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Preface

Glaciers are a well-studied and obvious feature of many of the landscapes on the
land surface of the Earth. They develop under cold climatic conditions where there
is sufficient precipitation, for example, in polar areas such as Antarctica or in humid
mountainous regions such as the Alps or Rocky Mountains. With less precipitation
in cold climates, these are replaced by permafrost consisting of ground ice that
remains frozen for more than two years. These ice deposits can tell us a lot about
past climatic conditions, and when the ice melts, they supply significant quanti-

ties of water to the rivers downstream, which is particularly important in semiarid
regions.

Climate change has been occurring throughout the history of the Earth [1]. There
have been long periods of weather when the mean air and sea temperature has
been up to 14°C above that of today, alternating with colder periods lasting up to
60 Ma. During the cold periods, glaciers advance and retreat under the influence
of the Milankovitch cycles [2]. We have just finished an interglacial period lasting
about 10 ka during which many glaciers have been retreating while the weather
has been relatively docile. This changed in 2020, [3] and the weather pattern has
become very violent as the cold air mass over Siberia has started to cool due to the
beginning of a new 23 ka Precession cycle while the source areas for the subtropi-
cal air masses continue to warm. This has resulted in enlargement of the Rossby
waves so that they have become the size of Canada and the United States combined.
The clash between the colder and hotter air masses produces more violent storms,
tornadoes, hurricanes, and the newly recognized atmospheric rivers. Heavy
precipitation occurs along the junction of the two air masses, but droughts plague
other areas.

This book starts with a chapter entitled “Influence of Atmospheric Rivers on
Glaciers”, which discusses a subject that has become very important during the last
five years. The next section deals with methodology and interpretation of data. The
first chapter in this section is “Drilling Ice and Subglacial Rock Cores for Scientific
Discovery in a Changing Climate”, followed by “Perspective Chapter: What Sort

of Ice Dynamics Are Crevasse Fill Ridges Connected with? — Research Overview”.
The following section includes the chapter, “Spatial Distribution and Shrinkage of
Glaciers since the 1990s in the Transboundary Kailash Sacred Landscape”, showing
an example of the changes in tropical glaciers occurring at the end of an Interglacial
event. The final section consists of a chapter on the role of the changes brought on
by the Precession cycle entitled “Climate Change in Tropical Glacier-Fed Rivers,
Contrasting Global Responses and Future Implications on Stream Functional



Diversity”. These chapters provide readers with examples of our state of knowledge
as we enter into the beginning of the next glacial event caused by the change in the
Precession cycle.

Stuart A. Harris
Department of Geography,
University of Calgary,
Canada
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Chapter 1

Influence of Atmospheric Rivers
on Glaciers

Georges Djoumna and Sebastian H. Mernild

Abstract

Atmospheric rivers (ARs) are long, narrow, and transient corridors of robust
horizontal water vapor transport commonly associated with a low-level jet stream
ahead of the cold front of an extratropical cyclone. These weather features are essen-
tial for Earth’s hydrological cycle, transporting water vapor poleward, delivering
precipitation for local climates, and having societal repercussions, such as intense
storms and flood risk. The polar regions have experienced increasing AR activity in
recent years. ARs usually transport substantial amounts of moisture and heat pole-
ward that can potentially affect glaciers and sea ice. Many studies have demonstrated
that ARs cause surface melting of glaciers in Antarctica and Greenland. Predicting and
understanding the characteristics of ARs under global warming is a challenging task
because there is not a consensus among scientists on a quantitative definition of ARs
and the tracking methods. Understanding how ARs affect the surface mass balance of
glaciers is crucial to increase our knowledge of how a warming atmosphere associated
with warm ocean water will impact glaciated areas. In this work, we review recent
advances in AR, including the methods used to identify them, their impacts on
glaciers, their relationship with large-scale ocean-atmosphere dynamics, and variabil-
ities under future climate.

Keywords: atmospheric rivers, transport of moisture, warm air intrusion, intense
precipitation, extratropical cyclones, climate change

1. Introduction

Over the last decade, interest in atmospheric river (AR) science has significantly
increased because ARs are increasingly recognized globally as an essential weather
phenomenon associated with extreme precipitation [1-5]. ARs potentially affect the
global water vapor distribution and the spatiotemporal structures of the energy and
water cycles of the planet [3]. Recent studies suggested that AR significantly impacts
the energy and water budgets of the cryosphere, mountain glaciers [6], and polar
regions [7-14]. ARs can produce significant snow accumulation over the ice sheet
[7, 15-17], melt events with consequences for ice shelf stability [18-21], or calvin
events [22]. The American Meteorological Society Glossary defines an AR as “a long,
narrow, and transient corridor of strong horizontal water vapor transport typically
associated with a low-level jet stream ahead of the cold front of an extratropical
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cyclone” [1]. ARs account for over 90% of the polar water vapor transport in the
midlatitude and, therefore, have important implications for extreme precipitation
when they make landfall, affect extreme precipitation events, regional water

supply, as well as flooding hazards along western edges of continents (North
America, South America, and Western Europe [23]) due to the interaction with the
topography. This definition provides a qualitative description of ARs and opens the
door to different quantitative definitions that can result in differences in AR
climatologies. Understanding ARs in a warming climate is challenging because of the
numerous algorithms that have been developed to identify and track the characteris-
tics of ARs. Moreover, the AR community has not agreed on identification
methodologies.

Here, we review the impact of AR on sea ice, mountain glaciers, and glaciers in
the polar regions. We report on recent advances in AR, including the
identification methods, their main climatological characteristics, impacts on glaciers,
relationship with large-scale ocean-atmosphere dynamics, and some variabilities
under future climate. For a review of the main characteristics of ARs that are respon-
sible for the transport of large amounts of water across the midlatitudes toward
higher latitudes, readers are referee to [24]. The climate change impacts of ARs,
including physical processes such as the moistening of the atmosphere due to
warming, shifting extratropical storm tracks, and the impacts of ARs on the
hydrological cycle and hydrologic extremes and crucial AR research
directions, extending from the urgency for higher resolution modeling, better obser-
vations (especially of regions globally where they are lacking) are reviewed in
Payne et al. [4].

Section 2 gives an overview of ARs, their characteristics, their formations, and
implications of ARs on sea ice and glaciers in higher latitudes regions and their roles in
extreme events and in providing beneficial water supply. The methods used to iden-
tify AR are presented in Section 3. Section 4 presents observations and modeling of AR
with a focus on high latitudes, while the effect of ARs on sea ice, glaciers, and ice
sheets is shown in Section 5. Section 6 addresses AR under a warming climate, and in
Section 7, we conclude with suggestions for future research.

2. Overview of atmospheric river and implications

ARs are large-scale weather features that transport significant amounts of moisture
that are crucial for large-scale and local hydrological climate across the globe [25]. The
impact of ARs on the western coasts of continents in midlatitude locations has been
widely studied. In the polar region, emerging research has found that the ARs’ related
moisture transport can interact with land and sea ice and lead to precipitation events
that affect the local cryosphere [7-13, 15-17]. ARs traveling to Antarctica or Greenland
from the midlatitudes are usually accompanied by warm air intrusion that can likely
affect the sea ice and the stability of ice sheets. A study by Dare et al. [26] displayed a
relationship between ARs and the precipitation associated with warm conveyor belt
ascent. They argued that precipitation and water vapor transport increase with
enhanced moisture in the feeder airstream. ARs can lead to snowfall anomaly, surface
melt over glacier, and significantly influence the surface energy balance.

The effect of climate change on ARs or their characteristics under a warming
climate is poorly understood. A study by Corringham et al. [27] suggested that ARs are
responsible for the majority of the economic losses related to flooding in the Western
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United States and are anticipated to intensify in a warming climate. They argued that
flood damages caused by extreme AR events may triple from 1 billion to over 3 billion
a year toward the end of the century if mitigation actions are not implemented to
diminish anthropogenic greenhouse effects. Although the impacts of ARs are increas-
ingly recognized globally, at the global scale, essential questions remain unanswered,
such as basic observations with ARs core, the development, and evolution of an AR
from its initial setup to dissipation, how an AR interacts with large-scale dynamics,
and quantifying the amount of surface melt ARs can trigger over the Arctic and
Antarctic [4]. Understanding ARs responses under a warmer climate from a global
perspective is of great interest and imperative for predicting weather systems, hydro-
logical extremes, and the preparation for potential associated hazards [28, 29]. An
increased trend in AR frequency is demonstrated in climate projection models

[28, 30], particularly ARs that make landfall along the California Coast [4, 31]. More-
over, under future warming, it is expected that ARs will become longer, wider, and
wetter [32]. For example, a recent study by Michaelis et al. [33] suggested climate
change enhanced the precipitation associated with the February 2017 AR over North-
ern California. However, the physical drivers of AR genesis, development, and dissi-
pation are still poorly understood.

An extratropical cyclone propagates originating from relatively warmer latitudes
and propagating across the Southern Ocean is usually characterized by a continuous
and strong moisture convergence in the cyclone’s warm conveyor belt circulation or
along the trailing cold front that feeds the ARs [34-36]. The polar regions have
experienced increasing AR activity in recent years [8, 36, 37]. Recently, studies have
suggested that sea ice variation in Antarctica and the Arctic can be affected by the
poleward transport of moisture and heat from midlatitudes [9, 10, 12, 13, 38]. Recent
studies have shown that ARs contribute to the West Antarctic surface melting [11, 21,
39]. Over the West Antarctica Ice Shelf (WAIS), the blocking high and low pressure
located along the coast of West Antarctica helps to dive the warm, and moist air to the
WAIS. Previous studies have shown that both blocking high- and low-pressure sys-
tems are influenced by the El Nifio-Southern Oscillation and the Southern Annular
Mode and other modes of natural variability that affect the Antarctic continent
[25, 40]. Moreover, AR precipitation promotes the rapid increase in surface height
over West Antarctica during the 2019 austral winter [15] and abnormal snow accu-
mulation in East Antarctica [7].

In August 2012 and July 2020, Li et al. [10] show that ARs associated with large
cyclones triggered rapid sea ice melt through modulating turbulent heat fluxes and
winds. They also find a significant negative correlation between atmospheric moisture
content and the rate of changes in sea ice concentration over almost the entirety of the
Arctic Ocean. The associated warmer air temperature induced by landfalling ARs in
the Northeast Greenland ice stream triggers meltwater ponds and rivers that can
modify the landscape of the ice stream [41]. The meltwater ponds and rivers on the ice
stream absorb more sunlight than the surrounding glacier, and since Northeast
Greenland is known to be an area of fast-flowing ice stream draining a large portion of
the Greenland Ice Sheet into the ocean, increasing ARs may accelerate the outlet
glaciers of this region [41].

ARs also affect the surface hydrological processes of many mountainous regions on
the planet. They trigger avalanches and mudslides during winter when they land in
mountainous areas [42, 43]. In the Western United States, Hatchett et al. [43] linked
the highest percentage of casualties during avalanches to AR conditions. ARs regularly
stroke British Columbia (Canada) in the fall and winter, which causes avalanches and
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heavy precipitation that significantly affect transportation systems [44]. Several
studies have demonstrated that ARs triggered extreme precipitation events in moun-
tainous regions with a variety of flooding hazards and ground failures including
landslides, and riverbank erosion, for example, [30, 45-50], with a significant impact
on the population living in those areas. In the central Hindu-Kush, Karakoram, and
Himalaya [46] reported that ARs contribute a significant fraction of the non-monsoon
(October-May) precipitation.

2.1 Atmospheric rivers and warm air intrusion

Moist air reaches the Antarctic continent through a limited number of atmospheric
processes. The primary one is the advection of warm, marine air. Warm, moist air is a
key player in understanding the surface mass balance of the Antarctic [7, 51-54]. Warm
air intrusion (WAI) events are more frequent in austral winter in Antarctica than in
other seasons. WAI events are crucial in cloud formation and precipitation events on the
ASE [55]. Although WAL is frequent in summer, they can trigger surface melting and
potentially affect ice sheet stability. ARs and WAI have been documented in the
Amundsen Sea Embayment region [14, 40]. Refs. [56, 57] reported heat anomalies from
the Atlantic Ocean reached the Greenland Ice Sheet and caused surface melt.

Studying AR and WALI events in the polar region is relevant because surface melted
snow or ice can increase ice loss through runoff [58] and also by modifying ice flow
dynamics and thermomechanical properties [59, 60]. Moreover, meltwater plays a
prominent role in ice shelf hydrofracturing and ice-cliff collapse at deep grounding
lines [61]. AR and WAI events are believed to be influenced by regional and large-
scale atmospheric variability, including the Southern Annular Mode (SAM) and the El
Nifio-Southern Oscillation (ENSO), during the summer melt season [62, 63], and it is
essential to understand that connection if any.

Figure 1a-d present water vapor imagery obtained from the UW-AMRC reposi-
tory (ftp://amrc.ssec.wisc.edu/archive/2013/and/2014) during austral summer AR
events from 18 to 25 February 2013 (FWAI2013), a fall AR event from 7 to 13 March
2013 (MWAI2013), and early austral winter in the Amundsen Sea Embayment, West
Antarctica [14].

3. Theory

ARs are characterized by intense moisture transport. AR intensity is determined by
the column-integrated water-vapor transport (IVT),

IVT 1r5 d 2 1JPS d 2 (1)
= (=] quap) + (= quap ),
2 ), 4y 2 ), 2

t t

where the gravitational acceleration g is ms~2, the specific humidity ¢ is in kg kg,
p is the atmospheric pressure (hPa), p, surface pressure, and p, an upper-atmospheric
reference pressure (typically set between 500 and 200 hPa, and between 1000 and
300 hPa in the polar regions), and # and v represent the zonal and meridional com-

ponent of the wind. For the high-latitude regions, vertically integrated water vapor
(IWV) fields.
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() 2013-02-20 (b) 2013-03-10

(c) 2013-02-21 (d) 2014-01-1

Figure 1.

Composite water vapor imagery data at 5 km spatial resolution on (a) oooo UTC 20 February 2013, (b) 0000
UTC 10 March 2013, (¢) 0012 UTC 21 February 2013, and (d) 0003 UTC o1 June 2014. The data are from
the University of Wisconsin Antarctic Meteorological Research Center (UW-AMRC) repository.

1 p.\‘
WV = —J qdp, ()

P

are combined with the IVT. Changes in IVT can be partitioned into the change in
atmospheric moisture contain and the change in atmospheric motion (through wind
vector). The Clausius-Clapeyron equation, which states an exponential-like increase
of the water vapor content of saturated air (¢**) with temperature (T), can be
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employed to investigate the change in the thermodynamic component of IVT. The
Clausius-Clapeyron relationship is defined as

d q sat
dt

= a(T)g™, @)

where a(T) denotes the Clausius-Clapeyron scaling factor, described as

_ LU
- R,T?

a(T) (4)

where latent heat of fusion L, and R,, is the gas constant of water vapor [4]. From
the Clausius-Clapeyron equation, one can deduce that the fraction of change in the
humidity per degree of surface warming is related to the magnitude of warming at a
particular height relative to the surface.

1 Ag™ AT
il — alT) ——
AT, gt o(T) 37

©)

The response of IVT at the surface is well understood, while above the surface,
a(T) is not constant. An increase in the specific humidity enhances a release of latent
heat when saturated air ascends. The lapse rate then decreases with warming and,
therefore AT increases with height [4].

The response of atmospheric circulation to warming is much less certain [64] and
the dynamical responses of IVT that are crucial to the impact of ARs on land are
usually their location of landfall and intensity.

3.1 Atmospheric river identification and tracking

Advances in research on ARs have demonstrated their significance for the global
water cycle, revealing uncertainties in their mapping, tracking, categorizing, and
forecasting landfalling events that make them one of the challenging branches of
atmospheric sciences. Numerous methods to identify and track ARs have been devel-
oped, usually to address specific research questions. Some criteria used include geom-
etry, threshold values of critical variables, and time dependence, to name a few. These
different methods produce differences in AR climatologies and, therefore, differences
in the impacts attributable to ARs. More than 20 AR detection methods were assessed
in the atmospheric river tracking method intercomparison project [25, 65, 66].

The majority of AR tracking methods often choose a thresholding and are based on
the analysis of vertically integrated water vapor transport (IVT) or vertically integrated
water vapor (IWV) [25, 66]. The magnitude of the thresholding variable can be either
absolute (IVT >250kg m ™' s71) or relative (IVT > 85th percentile of local IVT). Proba-
bilistic IVT forecasts have also been used to determine AR location and intensity [67].
Recent advances in AR tracking methods include machine learning techniques that do
not require threshold values have also been employed [68], and a near-global AR detec-
tion algorithm that incorporates 3-D wind information from satellite observations [69].

The heat and moisture transport associated with ARs can significantly affect the
cryosphere in the polar regions. Indeed, even a slight increase in surface temperature
above the freezing point can trigger surface melting over the ice. The impacts of ARs
on the Antarctica ice sheet include surface melt in West Antarctica [14, 21], foehn
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(c) 120°w
———
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Figure 2.

Panels (a—c) and (g) show the integrated water vapor (IWV, kg m~2) and the 800 hPa wind vectors obtained
from ERA-Interim during two atmospheric rivers that stroke the Amundsen Sea Embayment during 19-22
February 2013 and 10 March 2013. The vertically integrated vapor transport (IVT, kg m™* s™*) fields and
500 hPa geopotential heights (m, blue contour lines) ave shown in panels (d—f) and (h). The figures are from [14].

events near the northern tip of the Antarctic Peninsula [39], and snowfall accumula-
tion in East Antarctica [7]. Over the Greenland Ice Sheet, the combined effect of
downwelling long-wave radiation and warm air intrusion can negatively impact the
ice mass [8, 56, 57].
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Djoumna and Holland [14] employed the algorithm developed by Wille et al. [21]
for Antarctica to analyze AR events in the Amundsen Sea Embayment (ASE). They
combined an IWV-based and IVT-base algorithm between the latitude band of 35’ N
and 80°S, to locate regions where IVT exceeds IVT’s 98th percentile. The IVT thresh-
old of 250 kg m~! s~! was employed to identify AR lateral boundaries as
recommended in the literature [7, 39, 70].

Ralph et al. [70] developed a scale to categorize AR events using IVT values that
vary from weak AR (IVT > 250-500 kg m~! s71) to extreme AR (IVT > 1250 kg
m~! s71). Based on a scale that categorizes AR events based on the maximum instan-
taneous IVT associated with a period of AR conditions and the duration of those
conditions at a point developed by Ralph et al. [70] for the northeastern Pacific Ocean
and the Western United States, the MWAI2013 and FWAI2013 AR events in the
Amundsen Sea Embayment by Djoumna and Holland [14] were moderate
(IVT > 500-750 kg m~! s7!) in Figure 2. They were weaker than the 25-30 May 2016
event reported by Wille et al. [71].

4. Observations and modeling of AR in the high-latitude regions

Many studies have shown that ARs cause extreme rain events and flooding
hazards and can supply water in midlatitude regions. However, the use of numerical
weather prediction (NWP) systems to accurately forecast ARs is still under
development. Most of the research on the topics has been conducted only during the
last two decades. Gaps in the global observing system, for example, across remote
ocean areas, and over glaciated areas, hindered efforts to improve forecasts of
landfalling ARs. Observation campaigns across AR over glaciers and sea ice are
nearly nonexistent [72] used radiosonde measurements collected in austral summer of
2018-2019 (November 2018 to February 2019) at the Dronning Maud Land coast
(East Antarctica) to detect AR signatures in the vertical profile of wind speed and
direction, air temperature, relative humidity, and specific humidity. Most
observation campaigns targeting AR have been conducted in midlatitudes and sub-
tropical regions. Several observation campaigns using the drop-sondes have been
conducted in the midlatitudes and subtropical regions; these observations include the
vertical profile of water vapor, wind, and pressure and were obtained from 304
aircraft drop-sondes across 21 ARs [73]. Recently, the AR reconnaissance in the
northeast Pacific [74] aimed to improve the science and forecasts of landfalling ARs
to help better inform decision-makers on water management and flooding hazard
in the Western United States. To achieve this goal, NWP models will be combined
with observations collected within ARs’ core from drop-sondes (deployed by air-
craft), and also on the ocean surface (drifting ocean buoys), and airborne radio
occultation [75, 76].

