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Abstract Mountain glaciers are among the natural systems most vulnerable to climate change. However,
their interactions with the atmosphere are complex and not fully understood. These interactions can trigger rapid
adjustments and climate feedbacks that either amplify or attenuate atmospheric signals, influencing both glacier
response and large-scale atmospheric circulation. Observing this functional coupling in nature is challenging
because the key processes occur over a wide range of spatial and temporal scales. However, recent advances in
observational techniques and modeling have provided new insights into these interactions. In this review, we
summarize the current state of knowledge on glacier-atmosphere interactions in high-mountain regions at
different scales, and highlight recent advances in observational and numerical modeling. We also highlight
important knowledge gaps and outline future research directions to improve the prediction of glacier change in a
warming world.

Plain Language Summary Glaciers in high-mountain regions are shrinking due to climate
change, but the way they interact with the atmosphere is complex and not yet fully understood. These
interactions not only affect how quickly glaciers shrink or grow, but also influence local weather and global
climate patterns. Changes in glaciers can trigger feedback loops—where changing glacier geometry affects
wind, temperature, humidity, clouds, and snowfall patterns, which in turn affect glacier changes. Studying
these processes is challenging because they occur at many different scales, from small wind patterns near
the glacier surface to large-scale weather systems. However, recent technological advances, such as novel
observational methods, climate modeling and high-resolution weather simulations, have improved our
ability to track these changes. This review summarizes what we currently know about the interaction
between glaciers and the atmosphere, the key processes that influence glacier ice loss, and the latest
scientific advances in the field. It also identifies gaps in our understanding and outlines future research
priorities to improve predictions of how glaciers will respond to a warming climate. This knowledge is
crucial for managing water resources, assessing natural hazards and understanding the wider impacts of
climate change.

1. Introduction

Mountain glaciers are among the most visible indicators of a warming climate. Their retreat, driven primarily by
rising temperatures, alters alpine hydrology, contributes to global sea-level rise, and affects downstream water
security and ecosystem stability. In many regions, ongoing ice loss is projected to continue unabated, with some
currently glaciated mountain ranges expected to become ice-free by the end of the century (Hugonnet et al., 2021;
Rounce et al., 2023; Zekollari et al., 2024; Zemp et al., 2019). These changes have far-reaching implications for
ecosystem services, natural hazards, agriculture with socio-economic consequences for mountain communities
(Brighenti et al., 2019; Furian & Sauter, 2025; Furian et al., 2021; Hotaling et al., 2017; Liitzow et al., 2023; Marr
et al., 2022; Rasul & Molden, 2019).
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Figure 1. Systematic overview of spatial and temporal scales of motions and processes relevant in glacier-atmosphere
systems. The orange dashed line shows the Richardson line—which relates the atmospheric mixing efficiency (K) to the
characteristic length scale of the atmospheric phenomena.

While the consequences of glacier retreat for water availability and landscape transformation are well docu-
mented, a less widely explored dimension involves how glacier loss modifies the atmospheric conditions in high-
mountain regions. As glaciers shrink, they can trigger or alter feedback processes that affect near-surface
meteorology, local weather patterns, and regional climate signals. In turn, these atmospheric changes may
reinforce or mitigate further ice loss. Understanding these two-way interactions is critical for improving pro-
jections of glacier evolution, interpreting microclimate trends in high mountains, and refining how mountain
systems are represented in climate models.

Glaciers and the overlying atmosphere form a tightly coupled environmental system, governed by the continuous
exchange of energy, mass, and momentum. This system is characterized by strong spatial and temporal variability
and by feedback mechanisms that are sensitive to topography, surface conditions, and large-scale weather forcing.
One of the primary challenge in studying this system is its multiscale nature: processes range from large-scale
synoptic dynamics to micrometeorological turbulence occurring on centimeter scales (Figure 1).

At large scales, atmospheric circulation patterns, such as cyclones and frontal systems, determine the broader
environmental context in which mountain glaciers exist. At the glacier scale, however, energy and mass exchange
are dominated by micro-meteorological processes, including radiative fluxes and turbulent transport within the
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Figure 2. Schematic illustration of potential flow interactions over a mountain glacier, including katabatic flow (blue),
advection (orange), slope and valley winds (red), and synoptic influences. Adapted from Shaw, 2017.

atmospheric boundary layer. These local exchanges are strongly influenced by the glacier's surface properties,
such as albedo, roughness, and snow cover which respond dynamically to changing energy inputs.

