tmean and hourly observa-
tions were critical for calibration to produce this data; reiterating the importance of in situ tem-

perature observations for robust glacier melt simulations.

The output from the temperature disaggregation method (Debele et al., 2007) was compared
against several other disaggregation functions from the open-source MEteoroLOgical observation
time series DISaggregation Tool (MELODIST - gathered from the site: https://github.com/kris-
tianfoerster/melodist). The results from the method from Debele et al. (2007) were found to pro-

duce strong correlations with hourly observations and day-on-day variability as a result of the
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diurnal amplitude being forced by the daily downscaled Tmin and Tmax variables (rather than a
fixed amplitude). The monsoon lowering of diurnal temperature range is also better resolved
with this method. Diurnal temperature trends will not necessarily be the same as present day and
this may be better represented in future Tmin and Tmax trends than a fixed amplitude. The impact
of using the Debele et al. (2007) method (sineminmax) and the three MELODIST methods on

glacier mass balance is shown in Figure B2.
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Figure B2: Cumulative mass balance driven by downscaled IPSL climate using four different disaggregation
methods.

The slight warm bias observed in the disaggregated CCCma data relative to observations (mainly
exhibited by a lower frequency of < -10°C temperatures than observations) does not translate
into increased mass loss. The MB simulation forced by the downscaled NOAA climate data pro-
duced a MB change most similar to observations, both in terms of absolute values but also tem-
poral patterns. It cannot be expected that the timings of ablation or accumulation will match with
the simulation forced by observations, as the downscaled climate data is a product of the RCM
and driving GCM as well as the 14 years of observations. However, the downscaled NOAA data
shows more interannual variability in the timings of mass change, similar to that forced by obser-
vations. Winter accumulation in 2017/2018 was absent in the simulations forced by observa-
tions and NOAA, and mass loss continued unabated. The downscaled IPSL forcing produces ex-
tensive modelled clean-ice mass loss due mostly to the much lower precipitation that is apparent

both prior to and following downscaling.
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Appendix C: Present-day and future evolution of Khumbu Glacier
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Figure C1: (a) Layers of basal ice observed at the glacier’s surface, close to Site 2 (supplementary
Figure 8 from Miles et al,, 2021b) (b) Location map of Khumbu Glacier denoting drill sites referred
to in (a) and Figure C1.2 (next figure)
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Figure C2 Figure Englacial temperature measured for each borehole thermistor string colour-
coded by depth for: (a) Site 1; (b) Site 2; and (c) Site 3. Note different axes limits. Thermistors are
colour coded by depth.



210

0.75

Mass balance (m w.e.)

[
~
v

Figure C3 (a) Clean-ice glacier mass balance (b) present day glacier mass balance following inte-
gration with iSOSIA, from experiment 9 (NOAA MB forcing and exponential sub-debris ablation
parameterisation).
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Figure C4 Present day simulated supraglacial debris thickness from NOAA MB forcing but (a) with
the exponential sub-debris ablation parameterisation and (b) the reciprocal of h0 = 0.8 m.




211

(1] )
B f
. ]
- ]
E6 - -
=
@ . L ]
E
E . L] . ® Rounce RS and EBM
b ™ Y ® MNakawo Obs
E 4 - o . ® iSOS|A experiment 9
8
- ]
B
[ . ]
2 - ] ]
- ] ]
[ ] L] .
_.-*-__ ™
i
il 0§ 10 15 20 25 30
Surface Debriz Thickness (m)

Figure C5 Surface debris thickness along the glacier tongue calculated via remote-sensing and
EBM (Rounce RS and EBM; Rounce et al., 2018), in situ measurements (Nakawo Obs; Nakawo et al.,
1986) and ice-flow modelling (iSOSIA experiment 9; Chapter 6). Points represent mean value and
shading standard deviation.

Surface velocity (m a1}

Figure C6 Simulated velocities in 2250 under the MB forcing from the NOAA RCP8.5 climate scenario.
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Figure C7 Simulated ice thickness in 2100 under the MB forcing from the IPSL RCP4.5 scenario.
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Figure C8 (a) Mass balance in 2120 and (b) in 2140 under the RCP8.5 CCCma MB forcing.
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