In recent years, many studies have highlighted the significance of ARs in shaping
the global water vapor distribution, water and energy budgets, and hydrology
extremes. Since ARs can affect the Earth’s climate through their effect on the pole-
ward transport of water vapor, it is crucial to accurately represent their associated
dynamics, thermodynamics, and hydrodynamics in climate models [31, 77]. Climate
models to date represent the observed statistics of ARs relatively well, while signifi-
cant regional biases still exist [77]. An accurate simulation of ARs is crucial to pursue
robust projections of AR changes under a warming climate. However, climate models
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are complex and often bear some degree of uncertainty, and incorporating the funda-
mental dynamical processes of ARs in a climate model is still under development, and
this hindered our understanding of the AR response to a warming climate [31]. Zhang
et al. [31] elaborated an idealized atmospheric general circulation model in which an
Earth-like global circulation was combined with a hydrological cycle model. The
model used passive tracers, simplified cloud microphysics, and precipitation to model
water vapor and clouds. They found a good representation of observed dynamical
structures for individual ARs, statistical characteristics of ARs, and spatial distribu-
tions of AR climatology.

For an AR forecast to be of interest to the following forecast users’ properties at
seasonal time scales, late medium range and early extended range and the short and
early medium range (1-7 days) [76] should be considered depending on the region of
interest.

* Good knowledge of the ARs frequency and the amount of total precipitation
induced by ARs within a season across a given region is valuable information that
can help decision-makers to manage the consequences of ARs. In the polar
region, we know that ARs effects are likely critical during the summer melting
season.

* In the late medium range and early extended-range forecast (2-3 weeks), the
approximate time when an area may experience extreme precipitation and

flooding is desired.

* From a forecast user’s perspective, predicting AR in the short and early medium
range (1-7 days) is highly important and challenging from a modeling
perspective. It is essential to accurately predict the intensity, location, and exact
time an AR will make a landfall.

Two newly available AR forecast products are the Extreme Forecast Index (EFI)
for water vapor flux [78-81] and the AR Scale [70]. The EFI compares the probability
distribution of the European Centre for Medium-Range Weather Forecasts
(ECMWEF). The climatology of ARs in the polar regions and mountain glaciers is still
being studied. There is still a long way to go before developing AR forecasting tools for
high-latitude regions.

5. Effect of ARs on sea ice, glaciers, and ice shelves

The importance of ARs has been demonstrated over the Antarctic ice sheet
[7, 14, 15, 18, 19, 21, 22, 82-84], the Antarctic sea ice [12], and the Arctic continent
[8, 10, 36, 37, 41]. Extreme warmer events usually accompany ARs traveling to
Antarctica or Greenland from the midlatitudes. Most of these weather events are
formed at lower latitudes, over the Southern Ocean and Atlantic Ocean. They
transport heat and moisture, propagate eastward and poleward, dissipate, and lose
their baroclinic energy near the continent [36, 85, 86]. ARs generate positive anoma-
lies in temperature, moisture, and winds in the coastal regions bordering the Antarctic
and Greenland. Several studies have shown ARs impact both the Antarctic ice sheet
and the Greenland Ice Sheet through high snowfall events, surface melt events, and
sea ice decays [7, 8, 19, 37, 41, 82-84].
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ARs occur in Antarctica on low frequency (around 12 events per year in West
Antarctica). They account for the most significant percentage of precipitation
observed over Antarctica and have important consequences for ice shelf stability
[17, 18, 21]. For example, Wille et al. [82] showed that the exceptional heat wave
with widespread 30-40°C temperature anomalies across the ice sheet that occurred
over East Antarctica between 15 and 19 March 2022 was triggered by an intense
atmospheric river advecting subtropical/midlatitude heat and moisture deep into the
Antarctic interior. The March 2022 East Antarctica “Heat” wave caused extensive
precipitation and surface melt along coastal areas. They also recorded extensive
high snowfall accumulations within the interior of the East Antarctic region that
resulted in a primarily positive surface mass balance [83]. Extremes warm events can
trigger instantaneous knockout effects on the cryosphere because of positive feed-
backs (ice/snow albedo) susceptible to enhance and escalate the warming trend [84].
ARs and the associated warm air intrusion events cause about 3 days of surface
melting over the Pine Island Glacier in February and March 2013 [14]. Liang et al.
[12] suggested that low-frequency ARs can lead to prominent sea ice reduction over
marginal ice zone primarily through thermodynamic processes over the Antarctic sea
ice. They also argued that ARs could amplify sea ice melting during cold weather
periods in contrast to narrow effects during summertime.

In the Arctic, Li et al. [10] found that individual AR events associated with
large cyclones initiate a rapid sea ice decrease through turbulent heat fluxes and
winds.

6. AR under future warming

The characteristic of ARs, their number, frequency, and intensity are likely
to change in future climates, and it is essential to understand and predict how
ARs will change under a warming climate. An increase in atmospheric moisture
in a warmer climate will lead to an increase in the magnitude of ARs, with
significant consequences for flooding, ice sheet stability, and sea ice cover. There
is now a growing number of studies highlighting the importance of investigating
the contribution of a globally warming atmosphere and changes in the inflow of
relatively warm water when examining future changes in the polar region, especially
the surface mass balance over glaciated areas and air-sea interactions over the ice
cover region.

AR occurrences for different regions around Antarctica and Greenland have been
associated with various teleconnections and modes of natural variability, such as the
Southern Annular Mode (SAM, [17]), the Pacific South American Mode 2, the Pacific
Decadal Oscillation [87] Arctic Oscillation, North Atlantic Oscillation, and Pacific/
North America [88]. We hypothesize that the intensity and frequency of AR events
may vary with the SAM and the ENSO. It has been suggested that ENSO events can
lead to more blocking in the Amundsen Sea and more robust westerly flow on the
continental shelf, while a positive SAM is linked to weaker easterly flow north of the
ASE [89]. Recently, [60] reported that the Amundsen Sea blocking activity and a
negative SAM correlate with ENSO conditions in the tropical Pacific Ocean during the
peak summer warming (December—January) in West Antarctica. Moreover, Shields
et al. [25] argued that the Indian Ocean Dipole teleconnections in phase with ENSO
produce a stronger AR precipitation response in Antarctica compared to other modes
of natural variability that affect the Antarctic continent.
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The AR Recon program focus on the North Atlantic and represents a recent initia-
tive to improve our understanding to achieve better forecasts of ARs and their impacts
[76]. The program targets to develop advanced numerical methods and observation
campaigns, assimilate the observed data, and theoretical physical studies to investi-
gate ARs responses to climate change in Europe and the United States of America. A
similar program will be needed for an in-depth study of polar ARs. However, the polar
regions are characterized by a range of extreme and continuously harsh environmen-
tal conditions, and observation campaigns within polar ARs are challenging.

7. Summary points and future issues

The critical role of ARs in various extreme precipitation and flooding events in
Western North America, the Western Pacific, Europe, New Zealand, and South
America has been demonstrated in multiple studies over the last two decades. In the
polar regions, the effects of ARs have been uncovered in the last decade. ARs are less
frequent in the polar regions than in the midlatitudes. However, ARs are shown to have
a high impact on the Antarctic Ice Sheet mass balance, as they have been linked to
surface melting on the West Antarctic Ice Sheet, record high temperatures, extreme
snowfall events on the Antarctic Peninsular and the East Antarctic ice sheet, and sea ice
decline in marginal ice zones. In the Arctic, ARs have been shown to affect warming in
the troposphere during summertime, and the surface radiative balance with potential
consequences for Arctic sea ice [9, 10]. A good understanding of the dynamics that
drive ARs is vital for predicting how weather extremes in the Arctic and Antarctic and
their impacts will change in response to climate change in those regions.

In this work, we have reviewed the impact of AR on sea ice, mountain glaciers, and
glaciers in the polar regions. We have also reviewed recent advances in AR, including
the identification methods, their main climatological characteristics, their impacts on
glaciers, their relationship with large-scale ocean-atmosphere dynamics, and some
variabilities under future climate. Significant progress has been made toward a better
understanding of ARs, including addressing uncertainty in the tracking and identifi-
cation algorithm through the ARTMIP project, a quantitative definition of ARs,
observations campaign (the AR Recon program), and modeling efforts for better
forecasts of ARs (the EFI for water vapor flux and the AR Scale). However, several
questions remain about the mechanisms driving atmospheric rivers and their life
cycles (genesis, development, and dissipation), observations of their development,
their interaction with large-scale dynamics, their role in ephemeral, extent melt events
over the Arctic and Antarctica, forecast ARs accurately using NWP systems to provide
warnings and awareness, and a better understanding of how ARs interact with large-
scale circulation in a warming climate.

As high latitude is sensitive to warmer temperatures, it is imperative to understand
how extreme weather or climate conditions will influence moisture intrusions on the
Antarctic continent and Arctic and mountain glaciers. Improving our understanding
of the exact mechanisms (thermodynamic or dynamical changes) that underlay the
long-term changes in moisture transport associated with ARs remains uncertain in the
pair region. Moreover, fields campaign to collect observations within ARs’ core in the
polar region will be necessary. A better prediction of the influence of anthropogenic
changes in the climate of Antarctica and Greenland will require an accurate under-
standing of the processes and impacts of extreme temperature events associated with
atmospheric rivers in these regions.
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Abstract

Ice cores drilled from glaciers and ice sheets provide a critical natural archive of
current and past evidence of climate and environmental change, and subglacial rock
holds evidence of past glacial extent. Current climate change is causing the demise of
glaciers around the world; the scientific need to recover ice cores from mid-latitude
glaciers is urgent before ice core records are lost to melt. Logistical access to uncertain
ice sheet conditions is challenging. Retrieval of subglacial rock cores is needed for
cosmogenic dating evidence of past sea level. This paper describes recent engineering
advances in scientific drilling of ice and subglacial rock cores under conditions of cur-
rent climate change. The successful efforts of the U.S. Ice Drilling Program to retrieve
a surface-to-bedrock ice core from Quelccaya Ice Cap, Peru is described, along with
the successful subglacial rock coring that retrieved the first meter-length bedrock
cores underlying 509 meters of the Greenland Ice Sheet.

Keywords: ice core, bedrock core, subglacial, scientific drilling, glaciers, ice sheets

1. Introduction

The world’s glaciers and ice sheets are huge ice masses that have important effects
on sea level, water supply, weather and climate; in addition, they serve as natural
archives of evidence of past environment and climate due to the depositional nature
of their formation. In high altitude and high latitude regions of the Earth, existing
glaciers and ice sheets began their formation many thousands to several millions of
years ago as snow in places so cold that snow melt rarely occurred. Over many years
of snow accumulation, the weight of additional snow and metamorphic processes
compacted the underlying snow into firn (old snow). Over time the firn further
compacted and transformed into solid glacial ice. Due to glacial flow, the basal area of
the glacier may have entrained sand or till. The bed of the glacier may be sediment or
till that rests on bedrock of the landform. A schematic of a cross-section of a glacier is
shown in Figure 1.

In addition to many individual alpine glaciers that exist in high-altitude sites
worldwide, Earth has two enormous polar ice sheets that each cover millions of
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Material Thickness

| Snow <3m
Firn 10-120m
Ice 100 m- 6 km

Mixed ice/till  <5m

Sediment or till <5m

Bedrock 30-40km

Figure 1.

Sc%ematic illustration of a glacier or ice sheet cross section. Recent snow on the surface accumulates on older snow
(firn) that becomes compressed into glacial ice. Basal ice may be mixed with sediment or till, and theve may be
wet or dry sediment, till, or rocks on the bedrock. Subglacial lakes are not depicted here, and the schematic is not
to scale. (credit: IDP).

square kilometers of land: the Greenland Ice Sheet, which is now more than 3 km
thick in the center, and the Antarctic Ice Sheet, that is as much as 6.4 km thick in
some places. Both ice sheets have many named glaciers that slowly drain ice toward
the coast. Scientific discoveries based on evidence of past climate that is embedded
in glaciers and ice sheets have revolutionized the field of climate science and enabled
understanding of current climate conditions in the context of recent and distant past
climate.

Science and engineering are inextricably linked in glacial endeavors. Retrieval
of ice cores from glaciers and ice sheets requires highly specialized ice drilling engi-
neering. While many nations have institutions that conduct ice drilling, the U.S. Ice
Drilling Program (IDP) is funded by the National Science Foundation to lead inte-
grated planning for ice drilling and coring and to provide the expertise and drilling
technology needed to advance ice core and subglacial science. This chapter briefly
describes the nature of climate evidence held within and beneath glaciers, scientific
drivers of several current societally-relevant projects, and engineering endeavors by
IDP that enable discoveries even as the world’s glaciers and ice sheets are changing
under current climate warming.

2. Glaciers: an archive of evidence about environment and climate

In cold, high-latitude and high-altitude regions where snow does not melt, annual
snowfall can accumulate over hundreds of thousands of years on the polar ice sheets.
The snow crystals contain water isotopes and chemical impurities that hold clues to
atmospheric conditions of their origin. As recent snow accumulates, the underlying
snow from years and decades in the past, called firn, becomes compressed and under-
goes post-depositional metamorphism over depths that range from 10 to 120 meters.
In so doing, the interstitial space between the snow crystals becomes constricted
until the remaining air finally becomes trapped in bubbles in solid ice; the air in the
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bubbles contains direct evidence of atmospheric composition. Over many thousands
of years of accumulation, the glacial ice can become multiple kilometers thick. The ice
and trapped gases near the bottom hold the oldest records while the snow at the top
holds the youngest.

The accumulation process that formed glaciers and ice sheets also archives a record
of environmental conditions. For example, stable isotopes of oxygen and hydrogen
(oxygen-18 and deuterium) in an ice core were initially deposited as snow, and are
indicators of past temperature variations. Moisture in the atmosphere has an isotopic
composition related to the vapor source and transport pathways. As winds transport
the moisture to an ice sheet, temperature-dependent isotopic fractionation occurs
where heavier isotopes preferentially fall out as precipitation. The moisture that is
deposited onto the ice sheet as snow eventually becomes archived as glacial ice, and
the isotopes provide clues to the transport process as well as the temperature when
the snow fell. In addition, chemical composition in snowfall provides a wealth of
evidence including changes in atmospheric circulation, biological activity, volcanic
eruptions, fire, and air pollution for example; such evidence becomes chronologically
archived in the ice. The composition of the air in the bubbles provides direct evidence
of past atmospheric composition, for example levels of carbon dioxide, methane,
and other greenhouse gases. A description of stable water isotopic fractionation
with examples of an ice core climate record from the Vostok ice core in Antarctica
are provided in [1] and an overview of common chemical measurements for ice core
records is provided in [2].

In consistently very cold locations that have high snow accumulation rates, glacial
ice contains high-resolution annual records of past environment and climate that
provide a critical past context for comparison with present conditions along with an
understanding of Earth systems, including behavior of major atmospheric circulation
patterns. For example, records from ice cores drilled at a high-altitude site on Mount
Logan, the highest mountain in Canada, show evidence of the regional Hadley and
Walker circulations in the Pacific [3], and stable isotopes indicate that shifts between
modern and zonal atmospheric flow regimes occurred abruptly within a few years,
with some coinciding with the end of the Little Ice Age and the beginning of the
European Warm Period [4]. Mount Logan ice core records of soluble sodium, a proxy
for the strength of the wintertime Aleutian Low, displays variability that shows strong
similarities to tropical proxy records for the El Nino-Southern Oscillation [5].

In locations where snow melt occurs and the meltwater flows through the firn and
ice, the chemical and isotopic evidence becomes mixed and blurred, and the natural
archive can be destroyed. Scientists have documented surface area decrease in many
glaciers, including four glaciers in Peru, Bolivia, equatorial east Africa, equatorial
Papua, Indonesia, and the western Tibetan Plateau [6]. In that study the ice core
records based on oxygen isotopic ratios (§180) show substantial impact of seasonal
melt in the firn layers in ice cores from elevations below ~6000 m, however 5180
records recovered from higher altitude sites still contain well-preserved seasonal
variations to the surface. Unfortunately, as climate warming continues, higher eleva-
tion glaciers will eventually also be degraded.

2.1 Drill before it’s gone: ice cores in a warming world

The polar ice sheets and alpine glaciers around the world are experiencing
dramatic changes as they melt under current climate warming. According to the
IPCC, in the two decades leading up to 2020 Greenland lost approximately 4890 Gt
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of ice and it is virtually certain that the Greenland Ice Sheet will continue to lose mass
over the twenty-first century [7].

Because the high-resolution chemical and isotopic records archived in alpine
glaciers provide patterns of regional climate variability over the many centuries to
millennia, the demise of glaciers in temperate regions is removing irreplaceable clues
to paleo regional climate patterns in the midlatitude regions of the planet. Originally
formed during the most recent ice age and receding during the current interglacial
cycle, many midlatitude glaciers have now stopped accumulating mass; on those
glaciers the snow accumulated during the winter disappears that summer due to melt.
Temperatures in the frozen depths of most midlatitude glaciers are gradually warm-
ing, with some now approaching the pressure melting point.

Glaciers in the central Andes Mountains of South America archive evidence of
mid-latitude climate patterns that have a large impact on weather and human activ-
ity in the equatorial region and beyond. The Quelccaya Ice Cap in Peru, the largest
remaining tropical ice cap in the western hemisphere, is a remnant of the large ice
sheet that covered South America during the Pleistocene era. Quelccaya has had
multiple retreats and advances since the Last Glacial Maximum about 20,000 years
ago [8]. Near the summit of Quelccaya, ice cores were drilled to bedrock 2003;
analysis of a core revealed precipitation patterns, volcanic activity, and climate
variability at annual resolution over the past 1800 years along with shifts in the
Intertropical Convergence Zone over this region of the Andes [9]. Ice drill engineer-
ing enabled a lighter weight drill with low fuel requirements for this remote loca-
tion [10]. From shallow cores drilled in 2018, it has become evident that warming is
causing meltwater percolation through the firn, washing out some climate evidence
in the firn and ice near the firn-ice transition; however particle-based trace element
records (e.g., Fe, Mg, K) retained well-preserved signals, yielding hope that another
deep ice core from Quelccaya may offer additional discoveries [11]. The Quelccaya
Ice Cap, which covered an area of approximately 50.2 km2 in 2018, may completely
lose its accumulation zone before the end of the twenty-first century or sooner
as the ice cap continues on a trajectory to disappearance [12]. Retrieval of a new
surface-to-bedrock ice core from the summit region of Quelccaya before the glacier
suffers further demise will retrieve glacial ice that can be preserved and used with
new high-resolution chemical sampling techniques to enable additional climate
discoveries.

Drilling ice cores in warm ice that is ice close to its pressure melting point is chal-
lenging. Commonly used cable-suspended electromechanical ice coring drills, which
use a rotating cutting head with steel blades that cut an annulus around the core, can
become stuck as ice that is close to the pressure melting point around the sonde melts
and refreezes. At sites such as Quelccaya, melting an annulus around the core is the
preferred coring method. Electrothermal drills are cable-suspended drills that have an
electric powered heat ring at the drill head to melt through the ice. Photos of the drill
head of the IDP Electrothermal Drill are shown in Figure 2a and the drill with an ice
core in Figure 2b.

Variants of electrothermal drill types have been used by ice coring programs in a
number of nations; a summary of the applications can be found in [13]. The current
IDP Electrothermal Drill is an upgrade of a thermal drill from the former Polar Ice
Coring Office. The drill currently consists of the sonde with heated drill head, which
is used in conjunction with the cable, winch and control system of the IDP 4-Inch
Drill. An 1800 W (180 V) heat ring is located at the end of the sonde, as well as three
spring-loaded blades called core dogs that are recessed in the core barrel wall and
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Figure 2.

(a) The heat ring serves as the drill head of the IDP Electrothermal drill (photo credit: IDP). (b) an ice core
drilled with the Electrothermal drill during the 2023 field work at combatant col, Mt. Waddington, British
Columbia, fieldwork (photo credit: Peter Neff).

engaged at core break to hold the core in the barrel until it is unloaded at the surface.
The system is used to collect two-meter length, 86 mm diameter, ice cores using
power supplied by a 5 kW generator. To remove an ice core from the barrel, the drill
is laid horizontally and the core dogs are retracted using three magnets. Disengaging
the core dogs allows the core to be pushed out through the heat ring. Two prototype
tools have recently been designed by IDP and deployed to assist with difficult drilling
conditions. Any debris encountered in the borehole can limit or prevent heat transfer
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and penetration. A debris vacuum assembly consists of a vacuum head with internal
one-way valves attached to a tube containing a spring-loaded piston. A trigger mecha-
nism in the vacuum head releases the piston when the tool is set on the bottom of the
borehole, sucking any debris smaller than approximately 3 mm in diameter up into
the tube. In conditions where the risk of borehole refreezing is present, an ethanol
deployment system consisting of a tube containing a long plastic bag filled with
ethanol may be deployed. A sharp arrowhead on the end of a plunger arm is used to
puncture the bag and deploy the ethanol at the bottom of the borehole. Successful ice
core drilling requires many adaptations that are specific to the nature of the ice. The
IDP Electrothermal Drill was used in 2022 by IDP to successfully retrieve an ice core
from the surface down to bedrock at 128 m depth at the Quelccaya Ice Cap. Figure 3
shows the Electrothermal drill with its tent, and Figure 4 shows drill operations at
Quelccaya.