Radiative and turbulent heat fluxes shape the temperature distribution above the Earth's surface, driving buoyancy
gradients that trigger thermally induced circulations. These include katabatic flows, slope and valley winds, and
localized convective cells (D. S. Munro, 1989; Oerlemans & Grisogono, 2002; Sicart et al., 2014; van den
Broeke, 1997a, 1997b; Figure 2). Such flows are often superimposed by topographically forced wind systems and
by dynamically driven features such as mountain waves (e.g., Goger et al., 2025; Haualand et al., 2025), as well as
the passage of synoptic disturbances (Smeets et al., 2000; Stenning et al., 1981).

These interactions cascade across scales, linking fine-scale turbulence to large-scale climate patterns. Atmo-
spheric motions influence one another across temporal and spatial scales, creating a multilayered system where
small atmospheric perturbations can propagate and amplify. This coupling links glacier microclimates to
mesoscale and synoptic-scale phenomena. Hence, mountain glaciers are never completely isolated from their
environment, and we should think of them as “atmosphere-glacier systems” instead of single, “isolated” glacier
tongues. Because of this cross-scale complexity, theoretical understanding of individual processes must be
interpreted with care. Observational findings and model insights from one glacier, region, or time period may not
transfer directly to others. Yet, despite this limitation, there remains value in isolating and analyzing specific
processes, provided this is done with attention to their context within a coupled, dynamic system.

This review synthesizes current knowledge on atmosphere-glacier interactions in high-mountain regions, with a
focus on exchange processes, the multiscale coupling between large-scale atmospheric flow and local micro-
climates, and recent advances and ongoing challenges in observations and modeling. High-mountain regions, as
defined in this review, include all mountainous areas where glaciers, seasonal or perennial snow, or permafrost are
defining landscape features. This definition is intentionally qualitative and does not rely on strict altitudinal or
geographical thresholds. It explicitly excludes ice caps, continental ice sheets, and glaciers connected to or ter-
minating in ice shelves, as the dynamics and feedbacks of these larger glaciated systems are reviewed elsewhere
(e.g., Fyke et al., 2018).
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Section 2 provides a brief historical perspective on the development of glacier-atmosphere research. Section 3
explores micro-meteorological processes, glacier wind systems, and the role of surface snow in modulating local
climate. Section 4 examines how topography and large-scale atmospheric flow influence local atmospheric
structure. Sections 5 and 6 review key advances and challenges in observational techniques and modeling stra-
tegies, and outline future directions for integrating cross-scale dynamics into glacier and climate models. Finally,
Section 7 synthesizes current understanding of glacier-atmosphere interactions and feedbacks in high-mountain
environments and presents key scientific questions for future research.

2. Historical Context

A first concept about glacier-atmosphere interaction, that glacier melt is proportional to air temperatures above
freezing point, was formulated by Finsterwalder and Schunck (1887) and stimulated the development of empirical
and process-orientated modeling of glacier melt summarized by Hock (2005). Theories of slope flows and valley
winds emerged in the late 19th century (e.g., Hann, 1879) and the numerous related studies have been presented
comprehensive reviews of mountain wind systems (Zardi & Whiteman, 2013) or boundary-layer flow over
complex topography (Finnigan et al., 2020). Experimental campaigns as proof of concepts or studies of processes
remained scarce, especially in challenging terrain where mountain glaciers are found.

To our knowledge, the first measurements of horizontal and vertical wind velocities above a mountain glacier
were accomplished on Hintereis- and Gepatschferner (Austria) in July 1933 (Ekhart, 1935) and on Pasterze
Glacier (Austria) in July 1934 (Schwabl & Tollner, 1938). These early studies established the vertical wind speed
structure and daily cycles of glacier katabatic winds, finding their strength and structure to be connected to
synoptic conditions with a katabatic wind maximum at about 2 m above the glacier surface. However, a clear
distinction of the katabatic layer and the gradient wind above was hampered due to limited sensing technology.
From observations on a snow field in Svalbard and theoretical considerations, Sverdrup (1936) deduced that
turbulence is the most important process of the near-surface temperature distribution and that it scales to the
surface roughness.