In addition to challenges with the drilling, there are significant logistical
constraints on accessing the remote Quelccaya ice cap and retrieving ice cores.
Commercial transportation is available to the city of Cusco, Peru. From there, one
must contract with local logistics personnel for transport of the field team and equip-
ment to the field site. Car transport moves gear and personnel from Cusco to Phinaya
(16,600 ft) at the base of the ice cap. Starting in Phinaya, cargo is loaded onto horses
for transport up the ice cap. A basecamp was established at 17,000 ft., at which point
porters load and carry cargo to the summit at 18,600 ft., as depicted in Figure 5. The
slow ascent to the summit of the ice cap requires multiple days of acclimatization
along the way to adapt to the high altitude.

Drilling operations at the Quelccaya site must be light and agile by necessity at this
remote, high altitude site. The total camp is shown in Figure 6. Smaller tents are used
for berthing while a larger tent is adapted to house the drill.

Figure 3.
The IDP Electrothermal drill at the drill camp on Quelccaya ice cap (photo credit: Mariusz Potocki).
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Figure 4.

(a) The Electrothermal drill sonde hangs on the drill tower and is lowered into the borehole (photo credit:
Mariusz Potocki). (b) IDP engineer Elliot Movavec operates the drill on Quelccaya ice cap (photo credit: Mariusz
Potocki). (c) the IDP Electrothermal drill operations ave conducted in a Tentipi Safir tent (photo credit: Mariusz
Potocki).
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Figure 5.
Porters carry drill cargo, ice cove boxes and field camp gear through fields of Penitentes ice formations up to
Quelccaya ice cap (photo credit: Elliot Moravec).

Figure 6.
Drilling camp on Quelccaya ice cap in 2022 (photo credit: Mariusz Potocki).
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Figure 7.
The science team measuves and processes an ice cove drilled on Quelccaya (photo credit: Mariusz Potocki).

With scant resources at the site, the team measures, weighs and packs the core
as it is drilled at the site, in preparation for transporting the core down the glacier.
Figure 7 depicts scientists working with the core at the drill site.

The ingenuity, experience, and hardiness of engineers in the Ice Drilling Program
and the Quelccaya field team has achieved the successful retrieval of an irreplaceable
ice core from Peru. Chemical clues in the ice cores that may reveal environmental
conditions and climate shifts in the midlatitudes pre-dating current anthropogenic
climate warming are now stored at laboratories in the U.S., safely archived for science
even as the glacier melts away.

3. Paleo sea level: evidence of glacial extent embedded in subglacial rock

Over long periods of time, a balance of water on Earth shifts between oceans and
ice sheets on land. In cold glacial periods, ice sheets are huge and sea level is low, while
in warm interglacial periods glacial extent is low, and sea level is high. Earth is now
in an interglacial period with the Greenland Ice Sheet the only remaining part of the
large Laurentide ice sheet that once covered Greenland plus what is now Canada and
the northern tier of the U.S. in the previous glacial period. Current anthropogenic cli-
mate warming is causing faster melting of glaciers and ice sheets with associated sea
level rise. With more than two-thirds of the world’s fresh water currently locked up as
ice in ice sheets and glaciers, knowledge of past glacial extent can help to understand
the future rise in sea level that we are facing.

Rock formations on lands that are now covered by glaciers but that were not
covered during the previous interglacial period hold isotopic evidence of local glacial
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extent in the past, through phenomena associated with their exposure to the sun.
Explosions on stars in outer space and on our sun emit cosmic rays, which are high
energy particles that flow through space, some of which are constantly hitting the
surface of the Earth. Cosmic rays cannot penetrate into a glacier however they can
penetrate into the first meter of an exposed rock to create isotopes called cosmogenic
nuclides. These radionuclides are produced at a known rate and they undergo radio-
active decay at a known rate, so measuring the abundance of the nuclide in a rock
sample can indicate how long the rock was exposed to the sun.

3.1 Subglacial geology and past ice extent: recent endeavors in Greenland

The formidable engineering challenges involved in retrieving subglacial bedrock
cores have only been overcome very recently. While glaciers are composed of ice for
the majority of the hundreds to thousands of meters of their thickness, the basal
meters of glaciers are often complex in geometry and composition, sometimes being
a mix of glacial ice, sediment, loose rock. There may or may not be cracks and cavities
in that mixed region. Below the glacier, the ground may be wet or dry and may have
sediment and surface rubble that overlie the bedrock. Retrieving sub-ice bedrock
cores is complex and it requires a means of drilling down through the glacier, through
mixed ice/rock media near the bottom of the glacier, and then into solid bedrock. A
major challenge with drilling through glaciers and into the bedrock is the possibil-
ity of hydrofracturing the drilled hole if drilling fluid circulation pressure exceeds
the strength of the ice. Drill fluid is circulated during subglacial coring to cool the
drill bit and to remove cuttings from the borehole. If hydrofracture occurs, then
the drilling fluid drains into the cracks in the ice, drill fluid circulation is lost, and
drilling is stopped. Ice is inherently a brittle material, and cracks propagate quickly.
Hydrofracture occurs naturally near the surface of ice sheets as surface meltwater
streams enter cracks [14]. In a laboratory study, Chen and others [15] found that
there is a relationship between the overburden pressure at the depth of fracture and
the pressure required to cause fracture, and that small fissures significantly weaken
the borehole in phenomena that are temperature dependent. Successful drilling in
complex glaciers relies on innovations in engineering.

There have been past efforts by multiple nations to gather subglacial cores through
avariety of means; Talalay [16] provides a history of efforts to retrieve samples from
the sub-ice environment. When the sub-ice environment is till or soft sediment, ice
core drills or hot water drills can be used to create an access hole through the ice,
after which metal tubes can be driven into the till or soft sediment to retrieve a core,
for example using gravity corers and piston corers. Gravity and piston corers have
been successful in till and sediment, however they are unable to retrieve a core from
bedrock. On land that is not glaciated, the minerals industry has long drilled rock
cores using heavy rotary drilling with a pipe string. Based on that technology, the
Rapid Access Ice Drill (RAID) system was designed in order to rapidly drill through
thousands of meters on ice sheets [17, 18]. This system will be appropriate for drilling
through kilometers of ice as part of a heavy traverse of an ice sheet, however the com-
ponents are too large to be transported to remote sites by small or midrange aircraft.

Scientific interest in determining past ice extent and sea level often focuses on
locations near bedrock outcrops and glacial margins on polar sites where the envi-
ronment is severe and the logistics are scarce. Sites with limited logistics adds the
additional constraint that the drilling system must be agile and portable. Recently
there have been engineering breakthroughs in agile ice drilling [19]. Drilling meters
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of bedrock from beneath many meters of glacial ice using agile, aircraft-deployable
drill systems has been pioneered by the U.S. Ice Drilling Program, who developed
the ice-enabled Winkie drill [20] and the Agile Sub-Ice Geological Drill [21]. These
unique, fully operational drills have been successful in drilling subglacial rock cores
from remote sites in Antarctica and also recently in Greenland.

The ice-enabled Winkie drill is an adaptation of the Minex commercial Winkie
rock drill, which is a lightweight, compact drill used by the minerals exploration
industry to drill small rock cores on unglaciated lands. IDP upgraded various parts
of the drill, including replacing the gasoline engine with an electric motor, and also
adding ice augering and ice coring capability. The ice-enabled Winkie is capable of
drilling through ice, rock, till, and mixed ice/rock systems at locations where there
are not cavities or cracks in the ice, nor presence of liquid water. The drill requires
pressurized drilling fluid circulation; if there are cracks or cavities in the ice, there
would be a loss of fluid in the borehole which would end the drilling. The system
can retrieve cores either 33.4 mm or 71.7 mm in diameter and 1.5 m long, and it is
able to drill to 120 m depth with the smaller diameter configuration. When there is
a significant depth of snow and firn above the glacial ice, a lightweight ice coring
drill is used to create a pilot hole through the firn. The system is transportable by
helicopter or light aircraft and it can be set up in 3 hours. A schematic of the drill
is shown in Figure 8. A mixed-media core composed of ice, silt, and rock core that
was produced by the ice-enabled Winkie Drill in Ong Valley, Antarctica is depicted
in Figure 9.
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Figure 8.
Schematic of the ice-enabled Winkie drill. (credit: IDP).
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Figure 9.
A mixed media core showing ice, silt, and rock that was drilled using the ice-enabled Winkie drill (photo credit:
Grant Boeckmann).

Figure 10.
The ice-enabled Winkie drill site at the 2023 GreenDrill project in NW Greenland (photo credit: Elliot Moravec).

The small footprint and relative agility of the ice-enabled Winki drill facilitates its
use in drilling through several hundred meters of ice to retrieve meters of subglacial
rock core. Figure 10 shows the drill in operation in northwest Greenland in 2023.

IDP used the ice-enabled Winkie to drill in 2023 in northwest Greenland at a site
that is 25 m north of the divide at Prudhoe Dome as part of the GreenDrill project.
There the drill performed well through 96 m of ice to retrieve 2 m of frozen subglacial
sediment. Twenty days were spent at the Winkie site including setup, takedown,

5.5 days of coring operations, four inactive days due to severe weather, and time spent
drilling through the challenging subglacial environment. In total, more than 2500 m
of drill rod was tripped in and out of the hole in working to clear and change the bits.
A new full face ice bit was used to rapidly penetrate through the glacier ice and access
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Figure 11.
Core from the ice-enabled Winkie drilling near Prudhoe dome (photo credit: Jason Briner).

the bed. A new slip foot clamp was designed by IDP and deployed as well as a capstan
winch to assist with rod tripping. A new full face drag bit was utilized to quickly
penetrate through dirty ice. As the system is operated out in the elements, consider-
able time was spent digging out the drill site each day and removing snow from the
capstan winch, mud pumps and fluid filtration system. Tents to shield components
and operations from blowing snow are now being implemented for the next field
season. Drilling in severe conditions with cold temperatures and blowing snow, along
with scarce logistics requires taking a variety of tools and equipment that may be
needed for rapidly changing environmental conditions. Figure 11 shows a rock core
drilled using the ice-enabled Winkie at the site.

While the ice-enabled Winkie drill can be used at shallow sites, drilling through
thicker ice with bedrock coring is accomplished using the IDP Agile Sub-Ice
Geological Drill (ASIG), which is capable of drilling through 700 m of glacial ice and
mixed media to retrieve up to 10 m of bedrock core that is 39 mm in diameter. The
IDP ASIG drill is the first proven system in the world with this capability. The devel-
opment of the ASIG Drill is described in [21]. A schematic of the layout for the ASIG
drill is shown in Figure 12.

The ASIG Dirill is based on a customized Discovery MP1000 Man Portable
Diamond Core Drill made by Multi-Power Products Ltd. in Kelowna, BC, Canada.
The system uses four Kubota diesel engines, Sandvik WL56 thin-kerf drill rod and
Sandvik TK56 wireline coring components. An inflatable packer is used to create a
seal between the casing and the ice wall of the borehole, preventing drilling fluid
from flowing up into the permeable firn above the packer. An isoparaffinic Naphtha
fluid called Isopar K is used as a drilling fluid to transport cuttings to a filtration
system on the surface. Polycrystalline diamond compact (PDC) full face bits are
used for access drilling. An electronic pressure relief valve (PRV) was implemented
by IDP to safeguard against over pressurization of the system and reduce the risk of
hydrofracture of the ice. Despite such safeguards, hydrofracture events have occurred
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Figure 12.
Layout of the ASIG drill (credit: IDP).

Figure 13.
ASIG camyp at Prudhoe dome Greenland in 2023 (photo credit: Tanner Kuhl).

during use of the drill in both Antarctica and Greenland. In Antarctica, the drill was
moved and a new hole initiated and completed. In Greenland, IDP engineers were
able to remove the casing and packer and deepen the pilot hole several meters using
an ice coring drill and then resume drilling.

Both the IDP ASIG and the ice-enabled Winkie drills have been successfully used
to retrieve subglacial sediment and rock cores. Briner and others [22] conducted
investigations to identify regions of the Greenland Ice Sheet where the ice sheet is less
than 700 m thick and the bed of the ice sheet is likely to be frozen with underlying
quartz-bearing rock lithologies that are amenable to cosmogenic nuclide analysis.
They identified regions in northern, northwestern, and northeastern Greenland that
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meet the criteria and thus are likely to hold evidence of whether the ice sheet disap-
peared in past interglacial times 420,000 and 120,000 years ago, along with the rate
of melt.

In 2023, IDP used the ASIG Drill in the Prudhoe Dome region of Greenland. Sixty
thousand pounds of drilling equipment, drilling fluid, fuel, camping gear and a
10-person team were flown by Basler aircraft and helicopter from Pituffik Space Base
in NW Greenland to the field site. Fifty-one days were spent onsite, including 34 days
of drilling activity, and 12 days of poor weather that limited drilling, along with sev-
eral days spent troubleshooting. A hydrofracture occurred just below the packer. The
casing and packer were then reset and drilling resumed, resulting in the collection of
3.5 m of subglacial sediment and 4.5 m of gneiss bedrock core from under 509 m of
ice. Normal versus reverse fluid circulation reduced borehole pressure at the packer
and will likely be used during future ASIG drilling campaigns. The ASIG drill tent is
seen at the 2023 Prudhoe Dome drill camp in Figure 13.

The tent designed for use with the ASIG drill is relatively lightweight yet provides
protection from blowing snow; this facilitates continued drilling during bad weather.
The ASIG drill in operation is shown in Figure 14. A tray of subglacial rock core
retrieved by IDP engineers using the ASIG drill at Prudhoe Dome is shown in Figure 15.

Figure 14.
ASIG drill operations in NW Greenland in 2023 (photo credit: Elliot Moravec).
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Figure 15.
Subglacial rock core from the ASIG drilling at Prudhoe dome (photo credit: Allie Balter-Kennedy).

4, Conclusions

Glaciers and ice sheets are unique natural archives of current and past evidence
of climate and environmental change. Analysis of the evidence in ice core has led to
many important discoveries, for example that the climate can change abruptly in less
than 10 years [23], and the realization that direct evidence from samples of ancient
air in ice cores indicates that levels of carbon dioxide now in our atmosphere are
higher than they have been in at least 800,000 years [24, 25]. Retrieval of ice cores
from remote locations requires highly specialized engineering, both for develop-
ment of appropriate drills and for expert use of the drills in a medium as complex as
a glacier and the subglacial environment. As current climate change is causing the
demise of glaciers around the world and increasing sea level, the need to retrieve
scientific evidence from within and beneath glaciers and ice sheets is urgent. The U.S.
Ice Drilling Program (IDP) has recently succeeded in ice drilling achievements that
are enabling cutting-edge science. Drilling the Quelccaya, Peru ice core from surface
to bedrock using the IDP Electrothermal Drill on this remote, high-altitude glacier
successfully preserved an ice core that is a natural archive of mid-latitude environ-
ment and climate over the past several thousand years, even as the glacier itself ison a
trajectory of demise due to melt. In addition, IDP pioneered development of the first
proven drilling systems to retrieve rock and sediment cores from beneath hundreds of
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meters of glacial ice, the Agile Sub-Ice Geological (ASIG) Drill, and the smaller ice-
enabled Winkie drill. In 2023, IDP engineers successfully recovered the first meters
of rock cores from beneath 509 m of the Greenland Ice Sheet, cores that scientists
will analyze to improve understanding of sea level during past interglacial times.

The changing climate is creating urgency for new knowledge; engineering efforts of
IDP are rising to meet the need, as evidenced by the successful IDP retrieval of the
Quelccaya 2023 ice core and the first retrieval of meters of bedrock core from beneath
509 m of the Greenland Ice Sheet.
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Chapter 3

Perspective Chapter: What Sort

of Ice Dynamics Are Crevasse Fill
Ridges Connected with? — Research
Overview

Anna Ortowska

Abstract

The chapter presents a discussion on crevasse fillings — one of a group of glacial
forms whose formation is assigned by various authors to two peripheral dynamics
of ice-sheet masses: stagnant ice and surging glaciers. Examples from literature
of crevasse filling formation in these two states of dynamics are presented. The
author makes an overview of documented in the literature examples of crevasse
fillings forming in stagnant and surging ice and discusses the differences between
the group formed in stagnant and the group formed in surging ice. In the conclu-
sions, the author arguments assigning crevasse fillings to the surge dynamics of ice
masses whereas glacial forms, which develop in stagnant ice crevasses, should not
be termed crevasse fillings, but interpreted e.g. as kames, eskers and hummocky
moraines.

Keywords: crevasse fill ridges, ice crevasse, stagnant ice, surging ice, glacier/ice sheet

1. Introduction

Among the various forms of glacial relief in glaciated areas, both in the
Pleistocene and today, a significant group of them is associated with a specific state
of ice dynamics: balanced, positive or negative. The most typical examples of this
include: (1) accumulative end moraines, which are an indicator of a balanced ice
balance [1, 2]; (2) end moraines characterized by a positive ice balance [1, 3]; (3)
kames, which are a record of the negative ice balance [1, 4-6].

However, there are forms of glacial relief whose origin still remains problematic in
the context of assigning them to one dynamic state of ice. This group includes cre-
vasse forms, which in the literature are examples of forms attributed to two extreme
dynamic states of ice (according to Ortowska [7]): stagnant [8-12] and surging
[13-20]. Against this background, controversial issues arise regarding: the term cre-
vasse forms, used for relief forms formed in ice crevasse under conditions of different
ice dynamics, and the characteristic features of these forms.
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In the context of the above issues, the following issues are worth considering: (1) a
review of examples of forms formed in ice crevasses documented in the literature, (2)
a comparison of their features and an attempt to explain their genesis and (3) assign-
ing them to a specific state of glaciers/ice-sheet dynamics.

2.Ice crevasse

The place where crevasse deposits are formed is an ice crevasse. Benn & Evans
[21] define this term as a space in the ice created by ice fracture. This occurs when
glacial ice does not move fast enough to allow the ice mass to adjust to its shape under
the stress. Earlier, Sharp [13] indicated what ice dynamics should be associated with
the formation of crevasses, stating that a crack, which is the place where a crevasse
develops, can only occur during the active phase of glacier movement.

Similarly, the term “crevasse” was classified by Terpitowski [5], specifying it as a
crack in the ice, conditioned by static and dynamic stresses in the ice. Additionally, he
separated the term “ice crevasse” from other, similar concepts, i.e. “ice rift” (defined
as a depression in the ice, also reaching the sub-ice surface, resulting from uneven
surface ablation) and “ice crevasse” (defined as an elongated, narrow a depression in
the ice resulting from the degradation of the roof of an ice tunnel).

The formation of fractures defined in this way, explained in the literature by the
distribution of compression and tension stresses in the ice, became the basis for the
construction of models for their formation. Nye’s [22] best-known model concerned
the formation of crevasses in mountain glaciers as a result of shear stress generated
by glacier movement. Nye [22] considered three situations of the formation of cracks
in the ice as a result of the action of shear stresses (Figure 1A): (a) at the interface
between the glacier and the valley walls as a result of the friction of the ice on the val-
ley slopes; (b) in the central part of the glacier, where the ice tension flow dominates,
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Models of crevasse formation: (A) according to Nye [22]; (B) according to Benn et al. [23]; (C) according to
Rothlisberger & Lang [24]; (D) according to Nitychoruk [25]; (E) according to Morawski [28].
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which causes the expansion of fractures oriented transversely to the direction of flow;
(c) in the marginal part of the ice, where compressive ice flow occurs.

The latest model by Benn et al. [23] presents three ways of creating cracks as a
result of (Figure 1B): I — opening mode — occurring as a result of the tension of the
walls of cracking ice; II - sliding mode — causing a crack along the shear plane in the
same direction as the direction of the shear stress; III - tearing mode - occurring
at right angles to the shear direction. Several examples of fracture formation docu-
mented in the literature fit these models.

Model I corresponds to a situation in which the ice sheet entered the morpho-
logical obstacles present in its base. As a result of the action of tensile stresses, the
ice became sealed above the subsurface elevation (e.g., [24]); Figure 1C). Such
an example was presented by Nitychoruk [25], who suggested subsurface subsid-
ence along Paleogene-Neogene tectonic trenches in the South Podlasie Lowland,
activated as a result of ice loading. (Figure 1D). Model II corresponds to the most
frequently documented cracks at the junction of a glacier/land ice sheet with an
ice stream moving much faster than the surrounding ice [26]. Such examples are
recorded in modern Antarctic ice sheets [27]. The result of these processes is cre-
vasse forms observed in the post-glacial relief of areas glaciated in the Pleistocene
(e.g., [25]). Model III corresponds to the origin of the formation of cracks in the ice
located above the tectonic framework, resulting from activating isostatic move-
ments of the ground. Such an example was presented by, among others, Morawski
[28, 29], who documented the formation of the interlobe zone, and thus the cracks
separating the Vistula glaciation ice sheet into the Warmian and Masurian lobes,
thanks to the vertical neotectonic movements of blocks of crystalline basement
(Figure 1E).

In the fractures defined in this way, numerous deposits of fracture forms, depos-
ited in stagnating and charging ice, have been documented, examples of which are
presented in the next chapter.

3. Overview of crevasse forms
3.1 Forms in crevasses of stagnant ice

Crevasse fillings were introduced into the canon of glacigenic forms by Flint [8],
based on studies of the glacial relief of the Connecticut area in North America. This
author separated them from the group of eskers, pointing out the differences between
them. These differences were expressed in: (1) location - crevasse forms were to
occur at a certain distance from terminal or recessional moraines or between them,
but without a direct connection with them (connection with terminal morainesisa
feature often found in eskers, oriented perpendicular to frontal moraine sequences
and directly reaching them); (2) morphological features - crevasse forms are short,
single and individual embankments that do not show - typical of eskers - traces of
connections into long sequences of embankments with irregular ridges and orienta-
tion parallel to the direction of ice advance; (3) geological structure - fissure forms are
composed of fine-grained sediments, i.e. fine-sandy and silt/clay without clay cover,
deposited in a glacial lake environment, i.e. they are different from eskers, composed
of coarse-grained sediments deposited in a glacifluvial environment. Flint [8] did not
document deformations in the sediments building crevasse forms, which are charac-
teristic of esker deposits covered with basal clay (e.g., [30, 31]).
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Crevasse forms with similar morphological features, referring to the work of
Flint [8], were documented by Johnson [10], who, while examining the Donjek
glacier in the St. Mountains, Elijah, in the Yukon area (Canada), noted a large num-
ber of short, single and isolated embankments in cracks parallel to the direction of
glacier movement and radiating to the lobe shape of the front. However, the material
building these forms was runoff clay. Johnson [10] explained the origin of these
forms by the deposition of ablative material, i.e., clay flowing into open crevasses
in the glacier; gaps formed during the ice surge, but filled already in the stage of ice
stagnation.

Forms formed in the crevasses of stagnant ice were also the object of interest of
Polish researchers (including [9, 32-34]). A model of the formation of crevasses
as a result of tensions above the ground hump, and then shaping forms in them
in the already stagnant Pleistocene ice sheet by filling them with supraglacial
sediments: (A) glacifluvial, was presented by Bartkowski [9] in the area of the
Wielkopolska Lowland, (B) glacilimnic, presented by Klimek [32] in the area Lesser
Poland Upland. However, both authors classified such forms as kames - including
Bartkowski [9] as glacifluvial kames. Similar fissure forms near Kornica [33], filling
fissures in the stagnant Pleistocene ice sheet, composed of sediments with a fan-
delta sequence atypical for fissure forms, and developed above a basement hump
(Figure 2A), were reinterpreted and classified as glacidelta kames by Godlewska &
Terpitowski [34].

An analogous mechanism of the formation of cracks in the ice stagnating above
the ground hump, as well as the formation of forms within them, but with a sig-
nificantly different internal structure, was presented by Eyles et al. [11]. Based on
research on the glaciated area in Canada, they proposed a model of two groups of
forms deposited in the so-called cracks, hummocky moraine and linear disintegration
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Examples of forms, developing in crevasses of stagnant ice: (A) glaciodeltaic kames according to Godlewska ¢
Terpitowski [34]; (B) hummocky moraines and linear disintegration vidges according to Eyles et al. [11]; (C)
crevasse fill ridges according to Friello & Hanson [12] and Dreimanis [35]; (D) interlobate eskers according to
Gruszka et al. [38].
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ridges. According to the above-mentioned authors, both groups of forms in the floor
part are composed of soft clay-rich basal till, which, as a result of strong hydration,
was plastically pressed into the cracks as a result of being loaded with stagnant ice
blocks. They are therefore characterized by the presence of anticlinal extrusion
deflections within the clay (Figure 2B). Hummocky moraine are forms deposited in
wide crevasses. As a result of pressing the clay, the so-called “circular shafts” giving
the shape of doughnuts. In the ceiling, these forms are filled and covered with gla-
cilimnic sediments (fine-grained - sandy-mud, silt and clay), deposited in still waters
in the ice crevasse. Their characteristic feature is a flat top. These are therefore forms
of subglacial-supraglacial origin. However, linear disintegration ridges are formed

in narrow cracks and are composed exclusively of subglacial sediments (Figure 2B).
The lack of supraglacial sediments in their profile is due to the limitation of the upper
part of the rift by an ice ceiling, which results in their characteristic morphology, i.e.,
sharp-edged, “jagged” ridges.

Analogously shaped forms with a similar internal structure, called crevasse fill
ridges, were documented by Friello & Hanson [12] in the area of the United States
glaciated by the Laurentian ice sheet. In their opinion, the formation of cracks took
place in active ice, but their filling took place between blocks of stagnant ice. Like
Eyles et al. [11], they documented a subglacial link in the form of basal clay pressed
into the cracks from below. However, the above-mentioned authors also proposed
an alternative model with a supraglacial link covering the basal clay with runoff clay
(Figure 2C). Rift forms with such a subglacial-supraglacial succession of layers were
also documented by Dreimanis [35] in ice crevasses of the stagnant ice sheet of the
Wisconsinan glaciation in Ontario (Canada).

Forms formed in crevasses of stagnant ice have also been documented in interlobe
zones sensu Punkari [36]. However, the features composed of sediments filling these
cracks have been interpreted as kames or eskers.

The formations composed of glacifluvial sediments (sand, sand-gravel and
gravel), covered with runoff clay, located in the interlobe zone of the Laurentian ice
sheet, were considered to be kames. They were documented by Santos [37] in the
Kent area, Ohio (USA). According to this author, sediment deposition took place in
crevasses of stagnant ice, the formation of which took place above the subsurface
elevation.

However, eskers, formed in the cracks of the interlobe zones of the Pleistocene
ice sheet in northern Poland, were documented by Gruszka et al. [38]. The sediments
that constitute them were deposited in narrow crevasses, shaped in the ice as a result
of vertical movements of the crystalline substrate, activated by the loading of the ice
sheet (Figure 2D). These eskers form narrow, long embankments, perpendicular to
the line of the maximum extent of the Pomeranian phase of the Vistula Glaciation,
composed of glacifluvial sediments (sand, gravel, sand and gravel), deposited in
high-energy sedimentary environments and runoff clay on the slopes. Deposition of
these sediments occurred in stagnant ice (Figure 2D).

To sum up, the documented forms formed in the crevasses of stagnant ice are
characterized by the following features according to Ortowska [7]: (1) in terms of
morphology - they are ridges, plateaus; (2) geologically - composed of both suprag-
lacial (glacifluvial, glacilimnic, ablative, i.e., runoff clay) and subglacial (basal clay)
sediments; (3) in terms of location - oriented both perpendicularly and parallel to the
glacier front. In the geomorphological classification, they are interpreted as forms of
different origins and with different nomenclature, i.e., crevasse forms, kames, eskers,
hummocky moraine or linear disintegration ridges.

49



Glaciers — Recent Research, Importance to Humanity and the Effects of Climate Change

3.2 Crevasse forms in surging ice

The pioneer in the study of crevasse formations as indicators of surging glaciers
was Sharp [13, 14]. In the forelands of the Eyjabakkajékull and Vatnajokull glaciers
in Iceland, he documented embankments with steep slopes (70-80° inclination), up
to 2-3 m high, up to 2 m wide and with sharp-edged, irregular ridges. These forms
were made of basal clay. The author explained the lack of cover with supraglacial
sediments by pressing basal sediments through the cracks to the surface of the thin ice
in the marginal zone. He associated their formation with the simultaneous creation
of cracks and pressing of basal clay into them during the glacier’s surge. Only in the
phase of calming down of ice activity after the surge was it possible to statically press
the clay already present in the cracks and fill the open cracks with basal clay up to
the ice surface (Figure 3) [13, 14]. After the ice disappeared, forms appeared on the
surface in the form of the so-called clay walls (Polish terminology).

Crevasse squeeze ridges (CSRs) associated with glacial advances were also
described by Evans & Rea [15, 16], Evans et al. [17, 18] or Waller et al. [20] from the
foreland of Icelandic glaciers, as well as Christoffersen et al. [19] on the foreland of
the Elisebreen glacier on Svalbard. In each case, these authors confirmed that these
forms took the form of low (1-3 m high) embankments, built of basal clay pressed
into the cracks from the bottom and were oriented perpendicular to the directions of
glacial movement, thus adopting the concept proposed by Sharp [13] their genesis.

crevasse fill forms

crevasse fill forms

' surging ice / =\ 2}:3“:;‘9‘:5 D]]Im basal till

Figure 3.
Examples of crevasse fillings developing in surging ice according to Sharp [13, 14]: (a) situation directly after ice
surge; (b) situation at the beginning of the stagnant phase; (c) situation after ice-front vecession.
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An example of such forms is presented in Figure 1. It is worth emphasizing that these
are short-lived forms, recorded only in modern glaciers and have no chance of being
preserved since the Pleistocene era.

To sum up, the documented forms formed in the cracks of surging ice are char-
acterized by the following features (according to Ortowska [7]): (1) in terms of
morphology - they are low, irregular embankments with sharp-edged ridges and steep
slopes; (2) geologically - composed exclusively of subglacial sediments, i.e. clayey
basal clay pressed into the crack from the ground; (3) in terms of distribution - only
parallel to the front of the glacier/ice sheet, and therefore perpendicular to the direc-
tion of its advance. In the geomorphological classification, they were assigned various
terms: crevasse infills, crevasse fill ridges and CSRs (see, among others, Evans [39] or
Benn & Evans [21]).

4. Discussion

Based on the conducted review, there are significant differences in the characteris-
tic features that developed in the crevasses of stagnating and surging ice, i.e. in terms
of morphology, geological structure and the distribution of attention at the glacier/ice
sheet front (see Table 1).

The morphology of the shapes formed in stagnant ice is characteristic of crevasses
that widen with differential ablation, hence their final shape in the form of ridges,
plateaus with a separate and/or symphonic top. Meanwhile, in surging ice, the top-
down closure or only their width results from formations with sharp-edged peaks.
Additional, significant definition in the thickness of the sediments of these forms,
i.e., up to several dozen meters in stagnant ice and up to several meters in surging ice,
two from the above-mentioned wide or maximum opening or closing of the rift, but
also from the boundary ablation of the most often thick ice in Pleistocene ice sheets,
than the limited limits of marginal mountain glaciers surging.

The geological structure of the forms in the crevasses of stagnant ice, i.e., the
glacifluvial, glacilimnic and ablative sediments documented there, are typical of
the sediments of the supraglacial subenvironment, flowing into the crevasses from
the ice surface, more or less sorted depending on the share of meltwater. The basal
clay present in the cracks of stagnant ice is the result of being pressed into the cracks
from below as a result of the load of long-lasting stagnant ice. This is a much different
process from pressing basal clay into surging ice. In it, when the clay at the foot of the
ice sheet/glacier is saturated with water, it enhances the sliding process, reducing fric-
tion and facilitating the rapid movement of ice, and thus its tension and the formation
of cracks. At the same time, it is dynamically, subglacially pressed into the opening
spaces in the ice from below (according to Sharp [13, 14]) and it is the only sediment
filling the crevasses of the surging ice (see Table 1).

Significant differences in the forms in which sediments are deposited in ice cre-
vasses with extremely different dynamic states also concern the distribution of these
forms (see Table 1). The involvement of sediments in forms arranged perpendicular
or parallel to the ice front or the direction of its advance is related to the distribution
of fractures during the transgression of glaciers/land ice sheets. Active glaciers with
anormal advance rate are characterized by a distribution of crevasses parallel to the
direction of transgression, i.e., perpendicular to the ice front (cf. Evans & Twigg
[40]). Therefore, most of the forms deposited in the crevasses, after reaching the
maximum extent, of the already stagnant Pleistocene glaciers/land ice sheets, have a
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Crevasse-fill forms in stagnant ice

Author Terminology Morphology Lithology Orientation to
ice direction
Flint [8] crevasse fillings short, individual ridges glaciolimnic parallel
(up to 500 m in length) deposits
Johnson [10] crevasse fillings short, individual ridges glacial deposits parallel
(flow till)
Bartkowski [9] glaciofluvial short, individual ridges glaciofluvial transverse
kames deposits
Klimek [32] glaciolacustrine flat-topped hillocks glaciolimnic lack of
kames deposits information
Dreimanis [35] crevasse fillings narrow ridges, elongated glaciofluvial parallel
hummocks (up to 1-8 m deposits, glacial
in height, 100-200 m deposits (basal
in width, 0.2-1.5km in till)
length), located above an
elongated ridge 5 km in
length and 10 m in height
Eylesetal. [11] hummocky flat-topped hillocks glaciolimnic parallel
moraine and hummocks with a deposits, glacial
doughnut shape (up to deposits (basal
25 min height) till)
Eyles etal. [11] linear narrow ridges with acute glacial deposits parallel
disintegration edges (basal till)
ridges
Godlewska and glaciodeltaic short, individual ridges glaciodeltaic transverse
Terpitowski [34] kames (up to 1 km in length, deposits
200 m in width, 10 m in
height)
Gruszka et al. interlobal eskers ridges (approx. 04-13km  glaciofluvial parallel
[38] in length, 150 m in width, deposits, glacial
approx. 10-15, max. 40 m deposits (flow
in height) till)
Santos [37] interlobal kames Belts of asymmetric, glaciofluvial parallel
round-shaped hummocks deposits, glacial
with gentle slopes deposits (flow
(15-20 m of height) till)
Crevasse-fill forms in surging ice
Sharp [13, 14] crevasse fillings sharp-crested, narrow glacial deposits transverse
ridges (with 2-3 m of (basal till)
height, up to 2 m in width)
with steep slopes
Evans & Rea [15], crevasse squeeze ridges (up to 1-3 min glacial deposits transverse
Evansetal. [18], ridges height) (basal till)
Christoffersen
etal. [19]
Evansetal. crevasse squeeze a200-km-long and glacial deposits transverse
(2016) ridge corridors 10-km-wide linear (basal till)
assemblage of ridges
Table 1.

List of forms in crevasses of stagnant and surging ice documented in the veferences (according to Ortowska [7]).
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direction parallel to the direction of their advance (see Table 1). Sometimes, exam-
ples of these forms with a transverse orientation are related not to the dynamics of
the glacier/land ice sheet itself, but to external conditions causing the ice to seal, e.g.
with specific ground conditions, i.e., its morphology (see, among others, Terpitowski
[4]; Godlewska & Terpitowski [34]), also resulting from isostatic movements of this
substrate (e.g., Nitychoruk [25]; Gruszka et al. [38]). Meanwhile, the distribution

of fractures in the charging ice is oriented only transversely to the direction of ice
advance, because during the surge the glacial tongue is stretched longitudinally and
separated into separate blocks as a result of the action of tension stresses. They favour
the formation of crevasses parallel to the ice front as a result of the rapid pace of ice
movement. Therefore, as a result, formations are created in crevasses located only
parallel to the front of the charging glaciers (see Table 1).

The above differences in morphology, geological structure and the distribution of
forms in the crevasses of stagnating and charging ice may also result from the chro-
nology/sequence of the formation of the cracks and their filling. The formation of
forms in the crevasses of stagnant ice does not occur synchronously with the forma-
tion of these crevasses. These are formed when the ice is active, and only then, after
the glacier/land ice activity ceases, they are filled. Such paleogeographic conditions
lead to the formation of forms that can generally be classified as ice disintegration
forms, e.g., kames, hummocky moraines or linear disintegration ridges, but also
eskers (Figure 4). Meanwhile, in charging ice, the formation and filling of cracks
occur synchronously, i.e., the crevasse opening from the bottom is immediately
filled with the intruding basal clay and pressed within it during the surge, as well
as after it stops (Figure 4). Such paleogeographic conditions are possible only for
surging glaciers, which is why such forms - according to the examples presented in
the literature - are considered in the world literature to be crevasse forms in the strict
sense (Figure 4) and are associated with the landscape of surging glaciers (terrestrial
surging glacier landsystem as defined by Evans & Rea [16]).

ICE DYNAMICS

STAGNANT ICE SURGING ICE
CREVASSE FILLING CREVASSE FILLING
successively simultaneously
crevasse form crevasse form
DEPOSITION DEPOSITION
supraglacial and subglacial subglacial
DEPOSITS DEPOSITS
glaciolacustrine, glacifluvial basal till

basal and flow

v v

FORMS FORMS
kames, eskers, crevasse-fill forms
hummocky moraines,
linear disintegration ridges

Figure 4.
Ice dynamics and forms deposited in crevasses of stagnant and surging ice (according to Ortowska [7]).
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5. Conclusion

Filling ice crevasses, in the context of their genesis, has so far been associated
with extreme dynamic states of ice: stagnant or charging. A review of the literature
documenting slotted forms allows us to draw the following conclusions:

1. Forms filling the crevasses of stagnant ice are most often embankments, pla-
teaus, made of glacifluvial, glacilimnic and glacial sediments, with various
arrangements: parallel and perpendicular to the direction of ice advance. These
forms are characteristic of ice disintegration. The places of their deposition, i.e.,
crevasses, were formed during active ice, and the deposition in the crevasses
took place in the final phase of activity and in the initial phase of ice stagnation.

2.Meanwhile, crevasses forms in the strict sense correspond to glacial forms in
the form of low, sharp-edged embankments, the deposition of which in the
crevasses occurred synchronously with the formation of ice crevasses parallel
to the front and perpendicular to the direction of ice advance. Such conditions
of their formation are only possible in surging glaciers. The deposition of such
forms takes place from the bottom up into the crevasses by pressing basal clay
into them.

Examples of forms documented in the literature show that crevasses forms defined
in this way only occur in modern glaciated areas of high latitudes.
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Abstract

Glaciers are an inherent component of the landscape, culture, and environment
in the high mountain areas of the Himalayas. Glacier distribution and its impacts
are diverse in various landforms and landscape scales. Past studies on glaciers have
focused on the individual, river basins, or at the country level, but none have been
analyzed at the transboundary landscape level. This study investigates the spatial
distribution of glaciers in the transboundary Kailash sacred landscape (KSL) at mul-
tiple time scales. The study revealed that 3.8% of the total landscape area is covered by
glaciers. Altogether, 1941 glaciers were identified, covering 1169.04 + 2771 km” area
in 2020, most of which are highly concentrated in the southern part of the landscape
in the Kali and West Seti basins. From 1990 to 2020, these glaciers have retreated
significantly by 25.5% of their area. Oppositely, due to the shrinkage and fragmenta-
tion of individual glaciers, the number of glaciers has increased by 7.8%. The glacier
retreat rate is higher at elevations below 5500 masl, and glaciers below 3500 masl
have disappeared completely after 2010. Systematic long-term glacier monitoring is
required, and the data can be utilized to project water resource availability based on
various climatic and glacio-hydrological models.

Keywords: mountain glaciers, glacier change, debris-covered glaciers, remote sensing,
transboundary landscape

1. Introduction

Glaciers are an inherent component of the landscape in the high mountain areas of
the Hindu Kush Himalaya (HKH) region, having religious and cultural significance
in many societies [1, 2]. They play a pivotal role in freshwater supply for agriculture,
industrial and domestic use, hydropower generation, and recreation [3, 4]. The
HKH region, often dubbed as the third pole, holds 60,000 km? of glacier area [5],
equivalent to 8.5% of the world’s total. Global glacier data is available from vari-
ous initiatives such as the Global Land Ice Measurements from Space (GLIMS) [6],
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Randolph Glacier Inventory (RGI) [7], the Gamdam Glacier Inventory (GCI) [8], and
the Second Chinese Glacier Inventory (CGI) [9]. These databases provide an under-
standing of the regional coverage of glaciers for a particular period and are widely
used in cryo-hydrological modeling [10]. The databases were compiled and generated
using various mapping methods and data sources, and their accuracy varies across
subregions and basins. For the systematic change analysis, it is necessary to generate
the data from consistent data sources and methods.