The first slope wind model was formulated by Prandtl (1942), which assumes that under a steady state, wind
profiles are solely determined by the surface temperature deficit, slope angle and surface friction. Defant (1949)
optimized the model for katabatic flow over glaciers. Applied to observations from 45 days of measurements on
different mountain glaciers in the Alps between 1950 and 1953, a katabatic layer thickness of a few tens of meters
above typical Alpine mountain glaciers was derived, with an observed wind maximum typically below 2.5 m
(Hoinkes, 1954). Hoinkes (1954) further concluded that the heat transferred from turbulent mixing from air to ice
is directly proportional to the vertical temperature gradient.

Later studies concentrated on the temperature profile within katabatic drainage flow and the associated turbulent
heat fluxes (Businger & Ramana Rao, 1965), and examined the relationship between wind speed and temperature
gradients within the katabatic layer above glaciers, applying either the Prandtl model (S. Martin, 1975) or a log-
linear approach that demonstrated the applicability of the Obukhov length for stability corrections (D. Munro &
Davies, 1977, 1978). Stenning et al. (1981) in their study about synoptic controls on the katabatic layer above
Peyto Glacier (Canada) showed that anticyclonic conditions favor the development of a strong katabatic layer
inversion but have little impact on katabatic wind velocity and inversion strength. Subsequent model de-
velopments have refined the approach of Prandtl (e.g., Grisogono, 2003; Grisogono & Oerlemans, 2001; Stiperski
et al., 2007; Zammett & Fowler, 2007) and, in applications to mountain glaciers, have focused on including the
effects of the glacier wind in spatially distributed temperature and ablation derivations over glacier surfaces (e.g.,
Ayala et al., 2015; Greuell & Bohm, 1998; Petersen & Pellicciotti, 2011; Shea & Moore, 2010).

A fundamental step forward in observing and understanding the boundary layer of Alpine valley glaciers was
achieved with the Pasterze experiment (PASTEX) in summer 1994, where a series of weather stations and
tethered balloon soundings were used to record three dimensional wind speeds at different heights above the
glacier surface. This experiment highlighted that representing the katabatic winds and the turbulent fluxes within
the glacier boundary layer is crucial to correctly determine the surface energy balance, resultant melt energy, and
temperature sensitivity of ice ablation (Greuell et al., 1997; Greuell & Bohm, 1998; Greuell & Smeets, 2001;
Smeets et al., 1998, 2000; van den Broeke, 1997b). This campaign was groundbreaking for modern observational
glacier-atmosphere campaigns, which we discuss in Section 5.
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3. Mountain-Glacier Microclimates
3.1. Surface Energy Exchange Processes

Understanding the energy exchange with the atmosphere and the associated phase changes at the glacier surface
(and within the subsurface) requires examining the surface energy fluxes: shortwave (solar) and longwave
(thermal radiation) fluxes, turbulent sensible and latent heat fluxes across the glacier surface boundary, advected
heat flux from precipitation, and heat flux into the glacier sub-surface. These fluxes influence atmospheric
conditions directly above the glacier surface (see Section 3.2) and play a critical role in glacier mass balance
through melting, refreezing, and sublimation processes. The relative importance of each flux can vary with the
climatic setting of the glacier and with changing seasonal and weather conditions.

In many mountain glacier environments, solar radiation is the primary driver of surface melting (e.g., Oerle-
mans, 2001; Sauter & Obleitner, 2015), with albedo (the fraction of incoming radiation i.e. reflected) ranging
from 0.9 for fresh snow to 0.2 for debris-covered ice, significantly affecting the amount of energy absorbed by the
surface. Snow and ice properties (e.g., crystal size and surface impurities), along with incident radiation char-
acteristics, determine albedo variability (e.g., Warren & Wiscombe, 1980; Wiscombe & Warren, 1980), creating
feedbacks with snow metamorphism and glacier mass balance (Lehning et al., 2002; Vionnet et al., 2012).
Longwave radiation generally results in net energy loss due to low atmospheric emissivity. This is particularly
pronounced in high-altitude dry regions with clear-sky conditions, while cloud cover in more humid environ-
ments or seasons enhances downwelling longwave radiation. Cloud cover has been found to increase melt fre-
quency and the proportion of melt energy coming from temperature-dependent fluxes, but can either increase or
decrease total melt energy depending on the climatic context (Conway et al., 2022).