Glaciers are very sensitive to changes in temperature. They have been retreating,
shrinking, and thinning rapidly [11-18] due to a rise in global temperature, most notably
since the late 1970s [19]. The trend of temperature rise is projected to continue resulting
in the expected loss of approximately 36% of glacier ice by the end of this century in
the HKH region [18, 20]. Many studies show the decrease in glacier area throughout the
Himalayas and Tibetan Plateau [12, 13, 15, 21-23]. The changes vary spatially depending
on size, shape, morphological and topographical characteristics, and local and regional
climatic conditions. The studies at the country level show a drastic retreat of glaciers —in
Nepal, it has retreated by 24% and in Bhutan by 23% during the 1980-2010 period, and
in Afghanistan by 13.8% between 1990 and 2015 [12, 13, 24, 25].

Alongside retreat and shrinkage, glaciers in the region are also thinning sig-
nificantly and losing ice mass. Between 2000 and 2016, the loss of ice mass across
the Himalayas has doubled compared to 1975-2000 [26]. However, in some areas,
especially in the Karakorum (northern Pakistan), glaciers are advancing mostly in
individual surges, without significant changes in glacier area [18, 27, 28].

The recession of glaciers in the region also resulted in an increase in debris-covered
ice [29, 30], and the elevation of debris-covered parts is moving upward [31]. Thick
debris cover on ice insulates the ice from melting, but if it is covered by a thin layer,
the melting rate will further accelerate. In addition, the formation of new glacial
lakes and expansion of glacial lakes either attached to or close by glaciers have also
increased. This increases the risks of glacial lake outburst flood (GLOF), threatening
the life and infrastructure of communities living downstream [32, 33].

Past studies on glaciers have focused on individual, river basins or at the country
level, but none have been analyzed at the transboundary landscape level. Glaciers
in the HKH region are water sources for transboundary rivers such as the Ganges,
Brahmaputra, and Indus. Therefore, the shrinking of glaciers and the impact on river
hydrology will have serious implications for the population living downstream. Hence,
the information on individual scale or river basins or mountain ranges is not sufficient to
cover the various issues and impacts at the landscape level. This research aims to under-
stand the status of glaciers in a transboundary landscape and to analyze their physical
characteristics and changes in the area between 1990 and 2020. The information from
this study will support effective conservation and management of the landscape.

2. Study area

The Kailash Sacred Landscape (KSL) is a transboundary landscape extend-
ing across the southwestern portion of the Tibet Autonomous Region (TAR) of
China, four districts in the western region of Nepal, and the northeastern flank of
Uttarakhand State in India [34]. The KSL covers an area of 31,000 km?* and has three
major rivers flowing through it — Mahakali (Kali), west Seti, and Humla-Karnali; trib-
utaries of Ghaghara River and one major Manasarovar interior basin (Figure 1). The
Ghaghara River, a major left-bank tributary of the Ganges, originates as the Karnali
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Figure 1.

Distribution of glaciers in various river basins in the Kailash sacred landscape.

River (known as Kongque He in Chinese) in the higher Himalayas of the southern
Tibetan Autonomous Region (TAR), China. Following southeast through Nepal and
crossing the Siwalik range, it splits into branches and rejoins south of the Indian
border. The river then continues its course through Uttar Pradesh and Bihar states,
eventually mearing with Ganges. Almost 75% of the KSL is covered by the tributaries
of the Ganga River, and around 25% of the area is covered by the Manasarovar inland
catchment. Less than 1% of the area falls in the Indus Basin.

The KSL represents a diverse and multicultural landscape [35]. The landscape is
characterized by numerous sacred sites, including high-altitude lakes, snow peaks,
glaciers, and a network of religious places across the three countries [35]. The Mt.
Kailash and Manasarovar Lake are the most important holy sites for five religions and
a destination for many pilgrims. It shows great variations in altitude and topography.
The elevation ranges from 380 masl, the lowest along the river valley of Kali, to 7500
masl, the highest peak in the Humla basin in the northern part of the landscape. The
ecosystems of the landscape vary widely from subtropical to temperate, alpine, and
cold high-altitude desert types. The melting of snow, glaciers, and permafrost in the
high mountain areas of the landscape are major sources of freshwater for all the major
rivers and tributaries, especially during the dry season.

3. Data and methods

3.1 Data sources

The study used various series of Landsat (Thematic Mapper (TM), Enhanced
Thematic Mapper (ETM) + and OLI) images as it has a long historical record and
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Figure 2.
Seasonal distribution images used for glacier mapping with respect to representative years.

is freely accessible through the USGS web portal. The acquired images for all time
periods (1990, 2000, 2010, and 2020) were from October to December, except for a
few images from January to September (Figure 2). One-year buffer time was used

to get the best quality images, except in 1990, for which a 2-year buffer was used, if
the images of the selected period were of low quality. Data gaps due to scan line error
in ETM+ images, especially for 2010, were anticipated by overlaying the two images
of the subsequent month as the seasonal changes within 2 to 3 months are nominal.
Overall, seven tiles of Landsat images cover the complete area of KSL in which a major
part of the glaciated area is covered by two tiles (144/39 and 145/39). Altogether, 40
Landsat images were used to prepare four-time data from 1990 to 2020 and included
10 Thematic Mapper (TM) images for 1990, one Thematic Mapper (TM) and 12
Enhanced Thematic Mapper plus (ETM+) images for 2000, 8 TM and 6 ETM + images
for 2010, 4 OLI images for 2020 glacier data.

Terrain characteristics such as slope, elevation, and aspect are also important
parameter for the identification of glaciers. Higher resolution DEMs such as ASTER
GDEM and SRTM 30 m are available, but they consist of many voids in the higher
Himalayan region. Hence, this study used the void-filled SRTM 90 m DEM for glacier
mapping and data generation.

3.2 Glacier mapping method

The present study adopted a semi-automatic object-based image classification
method [12, 13, 36], as illustrated in Figure 3. Primary Landsat images of 2020 were
used to create image objects based on homogenous characteristics of pixels. The
multi-resolution segmentation process was applied with an appropriate scale fac-
tor to create image objects so that the boundary of image objects exactly follows the
glacier boundary. These image objects were classified by developing separate rule
sets for clean-ice (CI) and debris-covered (DC) glaciers based on the spectral and
spatial characteristics of the image objects. We applied widely used spectral indices
NDSI for the classification of CI objects as the primary rule, and other various indices
such as NDVI, LWM, and other spectral and spatial characteristics, including terrain
information and area, were used for filtering misclassified objects from the primary
rule. After the classification of CI glacier objects, a similar process was applied for

64



Spatial Distribution and Shrinkage of Glaciers since the 1990s in the Transboundary Kailash...
DOI: http://dx.doi.org/10.5772/intechopen.1004519

Landsat SRTM Dem
Image (Slope, Aspect)
1 |

v

I Multi-resolution segmentation ‘

!

Glacier classification Quality control Geo-spatial data/
information
Clean-ice (Cl) Debris-covered (DC) o
* Smoothing the ) g
* NDSI I * Slope glacier and glacial ® Glacier ID P
lake boundary ® Latitude/Longitude 8w
i i * Elevation a 2
Filters Filters ~>le  Visual interpretation M|, Sl £ % o
* NDVI * NDVI e . ope (=
with high resolution [a -
* LWM e LWM x = 2 ®  Aspect R
images available in I h @
* Slope ¢ NDsI Google Earth P AL %
e Elevation e Elevation B * Thickness/ice reserves s
e Area s Ares * Splitting the * Morphological
individual glacier classification
Figure 3.

Flow chart of glacier mapping and glacier database generation (modified [36], p. 12).

classifying DC glaciers using slope as the primary classification rule in the remaining
unclassified objects. All the final classified CI and DC image objects were merged and
then exported to a vector file.

The vector-based glacier polygons were thoroughly checked by overlaying on the
respective images, and some manual correction was done in shadow, seasonal snow
cover, turbid/frozen proglacial lakes, and especially the boundary of the DC glacier
and its terminus. The glacier boundary was smoothed automatically to remove the
zigzag boundary formed due to the pixel size of the images. Each glacier within the
glacier polygons was manually separated based on the hydrological flow direction
[36-38]. The detailed characteristics of individual glaciers were calculated, and
analysis was done in the ArcGIS environment using DEM and various tools [36-38].

The glaciers of other time periods (2010, 2000, and 1990) were prepared manually
by using the same final glacier data of 2020 overlaying on the respective images of
2010, 2000, and 1990 so that there are no discrepancies of overlapping in all the time
series datasets.

3.3 Uncertainty

The uncertainty in glacier boundaries typically depended on the quality of images
used, interpretation made by individuals, and contrast between the glacier and adja-
cent features [39, 40, 13]. The study used little or no snow cover and cloud-covered
images for mapping as far as possible to generate quality boundaries from automatic
processes. The manual correction was made for overshadows, seasonal snow covers,
and low contrast between DC glacier boundaries and adjacent terrain by overlying
the respective images and visual cross-checking on high-resolution images available
on Google Earth images to maintain the quality of the glacier boundary. In order to
minimize discrepancies between decadal time data, the semi-automatically mapped
glacier boundaries of 2020 were overlaid on the representative images of 1990, 2000,
and 2010 to manually prepare glacier boundaries of the respective time periods. This
process reduced most of the errors in the glacier outlines; uncertainty only remains on
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the position of glacier outlines with respect to the image resolution, which is depen-
dent on and could not be greater than half of its resolution. Hence, the uncertainty of
glacier boundaries was calculated as the root mean square of each glacier area from
the glacier polygon and the area was calculated as the total number of pixels bounded
by the glacier boundary with a buffer (half of the image resolution) increment [13].
Overall, the uncertainty of the glacier area of each time data ranged from 2 to 3% of
the total area, which also matched other previous estimates [13, 41, 42].

4. Results
4.1 Overall distribution and shrinkage of glaciers

The study revealed 1941 glaciers covering a surface area of 1169.04 + 27.71 km?,
which is equivalent to 3.8% of the total landscape area in 2020 (Table 1). Almost
13.3% of the total glacier area is covered by debris. The majority of the glaciers (91%)
are in the Ghaghara basin, which is one of the major tributaries of the Ganges River.
Within the basins, the Kali sub-basin consists of almost 39% of glaciers in KSL,
covering 45% of the total area of glaciers in the landscape. Similarly, the second
highest number (more than 38%) and area (38%) coverage is in the Humla-Karnali
sub-basin. The Manasarovar inland basin only consists of 9% of glaciers, with an area
coverage of 6% of the total glacier area in the KSL. Overall, the number of glaciers has
increased by 7.8%, while the glacier area has decreased by 25.5% in three decades from
1990 to 2020 (Figure 4), with a drastic decrease in recent decades, i.e., 2010-2020
(11.9%), compared to previous decades.

4.2 Distribution and changes in clean-ice(CI) and debris-covered (DC) glaciers

Glaciers are classified into clean-ice (CI) and debris-covered (DC) depending
upon their composition. Clean-ice glaciers are formed due to accumulation and
compaction of seasonal snow cover, whereas DC glaciers are part of glaciers derived
from erosion and transportation of debris and generally overlay the clean-ice portion
of glaciers. Out of 1941 glaciers, 112 glaciers have both components of CI and DC,
and the rest have only CI. The area covered by DC glaciers is more than 13% of the
total glacier area in the KSL. The highest area coverage by DC glacier is in the Kali
sub-basin, and the lowest is in the West Seti sub-basin. The Manasarovar inland basin
consists only of CI glaciers.

The area percentage of DC glaciers has increased from 8.7 to 13.3%, while CI
glaciers decreased from 91 to 87% from 1990 to 2020 (Figure 5), with a marked varia-
tion in the individual basins. Within this time period, the DC glacier area increased
from 6.6 to 9.7% in the Humla-Karnali basin, 11.8 to 17.8% in the Kali basin, and 8.8 to
14.4% in the West Seti basin. Not much change was noticeable in the DC glacier area
between 2000 and 2010. The increase in DC and decrease in CI glacier area indicate
that glaciers are melting, and exposure of the debris transported along the CI glacier
and covering the clean-ice portion. Debris cover on the glacier plays an important role
in insulating the glacier from rapid melting [43-45]. In contrast, a thin layer of debris
and dust particles on the surface of glacier ice accelerates the melting of the glaciers.

The CI glaciers maintain a higher slope than DC glaciers. In the KSL, the mean
slope of glaciers ranges from 10 to 60 degrees, with a negligible number of glaciers
less than 10 degrees and higher than 60 degrees. The mean slope of CI glaciers ranged
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Changes in DC and CI glacier area from 1990 to 2020 in KSL.

from 23 to 31 degrees, and DC glaciers from 12 to 13 degrees. The mean slope of
CI glaciers in the Kali and West Seti basins was slightly higher and ranged up to 31
degrees, whereas the mean slope of Manasarovar glaciers was only 23 degrees.

4.3 Distribution and changes in glacier size

The present study mapped glaciers larger than or equal to 0.02 km”. Milam Glacier
(G080074E30524N), covering an area of 49.5 km? in 2020, is the largest glacier in the
KSL. It is one of the major sources of the Goriganga River, which is a major tributary
of the Kali River. For the analysis, glaciers were divided into five size classes: Class 1
(<0.5km?), Class 2 (0.05-1 km?), Class 3 (1-5 km?), Class 4 (5-10 km?), and Class 5
(> = 10 km?). The distribution of glaciers in each glacier size class showed an inverse
relationship between number and area coverage. The number of glaciers in class 1
was the highest, whereas the area coverage was relatively less compared to other
size classes. Almost 77% of glaciers were of size less than 0.5 km? (Class 1), but they
covered only 18.5% of the total glacier area in the KSL. In contrast, class 3 consisted of
only 11% of glaciers, covering more than 1/3 (36%) of the glacier area in the KSL. A
similar pattern was also observed in each sub-basin in the KSL.
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Changes in number and area of glaciers in various glacier size.

The size of glaciers strongly affected changes in the number and area of glaciers in
the region. The shrinkage of larger glaciers fragmented to smaller glaciers was indi-
cated by an increment in the glacier number of class 1 size and a decrease in other size
classes (Figure 6). The number of smaller glaciers (Class 1) increased in each decade,
whereas larger glacier numbers decreased. However, the glacier area of all size classes
decreased in each decade. Comparatively, changes in areas of larger glaciers were
higher than in smaller glaciers. The maximum glacier area loss (33%) was in class
4 from 1990 to 2020, and glaciers larger than 10 km? (class 5) showed a 25% loss in
30 years. The size of the largest glacier in the region also decreased by more than 9%
(54.5 km” in 1990 to 49.5 km” in 2020).

The mean glacier area also decreased from 0.87 to 0.6 km” from 1990 to 2020,
indicating that the glaciers in the KSL are retreating, shrinking and fragmented, and
the retreat rate has significantly increased in recent decades.

4.4 Terrain characteristics of glaciers and their shrinkage

The glaciers in the landscape were distributed from 3500 to 7650 masl in which
the highest elevation glaciers were found in the Humla-Karnali basin and the lowest
elevation glaciers from the Kali sub-basin. The glaciers in the Manasarovar basin are
distributed in a narrow elevation zone from 5262 to 6717 masl. The hypsographic
distribution of glaciers in the region showed that 88% of the glacier area was concen-
trated within 4500 to 6000 masl elevation, with the highest concentration (more than
40%) between 5000 to 5500 masl (Figure 7).

Glacier area in all the elevation zones decreased with the maximum glacier area
changes at an elevation range from 5000 to 5500 masl (Figure 7). Glacier areas have
not changed significantly above 6500 masl and below 4000 masl, although the area
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Distribution and retreat of glaciers at various elevation zones from 1990 to 2020 in KSL.

percentage change rate showed that the maximum area decrease was below 4000 masl
and increased above 7000 masl. The decreased area below 4000 masl indicated the
retreat of the glacier terminus and upward shifting of glacier elevation, whereas the
increased area in higher elevation was due to permanent snow deposition. However,
the glacier area in these elevation ranges was less than 1 km”. Glaciers below 3500
masl disappeared completely from 2010 onward. The lowest elevation of the glacier
moved up from 3438 masl in 1990 to 3509 masl in 2000, 3532 masl in 2010, and 3577
in 2020. This indicated that glaciers have retreated by more than 100 m in 30 years.

The lowest-elevation glacier is highly sensitive to temperature, thereby influencing
higher rates of ablations. The glacier retreat percent in lower elevations is higher, as
shown in Figure 7. The loss percent below 3700 masl is greater than 30% in 30 years,
and greater than 25% is at the elevation zone between 4500 and 5100 masl from 1990
t02020. The area loss percentage at the highest concentration zone from 5000 to 5500
masl ranges from 20 to 40% at each 100 m elevation zone. The loss percent above
5500 masl and below 7000 masl is less than 20% in each 100 m elevation zone. Above
7000 masl, the area has increased by 9 to 20% in each 100 m elevation with an area
converging of less than 1 km?.

The slope of the glaciers also plays an important role in glacier retreat. Glaciers
cannot exist in slopes greater than 60 degrees. The majority of glaciers in the KSL
have mean slopes of 12 to 31 degrees and, most commonly, less than 26 degrees. Most
CI glaciers lie in the upper reaches of the glaciers and attain higher mean slopes than
DC glaciers. There is a clear demarcation between the mean slopes of CI and DC gla-
ciers. ClI glaciers in the KSL have an average slope above 20 degrees (ranging between
22 and 31 degrees), and DC glaciers have an average slope below 15 degrees (ranging
between 12 and 13 degrees).

No significant changes were observed in the average slope of the glaciers or in CI
and DC glaciers from 1990 to 2020. The distribution and retreat of the glacier area
show the highest changes between slopes of 20 and 30 degrees. More than 50% of
the total area changes within the 30-year period, as well as in the decadal period, was
observed in this average slope range. Similarly, the second highest is from the 10 to 20
average slopes of the glaciers. This indicates that the major retreat rate is in CI glaciers
in the region, and debris insulated the melting of clean ice. The number and area
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of glaciers of average slope range below 10 degrees has increased, indicating glacier
fragmentation and shrinkage.

The glacier aspect is another critical factor that affects the melting of glacier ice.
The north-facing glaciers experience less incident solar radiation and a less energetic
melt regime [46]. The glaciers in KSL are distributed mostly in the southern faces
with the highest number of glaciers in the southeast and southwest aspect. The area
coverage of glaciers is highest in the southeast and south, indicating that most large
glaciers face the southern aspect. Less than 10% of glaciers are in the northern faces,
in which 3 percent of glaciers are facing the northern aspect.

The rate of glacier shrinkage is also higher in the southern aspect. More than 27
percent of the total shrinkage area was in the south in the 30-year period. Similarly,
more than 21 percent of glaciers have retreated in the southeast and southwest
aspects. The glacier shrinkage is significantly less in the northern aspect, with less
than 1 percent of total area shrinkage in this region. The shrinkage pattern is similar
for all times as well as in all basins.

5. Discussion

The present study provides comprehensive information about glacier status and its
shrinkage from 1990 to 2020 in the KSL. The study adopted a semi-automatic object-
based image classification method to generate the base datasets of glaciers in the KSL.
Furthermore, manual intervention on shadow and low contrast difference between
the glacier boundary and adjacent terrain along the lateral and distal part of glacier
boundary increases the accuracy of glacier boundary. Also, to reduce mapping time
and neglect discrepancies in the glacier boundary in each time period, the time series
glacier data was prepared by manual editing of base data overlaying on the respective
images of the years. The manual editing has some impact on individual glacier area,
which is rectified by 2% while smoothing the glacier outlines [13], and the uncer-
tainty of +1 pixels was considered for the position of its outline. Overall, the dataset
was prepared using the same spatial and spectral resolution with a consistent method
and approach supported by visual interpretation, which provides reliable information
on glacier changes over a 30-year period.