Turbulent heat fluxes regulate energy exchange between the glacier and the atmosphere (see also Section 3.3).
The sensible heat flux typically enhances melting in mid-latitude mountains (e.g., Litt et al., 2017) since the
overlying air is often warmer than the glaciated surfaces, which have a maximum temperature of 0°C. However,
in the cold, dry atmosphere of high elevations or latitudes, sensible heat fluxes can tend toward zero or transport
heat upwards (Arndt & Schneider, 2023; Cullen et al., 2007; Litt, Sicart, Helgason, et al., 2015; van As
et al., 2005). The latent heat flux contributes to, or suppresses, melting, depending on atmospheric moisture
conditions (Gillett & Cullen, 2011; Khadka et al., 2024; Litt, Sicart, Helgason, et al., 2015). Horizontal heat
transport can play a crucial role, particularly at glacier margins, where horizontal temperature gradients drive
dynamic heat exchange (Haugeneder et al., 2023; Haugeneder, Lehning, Stiperski, et al., 2024; Mott et al., 2020),
ultimately increasing energy available for surface melt (Essery et al., 2006; Harder et al., 2017; Mott et al., 2011;
Schlogl, Lehning, Fierz, & Mott, 2018; Schlogl, Lehning, & Mott, 2018; see Section 4.2). These complex pro-
cesses challenge numerical models, which struggle to resolve interactions across multiple spatial scales (Goger
et al., 2022; Haugeneder, Lehning, Hames, et al., 2024; Van der Valk et al., 2022).

The interaction between horizontal heat advection and vertical turbulent fluxes is complex and challenging to
model, with additional uncertainties arising from the parameterization of turbulent fluxes. The commonly used
Monin-Obukhov similarity theory (e.g., Kaimal & Finnigan, 1994; Monin & Obukhov, 1954) provides a
framework for estimating these fluxes from more readily available gradients, but relies on assumptions of con-
stancy of fluxes with height, homogeneity and steady-state conditions, which are often unrealistic in glacierized
environments (e.g., Grisogono et al., 2007; Lord-May & Radi¢, 2024). Variations in surface roughness (e.g.,
Brock etal., 2010; van Tiggelen et al., 2023), slope angles, and presence of katabatic winds (e.g., Mott et al., 2020;
Sauter & Galos, 2016) introduce spatial heterogeneity, further complicating energy balance estimations (Jiskoot
& Mueller, 2012). For example, in many cases, a constant ratio between the roughness lengths for heat and
moisture is assumed, even though it is often poorly constrained (Andreas, 2002; Calanca, 2001). Despite its
limitations, Monin-Obukhov similarity theory remains central to parameterizing heat and momentum exchange in
Numerical Weather Prediction (NWP) models, though its accuracy declines under strongly stable stratification,
such as strong temperature inversions over ice (Andreas, 2002; Forrer & Rotach, 1997; Grachev et al., 2005;
Grisogono et al., 2007; King, 1990; Litt, Sicart, & Helgason, 2015; Radi¢ et al., 2017; Sauter et al., 2020; Schlog]
et al., 2017; Sicart et al., 2014; Sorbjan, 2010; Stiperski et al., 2020).

The energy absorbed at the surface through all these fluxes influences heat conduction within snow and ice (e.g.,
Sturm et al., 1997). Snow, being a poor conductor of heat due to its high air content, insulates underlying ice from
rapid cooling in winter but facilitates warming in spring when meltwater percolates and refreezes, releasing latent
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Figure 3. Schematic overview of relevant processes in glacier wind systems. Panel (a) shows the wind systems and main
functions and processes of the near-surface air layer in mountain glaciers with long glacier tongues during a day in summer.
The size of the symbols indicates the intensity of warm (orange)/cold (blue) winds and sensible heat fluxes (wavy arrows).
Panel (b) indicates the consequences and changes for the function of glacier boundary layer, sensible heat fluxes and wind
systems for smaller and steeper mountain glaciers.

heat. This asymmetry in heat transfer contributes to seasonal variations in glacier thermal regimes (e.g., Gilbert
et al., 2012) and related glacier behavior.

3.2. The Glacier Wind System

Glaciers communicate with the free atmosphere via the glacier boundary layer, a thin, often stably stratified layer
of air above the surface, that is, generally cooler than the surrounding air due to cooling by radiation and turbulent
heat flow divergence (see Section 3.1). These flux divergences contribute to the melting of the glacier surface and
generate a buoyancy force with a downslope gravitational component that drives the jet-like glacier wind system,
often observed even on small valley glaciers (see Figure 3). A well-developed glacier wind system attenuates
energy and mass exchange between the near-surface air layer and the overlying atmosphere, acting as a buffer that
protects the ice surface from large-scale and mesoscale external atmospheric disturbances (e.g., Acevedo
et al., 2016; Smeets et al., 1998, 2000; van den Broeke, 1997a, 1997b; see also Sections 3.3 and 4.2).

In the absence of significant ambient flow, the glacier wind is typically a balance between negative buoyancy,
surface turbulent friction, mesoscale pressure gradient, and the entrainment of potentially warmer air from above,
driving the valley wind above the surface layer (van den Broeke, 1997a, 1997b). The strength and depth of the
glacier wind depend on factors such as glacier slope angle, the ambient flow stability, surface inhomogeneity, and
background flow conditions (e.g., Charrondiere, Brun, Cohard, et al., 2022; Charrondiere, Brun, Hopfinger,
et al., 2022; Charrondiere et al., 2020; see Figure 3). As air parcels entrained in the katabatic flow descend, they
will heat adiabatically. This heating is balanced by cooling of the air as it exchanges energy with the ice surface
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via sensible heat fluxes. On steep slopes, an air parcel's traveled distance along the surface is more comparable to
its vertical descent, leading to greater adiabatic heating per unit of distance and, consequently, less net cooling.
Over shallow slopes, more cooling of the parcel through sensible heat fluxes at the surface occurs for the same
vertical drop, resulting in greater net cooling than over steeper slopes (Farina & Zardi, 2023; Zardi & White-
man, 2013). Shearing between the katabatic jet and the air aloft also serves to entrain more mass into the flow,
increasing the thickness of the jet (Renfrew & Anderson, 2006). The direction and strength of the flow aloft
(Savage et al., 2008) and the stability of the layer embedding the jet (Stiperski et al., 2020) also modulate the
thickness of the katabatic flow. Thus, on uniform slopes, observations and model approaches show that the glacier
wind system tends to increase in depth and strength with decreasing slope angle (e.g., Axelsen & Van Dop, 2009;
Oerlemans & Grisogono, 2002; Skyllingstad, 2003; van den Broeke, 1997a; Whiteman & Zhong, 2008; Zhong &
Whiteman, 2008). Heterogeneity of the glacier surface, including changes in the slope angle, however, plays an
important role in determining the flow evolution down the glacier (Brun, 2017; Shapiro & Fedorovich, 2007
C. M. Smith & Skyllingstad, 2005). Since valley glaciers often become steeper as they retreat, the glacier wind
weakens and becomes shallower (Figure 3), increasing its sensitivity to background or ambient flow perturbations
(e.g., Barr & Orgill, 1989; Doran, 1991; Fitzjarrald, 1984). Simultaneously, glacier shrinkage exposes an
increasing proportion of the surrounding non-glaciated terrain and enhances outgoing longwave radiation over
these areas, which strengthens valley winds and makes glaciers more vulnerable to changing atmospheric con-
ditions (e.g., Prinz et al., 2016; Shaw et al., 2025).

3.3. Turbulence and Intermittency

Turbulence is the dominant feature of atmospheric boundary layers. These turbulent motions play a crucial role in
coupling the Earth's surface to the overlying atmosphere (see Section 3.1), since they effectively transport mo-
mentum, heat, and other properties, such as moisture, between the surface and mix them throughout the atmo-
spheric boundary layer. In turn, turbulent mixing has a strong feedback onto the mean flow that generates it,
controlling its strength and structure (e.g., Huang & Bou-Zeid, 2013; Lehner & Rotach, 2018; Litt, Sicart,
Helgason, et al., 2015; Mahrt, 1998, 2009, 2010, 2011; Serafin et al., 2018, 2020; J. Sun et al., 2012, 2015;
Vercauteren et al., 2019; see Section 3.2).