The study supports understanding spatial patterns of glacier characteristics such
as glacier area, size, types, and topographic area variation and its changes over time
throughout the landscape. The study clearly reveals the rapid shrinkage of glaciers in
the landscape, with a loss of 25% of its glacier area in three decades. The decadal glacier
change data shows the rate of glacier area loss increased to 1.2% per year between 2010
and 2020 from 0.83% per year between 1990 and 2000, indicating the acceleration
of glacier area loss in recent decades. This rate of area loss varies in each basin and on
individual glaciers, depending upon its size, type, and topographic positions. The dif-
ference between glacier area loss and its size indicates that area loss by smaller glaciers
(<0.5 km?) is nominal in comparison to the area loss by bigger glaciers, but compara-
bly, the actual glacier area loss proportion of each smaller glacier is higher. Some small
glaciers have disappeared completely, and some have reduced their size to less than
the mapping threshold of 0.02 km?, which is not considered in this study. Nearly 5.2%
of the glacier area was lost from the glacier size of <0.5 km” between 1990 and 2020
due to the melting and shrinkage of smaller glaciers influenced by climate change.
However, the glacier number has increased by 27% due to the retreat or fragmentation
of glaciers larger than 0.5 km”. In contrast, both the number and area of glaciers larger
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than 0.5 km? have decreased. This pattern has also been observed in other parts of the
region [5, 12, 13, 24, 25], indicating that the number of smaller glaciers will increase in
the future with the shrinking and fragmentation of larger glaciers.

The topographic characteristics of the glaciers also show their significant influence
on glacier changes. The glacier area loss in the lower elevation zones is distinctive as
the lowest elevation of the glacier has moved from 3429 masl in 1990 to 3577 masl in
2020. Glaciers below 3500 masl vanished completely after 2010, and more than 22%
of the area was lost at elevations below 4000 masl. However, the surface area loss
is very low, below 4000 masl, compared to losses at elevations from 4500 to 5500,
which is the highest area loss in all decades. In contrast, the glacier area has slightly
increased above 7000 masl, indicating snow accumulation and the formation of per-
manent ice on mountain slopes. Other topographic characteristics such as slope and
aspect also play prominent roles in the existence of glaciers and their area changes.
Low-slope glaciers are more susceptible to area changes in response to climate change.
In KSL, glacier slopes mainly range up to 50 degrees, with a few portions of glacier
area above 50 degrees. Proportionally, area change is higher in high-degree sloped
glaciers, whereas the area loss and coverage are higher between 20 and 30 degrees.
Similarly, the distribution and area loss is higher in the southern aspect of glaciers.

A reduction in CI glacier area has been observed from 1990 to 2020 as these
types of glaciers respond quickly to a warming environment in a shorter period than
debris-covered glaciers. The increased area percentage of debris-covered glaciers over
30 years indicated that the landscape has less precipitation and high temperature,
which rapidly increased the glacier melting process, thinning the glacier fronts, CI to
be exposed to bare rock and/or becoming a part of debris glaciers. Sometimes, a rapid
recession can also detach CI from DC because of the steepness of the topography or
vertical cliff over which the glacier has been passing. In addition, the pace of recession
on DC glaciers can form supraglacial ponds on the surface and expansion of glacial
lakes attached to or near the glaciers. This suggests that detailed monitoring is required
to better characterize the response of the glaciers to the surroundings in the KSL.

The landscape is also rich in religious and cultural heritage. The Mt. Kailash and
adjacent Lake Manasarovar are spiritual focal places for millions of followers of
Hinduism, Buddhism, Jainism, Sikhism, and Bon religions [47]. Mount Kailash is
covered by a glacier ice cap (Figure 8), which is split into four glaciers based on their
hydrological flow. The Polung and Gangjam glaciers in the north and northeast [48]
have retreated 25.4 and 35.2% within a 30-year period, respectively. Overall, the
glaciers on Mt. Kailash have retreated by 26.7% during the 30-year period. The shrink-
age of glaciers in the mountain will expose the underlying rock and reduce the beauty
and significance of this sacred mountain peak. Moreover, the Manasarovar Lake is
also fed by several glaciers around the valley. Overall, the glacier area around the
Manasarovar inland valley decreased by 27% during the study period. The recession
of glacier mass, in the long run, will reduce meltwater supply into the lake, which will
reduce the size of lakes and other water bodies and impact their water quality [49, 50].
In many religions, particularly Hinduism and Buddhism, water bodies are believed to
hold purifying and cleansing powers and are essential for ceremonies and prayers [51];
therefore, changes in water quality and quantity due to glacial changes are likely to
have implications on cultural practices associated with water bodies in the landscape.

Shrinkage in glaciers increases uncertainties in water supplies as well as disaster
risks, further exacerbating the vulnerability of the mountain communities to climate
change, threatening water, food, and energy security in upstream and downstream
areas of the landscape. Initially, the rapid melting of glaciers might lead to an increase in
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Figure 8.
Shrinking and vetreating glaciers in the Mt. Kailash region from 1990 to 2020.

glacier melt runoff and the river flow lasting some decades, but with the gradual reduc-
tion in glacier mass, the river flow will also decline in the long term [52]. This alteration
in the contribution of glacier meltwater to the rivers will have adverse impacts on the
ecosystem services, affecting upstream as well as downstream populations [53, 54].
Many hydropower and irrigation systems such as Dhauliganga Hydropower (230 MW)
in India, Chameliya Hydropower (30 MW) in Nepal, and many traditional and modern
irrigation systems in the upstream and downstream areas of the landscape play an
important role in agriculture and food production, will be impacted in the long run.
Rapid glacier recession also increases the formation and expansion of glacial
lakes especially below the retreating terminus. This increases the risks of glacial lake
outburst flood (GLOF) events, threatening lives, livelihood, and property, including
infrastructures and cultural heritage. The recurring GLOF event in the Limi Valley
of Humla District in Nepal has threatened the settlement, as well as one of the oldest
Buddhist monasteries in the country [32]. Thus, there is an urgent need to take appro-
priate adaptive and mitigation measures to reduce further acceleration of risks. Though
overall trends of decline in glaciers are clear, factors influencing the susceptibility of
glaciers to changes, such as type, size, aspect, slope, elevation, proximity to water bod-
ies, and presence of thick or thin layers of debris, vary. Detailed information on these
characteristics and variations in response is needed to support accurate projections of
future glacier change under different climate scenarios using glacier modeling.

6. Conclusion

The present datasets of glaciers from 1990 to 2020 revealed that the glaciers
have retreated significantly. Due to the shrinking, retreating, and fragmenting of

73



Glaciers — Recent Research, Importance to Humanity and the Effects of Climate Change

individual glaciers, the number of glaciers had increased, and the area decreased.
Overall, the glacier area has decreased by 25.5%, and the number of glaciers has
increased by 7.8% (141) over the period of 30 years. The loss in glacier area was only
15% in 20 years from 1990 to 2010, but an additional loss of 11% occurred in 10 years
between 2010 and 2020, indicating the recent loss of glaciers was almost double that
of the previous decades. Decreases in glacier area accompanied by an increase in the
number of glaciers are clear evidence of fragmentation because of uneven shrinkage
of individual glaciers. Therefore, the number of smaller glaciers increased, while the
glacier area of glaciers of all sizes decreased. Small glaciers and low-elevation glaciers
are more sensitive to climate change and melt faster. Some of the smaller glaciers pres-
ent in 1990 had disappeared by 2010, and so on. However, the retreat rate is higher in
lower elevations, and the glaciers below 3500 masl completely disappeared in 2010.
The distribution of glacier area and its retreat amount was higher at elevations rang-
ing from 5000 to 5500 masl. Moreover, glaciers on steep slopes facing the southern
aspect and frontal parts of the glaciers associated with glacial lakes are retreating
faster. The majority of the glaciers in KSL are facing the southern aspect, and the
retreat rate of the glaciers in the south, southwest, and southwest aspect is signifi-
cantly higher (more than 20 percent in SE and around 50% in S and SW).

Separate information for CI and DC glaciers will serve as an important parameter in
climate change models. The reduction of CI glacier area by 29 percent and the increment of
DC glaciers by 13 percent within 30 years indicates a distinct response to climate warming,

The present study concluded that the glacier system is very complex, and spatial
changes vary depending on its topographic setup in terms of altitude, slope, aspect,
and composition. However, the study shows that the glaciers in the region are steadily
depleting, and its trend of retreat will continue in the future with a changing climate.
However, the present increase in the melting of glaciers might enhance economic
opportunities and productivity of the region by surplus supply of freshwater for
livelihood, agriculture, and hydropower generation. It is also necessary to understand
the availability of these water resources, which will be depleted with the reduction of
glaciers in the long run. At the same time, some of the glaciers in the region represent
cultural sites. Each year, thousands of pilgrims visit these places, which signifies the
importance of glaciers. Hence, the systematic monitoring and observed changes must
be assessed in the long run, and these data can be utilized for future projections of
water resource availability using various climatic and glacio-hydrological models.
Also, these datasets are very useful for planning and management of water resources
and for disaster risk reduction.
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Chapter 5

Climate Change in Tropical
Glacier-Fed Rivers, Contrasting
Global Responses and Future
Implications on Stream Functional
Diversity

Patricio Andino Guarderas and Rodrigo Espinosa Barrera

Abstract

Glaciers in the tropics have unique characteristics, such as their melting patterns
and the impact of glacial influence on our environment. This chapter’s objective is
to assess melting tropical glaciers effects on the ecological dynamics of highland
glacier-influenced streams, including changing local patterns due to climate change.
Life traits such as trophic interactions and phenology patterns of a multi environ-
mental riverine system of distinct origins are inquired. These diverse patterns alter
some ecosystem biotic functions such as resilience and decomposition of highland
rivers. Population and community approaches, perspectives on ecosystem function,
and future impacts are included, as tropical glacier’s melting effect changes and
diminishes in time. The density, richness, and composition of macroinvertebrate
assemblages in these areas are influenced by factors such as altitude, glacier cover-
age, conductivity, temperature, and channel stability. Dispersal plays a crucial role
in shaping the succession of glacier forelands and similar environment, as spatial
beta-diversity is influenced by nestedness and turnover, indicating distinct mecha-
nisms driving diversity. Climate change is bound to affect glacier catchments and
downstream aquatic ecosystems, not only by decreasing quantity but quality of water;
projected higher human demand and lower water supply might cause future local
conflicts over water availability for human use.

Keywords: tropical glaciers, high altitude, aquatic ecosystems, environmental
harshness, functional diversity, climate change, glacier melting

1. Introduction

Tropical glaciers are not globally common as they only form when the ground
altitude exceeds 5000 m a.sl. Although they do occur in some continents of the
Earth, tropical regions are distinguished because of their lack of temperate seasons
and its increased exposure to the sun, which gives special vulnerability to glaciers
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over climatic variations [1]. Thus, the biological and ecological dynamics of tropi-
cal highland glacier-fed or influenced ecosystems might be affected in the future,
distressing ecological processes linked with water quality and human use. To point
out the basic features of tropical glacier, we will begin with a case well studied
by the authors of this chapter, the ecology of tropical glacier-fed streams in the
Ecuadorian Andes which differs from the traditional model based on temperate
glacier-fed streams. Key findings in Ecuador may apply to other tropical glacier feed
streams including differences between the composition and distribution of macro-
invertebrate communities, the lack of a classical kryal zone (where temperatures
are below 4°C) and the influence of stream temperature and physical stability on
faunal composition and richness. As there is little seasonality in air temperature,
the night time temperature is always below freezing, just as shown in Figure 1,
also indicating that daily diel temperature variation is greater in the tropics along
the whole year than its diel variation on each season in a temperate region glacier.
Therefore, melting of the glacier virtually stops during night and early morning.
For this reason, the intense insolation in the morning from the quickly rising equa-
torial sun warms up this small volume of water to a high temperature, except when
it is foggy and cold. As Figure 2 describes, later during the day, melting increases,
and the larger volume of ice-cold melt water brings temperature down again in
early afternoon [2].

Tropical glaciers located in regions like the Himalayas, Andes, and Altiplano
exhibit unique dynamics compared to temperate glaciers, and so they have important
hydrological and ecological implications [3]. Aerial vehicle surveys in Peru have

ummer diel variation

Winter diel variation

Temperate mountain

Annual mean
C

Diel vanation

Equatorial mountain

Figure 1.

Conceptual diagram of a tropical glacier illustrating air temperature variations at a temperate and equatorial
glacial terminus (both located at the altitude of annual Tmean = 0°C). For the temperate mountain, the altitude
at which the summer Tmean is 0°C is higher than the glacial terminus, while that wheve the winter Tmean is 0°C,
the altitude is lower. For equatorial mountain, Tmax during the day at the glacial terminus is >0°C throughout
the year, wheveas Tmin during the night is always below 0°C [2].
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Figure 2.
Daily water thermic and flow fluctuations (depth). Water temperature (continuous line) and depth (dashed line)
from site 1B (at the glacier snout) during an example 48-h period at the end of February 2008 [2].

revealed heterogeneous patterns of change within glaciers, including zones of acceler-
ated ice loss and subsidence within proglacial lakes [4]. The Himalayan-Karakoram
region of South Asia shares the same problematic as extensive glaciers and snowfields
contribute meltwater to major river systems supplying water for hundreds of millions
of people [5]. At the Bolivian Altiplano, where glaciers are nearly absent, ice-rich
permafrost still impacts debris accumulation sectors, and its potential degradation
could affect regional hydrology and consequently macrofaunal dynamics [6]. Global
glaciohydrology changes could significantly impact sustainable water resource
management and geopolitics, as this high altitude alteration is also expected to affect
downstream more populated systems.

Fast tropical glacier retreat is altering landscapes and ecosystems [1]. The
Colombian glacier “Glaciar Conejeras” has shrunk dramatically since 2006 with
downstream hydrological patterns influenced by complex interactions between
temperature, precipitation, and glacier shrinkage [7]. Glacial influence on Andean
streams also shapes biological communities as higher glaciality influence is correlated
with increased abundance of small, hardy macroinvertebrate taxa adapted to harsh
conditions [8]. Other case emphasized in microbiomes showed that glacier-fed
streams in Africa harbor unique bacterial assemblages compared to normal surface
waters [9]. Colonization patterns following deglaciation indicate pioneer communi-
ties are dominated by generalist species with high dispersal abilities, while diversity
increases over time since exposure to harsh conditions decline [10]. Functional
diversity and certain functional feeding groups also seem to decline under stronger
glacial influence likely due to environmental filtering even though decomposition
rates remain similar to other alpine streams [11, 12], as the same abrasive physical
and chemical conditions seem to drive litter decomposition in highly influenced
glacier-fed streams [11]; macrofaunal abundance also decreases with greater glacial
coverage in catchments [12]. Rare taxa preferentially inhabit highly disturbed areas
created by glacial floods threatening their persistence as glaciers shrink [13], and this
effect caused by an intermediate disturbance occurs especially during glacier flood
pulses modulating both macroinvertebrate abundance and their food resources, thus
allowing other species to inhabit spaces where more competitive or dominant species
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are not able to stabilize as this harsh environment events keep drifting individual
downstream [12-14].

Weather shifts due to climate change are not a strange phenomenon in the tropics,
and so tropical glaciers melting and their eventual diminishing pose a great concern
to local and regional human populations, as this matter is about a vital non-renewable
resource, water. Major shifts are unfolding across impacted landscapes including for-
mation of new lakes and streams as well as adjustments to species distribution, assem-
blages, and available habitat. These adjustments will eventually have an impact on the
ecological functionality of tropical glacier feed streams and its consequent effects on
downstream hydrological systems; as tropical glaciers disappear entirely, impacts on
alpine and high-elevation biota are projected to grow [12, 15]. Glacier retreat, driven
by climate change is causing significant impacts on hydrological cycles and down-
stream ecosystems worldwide. In tropical regions, even a short-term reduction in
meltwater flow can induce significant changes in benthic fauna community composi-
tion within a matter of weeks [16], and both algal and herbivore biomass increase
in response to flow reduction highlighting the ecological effects of ongoing glacier
retreat on aquatic systems. The disappearance of glaciers in a catchment can lead to
the loss of 11-38% of regional species pools including endemic species. Moreover, the
steady shrinkage of glaciers reduces taxon turnover and local richness in downstream
reaches with lower glacial cover [15]. Predictable mechanisms govern river inverte-
brate community responses to decreasing glacier cover globally [17]. Glacier retreat
affects not only aquatic but also terrestrial ecosystems with similar implications. For
example, in plant diversity and community dynamics, there is an initial increase in
plant diversity with glacier retreat which is followed by a decrease after glacier extinc-
tion. Approximately 22% of plant species show a non-linear response to glacier retreat
and are at risk of local disappearance, as soil carbon enrichment and reduction of
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Figure 3.

Engvironmenml time series. Time series (open dots), smoothed-state estimates (solid lines), and state 95%
confidence level (dotted lines) of discharge (a, b), water temperature (c, d), and conductivity (e, f) for the
downstream veach of the manipulated stream and the reference stream. Blue, red, and yellow regions indicate base
flow, flow alteration, and flow recovery periods, respectively [16].
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physical disturbance contribute to distribution patterns of plant species, while species
associations shift from facilitation to competition [18].

While the vulnerability of river ecosystems to glacier retreat is evident in both
tropical and temperate regions, some differences in ecological responses emerge, for
instance, the time required for a tropical stream system to return to its initial state
after flow reduction was found to be within 14 and 16 months [16]; additionally, the
specific taxa and ecological processes driving the response to glacier retreat may vary
between regions [19, 20]. We must take into account that even flow fluctuations may
affect relevant biotic parameters. Figure 3 shows the results from an experimental
research held on a multi-stream survey of sites varying in glacial influence show-
ing an abrupt increase in algal and herbivore biomass below 11% glacier cover in
the catchment, indicating that flow reduction strongly affects glacier-fed stream
biota, prefiguring profound ecological effects of ongoing glacier retreat on aquatic
systems [16].

Climate change and glacier retreat have significant impacts on aquatic ecosystems
in both tropical and temperate regions. Glacier-fed rivers are often used as model
systems for understanding the effects of climate change on ecosystems due to their
strong atmospheric-cryospheric links and high biodiversity. That is why, understand-
ing river invertebrate’s diversity patterns play a crucial role in ecosystem functions
and services, and it is threatened by global change, including glacier retreat. This
chapter looks to assess the ecological responses, biodiversity loss, and community
dynamics associated with glacier retreat in tropical and temperate regions, providing
valuable insights for conservation efforts and the protection of sensitive species.

2. Tropical glacier-fed Rivers: functional diversity under threat

2.1 Tropical glacier melting: ecological effects and differences compared to
temperate regions

Glacier retreat driven by climate change is impacting aquatic ecosystems globally
[1]; however, it is important to recognize that the ecological effects of glacier melting
may differ between tropical and temperate regions due to variations in deglaciation
rates and environmental conditions [21]; understanding these differences is crucial
for assessing the impacts of climate change on tropical ecosystems and developing
appropriate adaptation and mitigation measures [22, 23]. In tropical regions, the
short-term reductions in glacier melt can have significant and rapid effects on benthic
communities within weeks. This is largely due to the strong atmospheric-cryospheric
links that exist within these regions where changes in glacier melt can directly influ-
ence various discharge parameters and in consequence the aquatic ecosystem [22].
Moreover, the complete disappearance of tropical glaciers can lead to the loss of a
substantial percentage (11-38%) of regional species pools, posing severe risks to
high-elevation specialist species [23]. The accelerated deglaciation in tropical regions
further exacerbates these risks, as tropical glaciers are receding rapidly under climate
change [22].

On the other hand, temperate glacier-fed systems demonstrate similar ecologi-
cal responses to reduced glacier cover. For example, the decrease in glacier extent
in both tropical and temperate regions can result in increased algal and herbivore
biomass [21-23]. The decline in macroinvertebrate diversity is expected to occur with
glacier shrinkage in both biomes [21, 23]; however, it is important to note that the
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specific taxa and processes driving these changes may vary between regions. This
global analysis has revealed consistent increases in the functional diversity of benthic
invertebrates with decreasing glacier cover regardless of the biome [23]. The pattern
persists even after accounting for latitude, indicating that the changes are regulated
by trait drive interactions like dispersal limitations and environmental filtering [21].
Underlining the complex interplay between glacier retreat, its accelerating melting
and biodiversity dynamics suggest that there are common ecological responses to
glacier melting across different regions. In terms of physicochemical characteristics
and biodiversity, tropical glacier-fed rivers experience more pronounced changes
compared to temperate regions due to the rapid deglaciation process. These varia-
tions include alterations in temperature, nutrients, and sedimentation, which can
have significant consequences for the aquatic ecosystem [22]; furthermore, tropical
regions often support higher levels of beta diversity and endemic biodiversity, which
are diminished with the loss of small alpine glaciers [22, 23].

While both tropical and temperate biomes face threats from glacier retreat, it
is the tropical high-elevation specialist species that are particularly endangered by
accelerated deglaciation. These species are adapted to the unique environmental
conditions provided by tropical glaciers and may struggle to survive in the absence
of these habitats [21-23]. A meta-analysis conducted on a global synthesis explains
that glaciers have a negative effect on natural populations and communities living
in fjords, freshwaters, and forefields, as shown in Figure 4, suggesting that most
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Figure 4.

Population and community responses to the effects of glaciers. Global results obtained from fjords, freshwaters,
and forefields. Effect sizes and 95% confidence intervals for taxon abundance (population; top graphs) and
diversity (community; bottom graphs) responses to the influence of glaciers in fjord, freshwater, and forefield
systems. Colors indicate significantly negative (blue), positive (ved), or non-significant (gray) effect sizes
corresponding to positive (blue) and negative (red) effects of the glacier on biodiversity [23].
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sites are likely to display a gain in local species abundance and richness as glaciers
retreat, a pattern frequently reported around the globe. However, the local responses
of populations and communities varied considerably. Biodiversity response to the
influence of the glacier was independent of the latitude or altitude of the study site,
suggesting that environmental filtering linked to glacial influence dominates over
regional factors; although regional glacier area, melting rate and site isolation were
significant predictors of the biodiversity response, and they were not as strong as
filtering processes. [23].

To improve our understanding of the ecological changes following complete
glacier disappearance, comparative studies across global mountain ranges are
essential, and such studies can help us identify and predict the patterns of species
colonization, community dynamics, and alterations in hydrological regimes that
occur as a result of glacier retreat [9, 24, 25]. Additionally, comprehensive research
approaches and monitoring techniques, such as the use of unmanned aerial vehicles
(UAVs) for high-resolution monitoring of tropical glacier change, are necessary to
capture their unique characteristics and dynamics [26]. As they exhibit distinct
ecological effects compared to temperate regions, there are differences in deglacia-
tion rates, environmental conditions, and species responses, although we still need
research approaches and monitoring techniques for understanding and mitigating the
impacts generated by future climate change. This can be achieved by comprehensively
studying and addressing the ecological implications of glacier melting in the tropics,
and with this input, we can work toward effective strategies, policy formulation, and
cross-sectorial cooperation, in order to safeguard these fragile ecosystems in the face
of climate change.

2.2 Ecological dynamics of highland glacier-influenced streams

Glacier-fed streams in highland areas are characterized by unique ecological
dynamics due to the influence of glacial meltwater. These streams are subject to
spatial and temporal variations in environmental conditions which in turn affect
the diversity and distribution of benthic and hyporheic fauna [1]. Glacier retreat is
a global phenomenon that has significant impacts on the hydrological cycle, down-
stream ecosystem structure, and functioning [16]. Therefore, glaciered environ-
ments are highly vulnerable to climate change with intricate connections between
atmospheric forcing, snow packs/glacier mass-balance, stream flow, water quality,
hydrogeomorphology, and river ecology [27], just as the ecological dynamics of
highland glacier-influenced streams are complex and influenced by various factors,
including flow reduction, temperature, community structure, nutrient concentra-
tions, and species adaptations [3, 16, 28-30]. Taxonomic richness increases from
upstream to downstream for various organisms including cyanobacteria, diatoms,
invertebrates, and vertebrates [30]. Although implications on future altitudinal
distribution of highland species and their interaction with glacier adapted species are
unknown, understanding these dynamics is crucial for assessing the impact of climate
change on these fragile ecosystems and their dwellers.

Concerning environment and biodiversity, glacial surfaces, recently deglaci-
ated terrains and glacial streams, support diverse ecosystems known as “glacial
biodiversity,” insects particularly ground beetles (carabids) and non-biting midges
(chironomids) are the best adapted animals to colonize these habitats; these insects
have developed adaptation strategies to cope with extreme cold and anthropogenic
heat playing important roles in glacial-ecosystem functioning [31]. Glacier-fed
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streams serve as important early indicator systems for understanding hydrological
and ecological responses to climate change. These aquatic bodies exhibit character-
istic flow patterns, water temperature regimes, sediment fluxes, and channel forms.
The relationship between aquatic macroinvertebrates taxon richness and latitude/
altitude follows a hump-shaped pattern peaking at mid-latitudes [27]. Even in catch-
ments that have not been glaciated for more than a century, specialized cold-water
invertebrate communities adapted to meltwater streams persist, serving as critical
refugia for mountain biodiversity [6]. Studies conducted in different regions of the
world have shed light on the factors shaping the communities in glacier-fed streams,
for edxample, in the Italian Alps, the habitat type (benthic vs. hyporheic) was found
to be the main determinant of community structure, with the hyporheos exhibit-
ing higher species richness than the benthos. The highly disturbed nature of glacial
systems compared to stable spring systems contributes to significant differences
in benthic communities between glacier-fed and spring-fed streams. Spatial con-
nectivity is crucial for invertebrate dispersal in the face of climate change highlight-
ing the trophic-sink effect between benthos and hyporheos [32]. In the Patagonia
Mountains, glacier-fed streams exhibited unexpectedly high richness in benthic
taxa, including endemic elements. Integrating benthic biota and environmental
variables revealed that a higher environmental heterogeneity related with spatial
dimension (unshaded/shaded reaches, wetland reaches), local resources (detritus,
bryophytes), and temperature probably explained the unexpected high richness
in benthic assemblages. Upholding that isolated, small glacier-fed streams typical
of the Patagonian landscape are highly vulnerable to global warming, as endemic
elements could disappear at upper segments being replaced by other species com-
mon at rhithral environments. Which might increase local diversity (alfa diversity)
but decrease regional (gamma diversity), thus stream functioning can result altered
from an ecosystem perspective [33].

A synthesis research across Europe revealed that water temperature and chan-
nel stability are the primary drivers of macroinvertebrate community structure in
glacier-fed rivers. A conceptual model based on this study predicts the occurrence of
macroinvertebrate families and subfamilies based on water temperature and channel
stability during the summer meltwater period. The model indicated that glacial rivers
support higher macroinvertebrate abundance and diversity during other times of the
year, when environmental conditions improve toward a more stable system [34]. The
longitudinal distribution of macroinvertebrates in an Ecuadorian glacier-fed stream
generally follows the temperate model of decreasing density and increasing richness
downstream, although certain chironomid subfamilies show different patterns [2].
Temporal variability in the same type of streams is influenced by daily glacial melt
cycles, resulting in unseasonal fluctuations in community composition, with the
extent of variability differing among sites [14]. Figure 5 describes an assessment
along the slope of a glacier-fed stream in Ecuador revealing considerable variability
in assemblage composition and environmental relationships, despite longitudinal
patterns of increasing density, richness, and temperature/stability that align with the
temperate model [21]. Consistent with previous findings, spatial temperature/stabil-
ity dynamics is shown to drive local biological interactions, whilst temporal spatial
temperature/stability dynamics also represents similar effects. In an unseasonal tropi-
cal glacier-fed stream, flow reduction induced significant changes in benthic fauna
community composition within a short period of time, and both algal and herbivore
biomass increased in response to flow reduction together with an increase of channel
stability showing much less temporal variability in algal biomass, thus supporting the
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Figure 5.

Spgttiotempoml variability in environmental parameters in the Ecuadorian, glacier-fed viver. Crespo stream,
along the mountain slope at three points; being site a the closest, site B intermediate and site C furthest from the
glacier. (a) Mean water temperature, turbidity, and conductivity at the three study sites versus distance from the
glacier. (b) Water depth (thick line), suspended solids (filled squares), conductivity (open diamonds), and water
temperature (filled civcles) measured approximately every 2 h during a 48-h period at site B. Note the logarithmic
y-axis. (c) Water temperature versus water depth at peak afternoon flow at each of the three study sites during
April 2008. Linear vegressions ave site a, y = 0.261x + 0.612, R2 = 0.210, P = 0.024; site B, y = 0.502x + 3.731,

R2 = 0.710, P < 0.001; and site C, y = 1.243x — 20.210, R2 = 0.704, P < 0.001 [21].
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ecological effects of flow and stability changes caused by glacier retreat on aquatic
systems [1, 16]. Additionally, a multi-stream survey showed that algal and herbivore
biomass abruptly increased below 11% glacier cover in the catchment, further sup-
porting the influence of glacier retreat on stream biota as daily glacial flood pulses

in Ecuadorian glacier-fed streams affect macroinvertebrate communities with
hydraulic stress; increasing during floods while low-stress areas persist, flood pulses
might as well influence local primary production and distribution of herbivores
along the stream [16]. Unlike temperate systems, taxon richness and abundance are
not significantly impacted, and rare taxa are found in highly stressed habitats [12].
Corroborating with these studies, glacier shrinkage under a warmer climate has
profound effects on highland aquatic ecosystems like changes in hydrological regimes,
physico-chemical habitats and biota, driven by reductions in sediment load, warmer
water temperatures, and increased channel stability. Some taxa may as well benefit
from these changes toward stability, while on the other hand, specialized cold-water
invertebrate communities including endemic macroinvertebrates may face the risk of
extinction resulting in a reduction in regional diversity [35].

Tropical glacier-fed streams ecological dynamics have been studied for some time
now, but we still lack relevant ecological information, to reach an accurate assessment
of their functioning and the future impacts, such as the glaciers future diminishing or
vanishing all over the tropical regions. Even though, we still have acquired some novel
information on these complex tropical ecosystems, glacierized catchments in the
tropical Andes exhibit complex patterns of species diversity in aquatic macroinverte-
brate communities due to the environmental heterogeneity resulting from different
water sources [36]. Glacier retreat creates ice-free areas that provide opportunities
for studying species colonization patterns and community dynamics, recent advance-
ments in techniques such as environmental DNA metabarcoding and functional trait
analysis have expanded our understanding of these processes [9]. Highland glacier-
influenced streams are complex ecosystems influenced by multiple environmental
factors such as glacier retreat, flow reduction, temperature, and nutrient concentra-
tions. Glacier retreat in the tropics leads to changes in community composition and
increased algal and herbivore biomass. Invertebrates in these streams have unique
adaptations, and glacial biodiversity includes various organisms. Additionally,
benthic and hyporheic fauna distribution affects trophic interactions and dispersal,

a topic to asses for similar ecosystems in the tropics. Furthermore, tropical glacier-
fed stream communities have complex dynamics affected by daily glacial pulses and
spatial heterogeneity, key information for predicting the impacts of glacier loss in
tropical regions. So far, we have acquired valuable information about the ecology
processes of this complex systems along the last decades, but we still need to reach

a deeper understanding about ecosystem’s functionality and the real consequences
of diminishing glaciers on highland stream; comprehending all these dynamics is
essential for assessing the ecological consequences of glacier shrinkage and develop-
ing conservation strategies and measures.

2.3 Different stream origins equal distinct diversity scenarios

Streams originating from different sources exhibit distinct environmental condi-
tions resulting in diverse ecological scenarios. We explore the diversity patterns
and community compositions of macroinvertebrate taxa in streams sourced from
glaciers, glacial-fluvial-limnic pathways, and alpine glacial floodplains. Analyzing
research findings from various studies, we will gain insights into the unique traits,
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distributions, and environmental influences on streams. Aquatic ecosystems in
high latitude and altitude environments are strongly influenced by cryospheric and
hydrological processes. The current phase of global climate warming has led to the
shrinking of glaciers, which will have significant impacts on stream ecosystems [16,
35]. Understanding the biodiversity distributions and compositional variation across
hydrologically connected habitats along glacial-fluvial-limnic pathways can provide
insights onto the mechanisms underlying glacial community organization and ecosys-
tem processes. A practical example of its relevance, is the spatial patterns of commu-
nity composition and assembly mechanisms of cyanobacteria, diatoms, invertebrates,
and vertebrates along a glacial-fluvial-limnic pathway on the Tibetan Plateau. Where
it was found that the taxonomic richness increasing from upstream to downstream for
all groups and found significant correlations between community compositions and
various environmental factors. Also, it was revealed that stochastic processes played a
prominent role in microorganism community assembly, while macroorganisms were
influenced more by environmental conditions and spatial factors [30]. It was also
Implied that the academy (especially limnologists), decision makers, and stakehold-
ers are facing an intricate situation on mitigating climate change on a complex but
must vital ecosystem. Aiming to deliver a solid spatial background on the topic, we
will use the information obtained from three neighboring glacier-fed streams in the
tropical Andes of Ecuador, where longitudinal patterns in density, taxon richness,
composition of macroinvertebrate assemblages, and its driving factors were evalu-
ated. Results showed that density, number of taxa, rarefied richness, and ordination
coordinates increased logarithmically with distance from the glacier (Figure 6), these
faunal metrics were related to altitude, glacier coverage of catchment, conductivity,
temperature, and channel stability. The number of taxa varied among sites within the
upper and middle reaches of the streams but not among the lower sites, as illustrated
in Figure 7 assemblage composition differed among middle and lower sites, reflecting
changes in environmental harshness and its drivers along the streams [37].
Temporality also plays a role on ecosystem dynamics as the successional patterns
of aquatic invertebrates, ground beetles, terrestrial plants, and soil eukaryotes in
the foreland of the Ecuadorian Carihuairazo glacier was evaluated and described in
Figure 8. The effects of environmental conditions and the age of deglaciation on com-
munity composition were analyzed. The results showed that diversity increased with
time since deglaciation, especially among passive dispersers as noted in Figure 9 a, b,
and e literals, suggesting that dispersal played a key role in structuring the succession
of the glacier foreland. Spatial beta-diversity was mainly attributed to nestedness
and turnover, indicating different mechanisms driving diversity in different taxa
[24]. Although, spatial and temporal aspects are not the only driving factors defining
community structure, a good example of how different stream features may modulate
ecosystem’s diversity and functionality is exposed in a study on a glacierized catch-
ment in the tropical Andes. Different stream sites with varying water sources and
glacier coverage showed varying levels of diversity and commonness, as environmen-
tal variables such as turbidity, temperature, and nutrient concentrations influenced
the presence and density of macroinvertebrate taxa. In this case, glacier influence
was found to increase biodiversity in glacierized catchments by favoring the presence
of rare taxa and taxa turnover [36], delivering better understanding of the coloniza-
tion dynamics before the glaciers probable vanishing especially for aquatic fauna as
their habitat will completely disappear. Knowledge on streams spatial and temporal
dynamics, from different sources, reveals diverse diversity scenarios influenced by
environmental conditions and community compositions. Equatorial glacier forelands

93



Glaciers — Recent Research, Importance to Humanity and the Effects of Climate Change

—I—G15

(a) 3500 -

3000 4
£ 2500
= 2000 4

_2)

n

;

1000 A

Density (

:

=wsOww (G312

- - G14

AN © e

0

—_
o
—

Number of taxa

T T T T T 1
1000 2000 3000 4000 S000 6000

(c

-

Rarefied richness

(d

=

Pielou evenness

Figure 6.

Macrofaunal longitudinal patterns. Density of individuals (a), number of taxa (b), rarefied richness (c), and
Pielou’s evenness (d) as a function of distance from the glacier, showing the three study sites along each of the three

Antisana streams [37].

and glacier-fed streams also exhibit distinct diversity driven by dispersal processes
and environmental factors. Tropical glacier-fed streams support unique macroinver-
tebrates adapted to daily harsh conditions, and shrinking glaciers will significantly
impact future stream biodiversity, requiring further research and conservation efforts
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Tagcl; abundance variation. Logarithmic fit to the relationship between axis-1 coordinates from a MDS
ovdination of the nine Antisana stream sites as a function of their longitudinal distance from the glacier

(y = 0.4865Ln(x)) 3.293; r2 = 0.89; P = 0.0002). The diagram illustrates that, following the general relationship,
the variation among the three replicate sites located at 1500 m from the glaciers corresponds to a longitudinal
distance of 1800 m (800—2600 m) [37].
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Dominant taxa relative abundance. Samples collected for (a) aquatic invertebrates, (b) ground beetles, (c)
terrestrial plants, (d) soil algae, (e) soil invertebrates, and (f) soil plants along the gradient of deglacierized
zones, dating from 2015, 2001, 1991, 1956, and the little ice age (LIA) about 150-250 years ago [24].
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LIA

Figure 9.

Non-metric multidimensional scaling ordination. Of (a) aquatic invertebrates, (b) ground beetles, (c) terrestrial
plants, (d) soil algae, (e) soil invertebrates, and (f) soil plants along the gradient of deglacierized zones

dating from 2015, 2001, 1991, 1956, and LIA. Vectors of all tested environmental variables were overlaid onto

the ordination space. The arrow indicates the direction of most rapid change in the variable, and its length is
proportional to the correlation between ovdination and the variable [24].

because predicting the consequences of glacial retreat on biodiversity needs a solid
understanding of this patterns and processes, as they are vital for maintaining stream
integrity amidst future environmental changes.

2.4 Environmental patterns and ecosystem functioning

Understanding the biodiversity distributions and compositional variation across
hydrologically connected habitats along glacial-fluvial-limnic pathways can provide
insights into the mechanisms underlying glacial community organization and ecosys-
tem processes [16]. In an effort to understand the community compositions and the
assembly mechanisms of different organisms along alpine streams, the habitat type
(benthic or hyporheic) was found to significantly influence the community structure
with the hyporheic zone having higher species richness. The research also highlighted
the importance of spatial connectivity and the potential impact of climate change
on invertebrate dispersal [32], suggesting that more information on the relations
between benthic and hyporheic communities is needed as it might affect habitat
conditions such as food resources for stream macrofauna. Especially when we know
that glaciers are melting due to a warmer climate, there will be changes in the flow
of water, sediment, and temperature of these rivers. These changes will affect the
composition of organisms in the rivers with an expected increase in the abundance
and diversity of microorganisms, algae, macroinvertebrates, and fish; additionally,
the reduction of glacial influence may disturb off-channel habitats and lead to the
vulnerability of certain species [37].

At the Carihuairazo Mountain, located in the tropical Andes, the impact of differ-
ent stream features was examined, such as water sources and glacier coverage, on the
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Redundancy analysis (RDA). For abiotic, biotic variables and benthic invertebrate communities sampled in 51
study sites, grouped by a) stream site types and b) macroinvertebrate assemblages where each point represents

the benthic invertebrate assemblage of 5 pooled Surber samples from each of the 51 study sites. Macroinvertebrate
densities (Ind m-2) were Hellinger transformed and environmental variables were log (x + 1) transformed.
Significant codes: *** P < 0.001; ** P < 0.01 and * P < 0.05 obtained by 999 permutations. And: Andesiops sp., Ble:
Blepharicera sp., Ger: Geranomyia sp., hem: Hemevodromia sp., Hir1 ¢5°2: Hirudinea type 1 and 2, Hya: Hyalella
sp., Mor: Mortoniella sp., Nec: Nectopsyche sp., Orth: Orthocladiinae, Ost: Ostracoda, Pod1, 3 & 4: Podonominae
type 1, 3, and 4, Spha: Sphaeriidae. TUR: Turbidity, GCC: Glacier cover per catchment, PFAN: Pfankuch index,
V: Current velocity, CHLO: Chlorophyll a, SUBS: Substrate types, W: Stream width, D: Stream depth, SLP:
Stream slope, CPOM: Coarse particulate organic matter, and T: Water temperature [36].

diversity and functionality of ecosystems. It is found that environmental variables
influenced the presence and density of certain organisms, glaciers increased biodi-
versity by promoting the presence of rare taxa. Moreover, it is revealed that diversity
increased over time since deglaciation, with dispersal playing a key role in the suc-
cession of the glacier foreland. Figure 10 explains how density, taxon richness, and
composition of macroinvertebrate assemblages were found to be influenced by several
factors such as altitude, glacier coverage, conductivity, temperature, and channel
stability. The succession of various organisms was examined, and the impact of envi-
ronmental conditions and deglaciation age on community composition was analyzed.
The results indicated that diversity increased over time, particularly among passive
dispersers, suggesting that dispersal played a crucial role in shaping the succession of
the glacier foreland and similar environments. Spatial beta-diversity was influenced
by nestedness and turnover, indicating distinct mechanisms driving diversity in dif-
ferent taxa [36].
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Studies conducted on streams originating from different sources have revealed
that these streams exhibit distinct diversity scenarios, primarily influenced by
variations in environmental conditions and community compositions. For instance,
glacier-fed streams support macroinvertebrate communities that have adapted to
harsh conditions prevalent in these environments, while on the other hand, glacial-
fluvial-limnic pathways exhibit compositional variations influenced by other envi-
ronmental factors and assembly mechanisms. Similarly, alpine glacial floodplains
highlight the significance of benthic and hyporheic connectivity in shaping inverte-
brate dynamics [16, 32], topic that as mentioned before must get more attention in
the future. Equatorial glacier forelands and glacier-fed streams also display distinct
diversity scenarios based on their different origins. In the case of glacier forelands,
the succession of these areas is primarily influenced by dispersal processes, while
composition and richness of macroinvertebrate assemblages in glacier-fed streams are
shaped by environmental factors such as temperature, stability, and glacier coverage
[11, 24, 36]; consistently with the evidence presented in the previous section (Section
2.3), based on the information obtained so far, future biodiversity of streams in
cold environments will be significantly impacted by the shrinkage of glaciers and
the resulting changes in runoff, water source contributions, and physico-chemical
habitat. To fully grasp the hydroecological response of river systems to shrinking
glaciers and ascertain the implications for biodiversity, conducting long-term ecologi-
cal studies and implementing conservation efforts are essential for the protection and
management of these vulnerable freshwater ecosystems.

2.5 Life traits of a multi-environmental riverine system

Tropical highland glacier-fed streams represent a multi-environmental riverine
system composed by diverse habitats and ecological conditions influenced by factors
such as glacial meltwater, groundwater, rainfall, and climate change. These streams
are characterized by the influence of glacial meltwater resulting in distinct physico-
chemical properties and specialized communities of organisms; thus, understanding
the life traits of organisms inhabiting these systems is crucial for comprehending
their adaptations, functional strategies, and responses to environmental changes.
Nevertheless, the lack of knowledge about their traits makes it difficult to predict the
impacts of global warming and glacier melt on these ecosystems [5, 11, 13, 19, 24, 36].
Here, we explore the life traits of a multi-environmental riverine system, with a par-
ticular focus on glacier-fed streams and their ecological dynamics, and information
about the structural and functional aspects of these unique and complex ecosystems
is presented in this section of the chapter.

The retreat of glaciers caused by climate change has significant effects on river
ecosystems particularly in terms of physicochemical changes and impacts on aquatic
communities [36]. Studies in the European Alps have revealed significant connec-
tions between declining glacier cover, temperature, community structure, diversity,
feeding strategies, early life development, body mass, and growth of invertebrates
[5]. The impact of environmental conditions and the age of deglacierization on
colonization and successional patterns in glacier forelands has also been assessed.
Passive dispersal plays a significant role in increasing diversity over time with pioneer
communities being dominated by species with flexible feeding strategies and high
dispersal abilities. In addition, glacier-fed rivers provide extreme environments for
studying food web dynamics characterized by low taxon richness, highly connected
individuals, and short mean food chain length as the dominant macroinvertebrates

98



Climate Change in Tropical Glacier Fed Rivers, Contrasting Global Responses and Future...
DOI: http://dx.doi.org/10.5772/intechopen.1005016

in these rivers exhibit omnivorous and detritivorous feeding strategies, aligning with
general food web scaling predictions [13].

A global study has demonstrated consistent responses of community trait compo-
sition and diversity to reduced glacier cover across different biogeographic regions;
using data from 363 records comprising over 1.23 million invertebrates collected from
rivers across nine biogeographic regions on three continents. The study focused on
the responses of community trait composition and diversity to replicated gradients
of reduced glacier cover. Finding that decreasing glacier cover is locally associated
with an increase in functional diversity primarily driven by dispersal limitation and
environmental filtering [17], although as Figure 11 depicts, overall glacier-influenced
highland hydrological ecosystem functional diversity is expected to decrease due to
the disappearance of intermediate disturbances, such as flood pulses and dramatic
thermal and conductivity fluctuations, among other associated variables. Researchers
show that glacier influence drives instream food source distribution, consequently
meddling with faunal distribution according to the necessities of each species func-
tional feeding group, sieving more generalist species toward harsher environments
caused by glarier influence (GI), and more specialist species where glacier-influenced
variables decrease their abrasive effects on particulate organic matter (POM) and
perifiton growth (Chl. a). Thus, retreat and eventual diminish of glaciers in the
tropical Andes will affect the trophic structure and ecosystem processes in high
Andean meltwater and other streams sharing the same system. Figure 12 shows us
how the usual global pattern repeats in the Ecuadorian Andes as macrofaunal abun-
dance decreases with increasing glacial influence; but in contrast, taxon richness
and the number of functional feeding groups followed a hump-shaped relationship
(Figure 12A). This interesting dynamic appears due to opportunistic and generalist
feeding modes, preferring areas with high glacial influence where physical abrasion
and microbial decomposition played a major role in detritus decomposition. However,
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Figure 11.

Cf;mniml correspondence analysis (CCA). Biplot on functional feeding groups, and with the environmental
variables (vectors) particulate ovganic matter (POM), chlorophyll a (Chl. A), and the glaciality index (GI)
plotted as correlations with site scoves (scaling type 1). B) Density, number of taxa, and number of FFGs of

benthic macroinvertebrates along the gradient of glaciality index (GI). Results of exponential (density) and
quadratic regressions (taxon richness and number of FFGs) are shown [11].
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Ecological taxa and function dynamics. A) Density, number of taxa, and number of FFGs of benthic
macroinvertebrates along the gradient of the glaciality index (GI). Results of exponential (density) and quadratic
regressions (taxon vichness and number of FFGs) are shown. B) Decomposition rates of Calamagrostis sp. in
coarse mesh bags (kCM, dashed line), fine mesh bags (kFM), and their difference (kCM — kFM) along the
glaciality influence index (GI). Results of the quadratic regressions are shown. [11].

at an intermediate glacier influence gradient, we have not only the most functional
feeding groups but also the highest litter decomposition rates (Figure 12B), support-
ing the notion of intermediate disturbance modulating biodiversity and suggesting
that glacier loss may partially replace physical abrasion with biological shredding [11].

Glacierized catchments in the tropical Andes exhibit high levels of environmental
heterogeneity leading to increased species turnover rates and regional diversity, and
higher glaciality is associated with an increase in small-sized taxa that are adapted to
harsh environmental conditions. The functional diversity decreases with stronger gla-
cier influence, while the assembly of communities in tropical glacierized catchments
is driven by both local and regional processes, with environmental filtering playing a
significant role [36]. As the aforementioned global study points out, while functional
trait analyses have been used to uncover these mechanisms, their application to inver-
tebrates is relatively underdeveloped compared to other groups of organisms [17].

The life traits of a multi-environmental riverine system are shaped by the unique
environmental conditions and ecological processes associated with these ecosystems
[5]. As we become more aware of the distinct functional properties of invertebrates
in glacier-fed streams and their relationships with declining glacier cover, climate
change, and glacier retreat, we are more aware of their influence on the multitrophic
effects of mountain rivers, which impose implications for aquatic communities [19].
The acquired knowledge highlights the distinct functionality of invertebrates in
glacier-fed streams and their relationships with declining glacier cover [5]. Therefore,
understanding the living features of organisms in multi-environmental systems, particu-
larly glacier-fed streams, is crucial for comprehending their adaptations, functional
strategies, and responses to environmental changes. By enhancing our knowledge of
these systems, we can better predict and mitigate the impacts of climate change and
glacier melt on river ecosystems and protect vulnerable species.
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2.5.1 Future impacts: melting and diminishing glaciers

The impacts of climate change on glacier-fed river systems have significant
implications highland’s ecosystem resilience especially on glacier-influenced eco-
systems. These impacts are noticeable in various aspects including water resources,
biodiversity, and ecosystem functioning; understanding these impacts and their
consequences is crucial for addressing the challenges and enhancing ecosystem
resilience [5, 11, 15, 19, 33, 36]. Alpine streams are known for their high species
and genetic diversity which is a result of habitat insularity and environmental het-
erogeneity, amd climate change is expected to impact biodiversity in alpine streams
across different levels from microorganisms to communities [38]. Ecosystem
functioning is also expected to be altered as glacier-fed systems are characterized
by distinct abiotic conditions and ecological processes [39]. These changes influ-
ence the growth of primary producers and the composition of aquatic communities
impacting the overall functioning of river ecosystems [13]. The altered environ-
mental conditions and loss of glaciers threaten ecosystem services provided by
these systems, such as water supply, hydrological regulation, and tourism [15, 40].
The Hindu Kush Himalaya Mountains are a vital source of water for a large popula-
tion in Asia. However, climate change is causing accelerated melting of snow and
glaciers in these mountains, posing a threat to water security for millions of people
[5]. The reduction in glacial meltwater contribution to river flow affects the avail-
ability of water resources for sectors such as agriculture, hydropower, and cities
[5, 19]. Similarly, important glaciers in the inner tropics, such as the “Conejeras”
Glacier in Colombia, are rapidly retreating due to warming temperatures causing
concern on local communities.

The longitudinal distribution of benthic macroinvertebrate assemblages in glacier-
fed streams is influenced by glacial run-off patterns [21]. Short-term variations in
glacial run-off reflected, and changes of temperature, conductivity, and turbidity can
result in comparable environmental conditions occurring at different distances along
the stream. These findings suggest that glacial retreat can lead to shifts in altitudinal
and longitudinal species ranges potentially impacting overall ecosystem function and
resilience [11, 21]. Permanent changes in run-off caused by glacial shrinkage may
result in multidirectional shifts in species ranges including a potential downward
shift. Specialist species adapted to glacial conditions may face increased vulnerability,
while generalist taxa may have opportunities to expand their ranges. These changes
have implications for the functioning and stability of glacier-fed ecosystems and their
ability to withstand future environmental challenges and the ecological resilience to
return to its former state [11]. Glacier-fed river systems support unique and special-
ized aquatic communities, although the rapid shrinking of glaciers due to climate
change poses a significant threat to freshwater biodiversity. The disappearance of
glaciers leads to a reduction in local and regional species diversity including endemic
species, as the loss of glacial meltwater impacts macroinvertebrate communities and
disrupts the ecological balance of river ecosystems [15]. Furthermore, the warming of
glacial streams alters the community structure of primary producers such as epilithic
algae with potential negative consequences for ecosystem functioning [38]. The
hydrological implications of glacier retreat are significant as glaciers serve as freshwa-
ter reservoirs. The melting flows increase, but in the long-term, a decrease in water
resources is expected as glaciers become smaller [7]. Changes in river runoff and
seasonality of flow are projected to increase in the future, further impacting water
supplies globally [15, 40].
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As mentioned before, the impacts of climate change on glacier-fed river systems
have far-reaching consequences on overall ecosystem resilience, and understanding
and addressing these impacts through global cooperation, adaptation measures, and
research is crucial for maintaining the future integrity and functionality of these
complex ecosystems [5, 15, 19, 33, 38, 39]. The cumulative effects of these impacts
on water resources, biodiversity, and ecosystem functioning will affect the ecosys-
tem’s resilience of glacier-fed and glacier-influenced river systems. To address these
challenges and enhance ecosystem resilience, several measures are suggested [5]. For
instance:

* Global emission reduction: mitigating climate change by reducing global
greenhouse gas emissions is crucial to slow down the rate of glacier melting and
preserve the integrity of these ecosystems.

* Regional cooperation: as collaboration among countries sharing the glacier-
influenced highland river systems is essential to develop coordinated adaptation
strategies and manage shared water resources effectively.

* Adaptation support: for underdeveloped countries, most of them located in
the tropics, increasing technical and financial support for adaptation efforts
is necessary to assist communities in coping with the changing conditions and
developing sustainable practices.

* Interdisciplinary science: robust and interdisciplinary scientific research is
needed to understand the complex interactions between climate change, glacier
retreat, and ecosystem responses.

This knowledge can inform policy decisions and guide effective management
strategies [5, 15, 19, 40].

Glacier shrinkage is a clear indication of global warming and climate change.
Mountain glaciers have been retreating worldwide during the twentieth century.
This shrinkage has significant implications for water resources due to changes in
river hydrology and morphology caused by glacier loss. Alterations are projected
to have the greatest impact compared to other hydrological systems. These changes
affect riverine and near-shore marine environments, biodiversity, and ecosystem
services provided by glacier-fed rivers including water supply for agriculture,
hydropower, and consumption [26], suggesting that glacial retreat can lead to
shifts in altitudinal and longitudinal species ranges, potentially affecting bio-
diversity and ecosystem resilience [21]. Permanent changes in runoff caused by
glacial shrinkage may result in multidirectional shifts in species ranges including
potential downward shift. Specialist species adapted to glacial conditions may face
increased vulnerability, while generalist taxa may have opportunities to expand
their ranges. These changes have implications for the functioning and stability of
glacier-fed ecosystems and their ability to withstand future environmental chal-
lenges, which also affects the water local and regional water supply. Thus, if this
species-functionality relationship disappears, water quality will be affected, with
repercussions on the human populations that are supplied by this vital resource;
yet a comprehensive framework for predicting biodiversity responses to glacier
retreat globally is still lacking.
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2.5.2 Future impacts: downstream implications

Water supply nowadays is already scarce at several populated regions of the globe.
Our demography keeps increasing worldwide, and we still lack strategies to handle
such a challenging problem [41-49]. Several glaciers, such as Ecuador’s Cotacachi,
have already disappeared, providing an early glimpse of upcoming consequences,
revealed by Vergara 2007. The area around Cotacachi is experiencing declines in
agriculture, tourism, loss of biodiversity, waterless streams, and a decrease in water
levels, which already have led to more water conflicts. These are expected to worsen
and more are expected over time [50]. A systematic review of conducted research
on human impacts of glacier meltwater variability in mountain ranges worldwide
identified the main areas of existing research that could more accurately detect and
attribute glacier runoff and human impacts, grapple with complex and intersecting
spatial and temporal scales, and implement transdisciplinary research approaches
to study glacier runoff to redefine the glacier-water problem around human societ-
ies rather than simply around ice and climate, by systematically evaluating human
impacts in different mountain regions [46]. This perspective has been gradually
used by several scientists over the last decades with positive results, increasing
our understanding on how regional and local freshwater hydrological ecosystems
will be affected by climate change and its repercussion over our future society.
Fortunately, as indicated previously in this section, we are already aware of the
matter, and nowadays, there are several initiatives on gathering information and in
some cases designing strategies to keep water resource’s quantity and quality. Asa
local example, the municipality of Quito (Ecuador) adopted Quito’s Climate Change
Strategy (QCCS) in 2009, on which, in coordination with key stakeholders, including
the academia, the municipality is currently implementing a series of adaptation and
mitigation measures in key sectors in response to current and projected impacts [51].
Such as this, several efforts are globally taking place on gathering knowledge about
ecological and social responses implications of glacier shrinking and eventual disap-
pearance of tropical glaciers [45-48, 52-55].

Glacier contributions to river discharge are not well known on a regional or
global basis, nor are the populations at risk to future glacier changes. When estimat-
ing the upper bounds on the fraction of river discharge attributable to glacier, glob-
ally 370 (140) million people live in river basins where glacier sources contribute
at least 10% (25%) of river discharge on a seasonal basis. Most of this population
is in the High Asia region [56]. In the Indo-Gangetic Plains, snow and glacier melt
modulates the seasonal pattern of river flows together with groundwater. Necessity
varies strongly in space and time and is highest in the Indus basin, where in the
pre-monsoon season, up to 60% of the total irrigation withdrawals originate from
mountain snow and glacier melt; although dependence in the floodplains of the
Ganges is comparatively lower, meltwater is still essential to provide enough water
to sustain 38 million people during the dry season, and climate change is expected
to weaken this modulating effect [57]. Similar results were found in Pakistan at the
Burgay watershed, where glaciers/snow water dependence was evaluated, revealing
that during winter, flow discharge was relatively low, while during summer, major
flow was generated by snow/glacier melt due to the increase of glacier melt along
with rising air temperature; snow/glacier melt was found to be the major contribu-
tor (79%) during the summer months, while spring water contribution was 21%.
However, in winter months, only spring water is available for drinking and domestic
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use and hardly any was available to meet irrigation needs; thus, agrarian economy
of the Burgay watershed is highly dependent on glacier/snow, and farmers face
severe water shortage during winter [58]. In contrast, the application of coupled
modeling with regional climate models for the central Himalayan Lhasa River basin
was obtained. Although glaciers have retreated and will continue to retreat, water
availability is and will be primarily determined by monsoon precipitation and
snowmelt; ice melt from glaciers is and will be a minor runoff component in sum-
mer monsoon-dominated Himalayan river basins [52]. The lesser sustainability of
glaciers in the Himalayas apparently will be compensated by monsoon and change
in rainfall pattern as long as water can be stored or accumulated in the quantities
needed to overcome the dry season [59]. In the Himalayas, different responses to
water scarcity are needed as it depends on local conditions and should include the
construction of new irrigation channels, installation of pipes construct water stor-
ages, lifting of ground water or river, and even building of artificial ice reservoirs to
meet irrigation requirements [55].

On the other hand, almost all of the world’s glaciers in the tropical latitudes are
located in the Central Andes (Peru, Bolivia, Ecuador, and Colombia). Due to their
high altitude, to the high level of radiation, and to the tropical climate dynamics, they
all are particularly threatened by climate change, as a result of not only warming but
also of changing variability of precipitation. Many glaciers are of crucial importance
for the livelihood of the local populations and even for three capitals, Lima (Peru),
La Paz (Bolivia), and Quito (Ecuador), which depend on them for water and energy
supplies [60]. This accelerated melting of glaciers is expected to have a negative effect
on the water resources of mountain regions and their adjacent lowlands, with tropi-
cal mountain regions being among the most vulnerable. In order to quantify those
impacts, it is necessary to understand the changing dynamics of glacial melting, but
also to map how glacial meltwater contributes to current and future water use which
often occurs at considerable distance downstream of the glacier. While the dynam-
ics of tropical glacial melt are increasingly well understood and documented, major
uncertainty remains on how the contribution of tropical glacial meltwater propagates
through the hydrological system and hence how it contributes to various types of
human water use in downstream regions [45, 61]. In the tropical Andes, the trend has
been quite negative over the past 50 years with a mean mass balance deficit for gla-
ciers that is slightly more negative than the one computed on a global scale. Monthly
mass balance measurements performed in Bolivia, Ecuador, and Colombia show that
variability of the surface temperature of the Pacific Ocean is the main factor govern-
ing variability of the mass balance at the decadal timescale, while precipitation did
not display a significant trend in the tropical Andes and consequently cannot explain
the glacier recession [53]. Evidencing that tropical glacier melt is mainly driven not by
local, regional and global climatic dynamics will affect local hydric systems. Research
at the Ecuadorian Andes shows how glacier cover contributes to downstream catch-
ment. As the diurnal variation power of glacier-fed streams decreased downstream
with the addition of non-glacial tributaries, the diurnal variation power and the
percentage of the glacier cover in the catchment were significantly positively cor-
related [62].

Corresponding to the experiences from Asia [52, 55, 57-59], at the tropical Andes
regional mapping of water demand in downstream regions of the major tropi-
cal glaciers combined with regional water balance model aiming to determine the
dominant spatiotemporal patterns of the contribution of glacial meltwater to human
water use, results showed that the number of users relying continuously on water
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resources with a high long-term average contribution from glacial melt is low, but this
reliance increases sharply during drought conditions; a large proportion of domestic
and agricultural users are located in rural regions where climate adaptation capac-

ity tends to be low [61]. Likewise, the supply of glacier water to La Paz city, Bolivia,
between 1963 and 2006 was assessed at annual and seasonal timescales based on the
mass-balance quantification of 70 glaciers located within the drainage basins of La
Paz. Glaciers contributed 15% of water resources to the city at an annual scale (14%
in the wet season, 27% in the dry season) [54]. In contrast to the experience in Burgay
[58], this research found that despite the loss of 50% of the glacierized area during
the study period runoff at La Paz did not change significantly, showing that increase
in ice melt rates compensated for reduction in the surface area of the glaciers; in the
future, assuming complete disappearance of the glaciers and no change in precipita-
tion, runoff should diminish by 12% at an annual scale, 9% during the wet season,
and 24% during the dry season [54]. Is important to note that this calculation do not
involve precipitation changes which are also very likely to occur in the future, and
the notion that glacier melt occurs daily over the year in the tropics, without a winter
season as in Burgay.

Therefore, the general perception is to investigate more complex regional and local
environmental patterns, including spatiotemporal shifts in downstream watershed
dynamics, for the purpose of developing adaptation strategies that should also focus
on increasing the natural and artificial water storage and regulation capacity to bridge
local dry periods [57, 61, 62]. Thus, based on the experience of present studies and
from a technical point of view, we still bear uncertainties to be understood. We are as
well brightening the path to more and more complex questions about our future and
how to adapt to climate change as a society. Climate change effects on glacier-influ-
enced water resources for both temperate and tropical systems represents an intricate
issue that needs to be assessed both regionally and locally, as highlighted by most of
the research presented in this section. Accordingly with any science, the acquired
knowledge generates at the same time more questions and uncertainties in front of
us, bringing to notice our lack of understanding as well as our efforts to comprehend
climate change implications, as worldwide academy continues to match this complex

challenge.
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