Over the surface of alpine valley glaciers, the atmospheric boundary layer exhibits a more complex vertical
structure than found over flat terrain. Adjacent to the glacier surface it is possible to define the glacier boundary
layer, dominated by the katabatic wind and its dynamics and directly influenced by the glacier surface. This layer,
however, is embedded within the valley boundary layer, which is itself part of the larger mountain boundary layer
(Lehner & Rotach, 2018). The valley and mountain boundary layers are shaped by complex interactions between
topography, thermally driven flows (e.g., slope, valley, and mountain-plain circulations), and dynamically driven
flows (e.g., foehn winds and gravity waves). These in turn interact with the glacier boundary layer on short
timescales forming the glacier microclimate (see Section 4).

Turbulence in the glacier boundary layer is strongly dominated by the sloping nature of the glacier surfaces and
the glacier surface temperature capped at the melting point of ice. This creates stable thermal layering of the near-
glacier atmosphere in summer, as the glacier surface is colder than the overlying air, and persistent katabatic flows
can form. Only a limited number of studies have looked into the turbulence in glacier katabatic flows (Litt, Sicart,
Helgason, et al., 2015; Smeets et al., 1998, 2000; Van der Avoird & Duynkerke, 1999) due to observational
challenges (see Section 5), and much of what is known about katabatic turbulence comes from non-glaciated
environments (Farina & Zardi, 2023). However, these findings can often be applied to glacier boundary layers
due to the similarities in flow dynamics.

Unlike over flat terrain, where strong thermal stratification effectively inhibits turbulence, causing it to be weak
and discontinuous (Mahrt, 1999; Van de Wiel et al., 2003), glacier boundary layers are characterized by shallow,
fully developed katabatic flows (see Section 3.2) that continuously generate turbulence kinetic energy (TKE,
representing the energy contained in turbulent motions) through vertical wind shear (see Figure 4) even under
extreme stratification, effectively transporting heat and momentum toward the glacier surface. In conditions of
well developed katabatic flows, therefore, the viscous dissipation is the dominant turbulence suppression term,
while buoyancy suppression by stable layering of the atmosphere plays a secondary role (Denby & Greuell, 2000;
Duynkerke & van den Broeke, 1994; Mahrt, 1982, 2014; Shapiro & Fedorovich, 2014). As a result, the turbulent
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Figure 4. Processes and interactions between the glacier boundary layer, surface, and free atmosphere. Panel (a) shows the
undisturbed glacier wind system. Strong wind shear above the low-level jet can trigger intermittent burst events (entrainment
zone), coupling the katabatic wind system with the free atmosphere. Panel (b) depicts how large-scale atmospheric flows or
topographically induced winds can disrupt and weaken the katabatic wind system. Panel (c) demonstrates how pressure
perturbations, such as those caused by mountain waves, modify the pressure gradient force (PGF) at the surface, leading to
either acceleration or deceleration of the katabatic wind system.

heat transfer toward the glacier surface occurs at a higher rate than over flat terrain under the same thermal
stratification.

Another key feature in which the turbulent structure of katabatic flows differs significantly from that of stable
boundary layers over flat terrain (Forrer & Rotach, 1997; Stiperski et al., 2020) is the existence of the katabatic jet
maximum, typically located a few meters to tens of meters above the glacier surface (e.g., Hoinkes, 1954; van den
Broeke, 1997a; Mott et al., 2020). At this height, vertical wind shear is zero, and a region of negative shear
production of turbulence is observed (Charrondiere, Brun, Cohard, et al., 2022). This means that the jet maximum
can act as a “barrier,” separating near-surface turbulence, that is, the driver of glacier melt, from the turbulence
above, which is less influenced by the glacier surface, but more by processes in the larger valley and mountain
boundary layers. Below the jet maximum, vertical turbulent fluxes of heat, mass, and momentum are typically
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large, and directed downwards, so that both heat, momentum, and moisture are transported toward the glacier
surface. In addition, the magnitude of the sensible heat flux decreases with height, causing the air layer between
the glacier surface and the katabatic jet maximum to cool at the expense of glacier melt. Above the katabatic jet
maximum, turbulence is strongly influenced by interactions with the valley and mountain boundary layers, which
also include intrusions of warmer air into the glacier boundary layer (Monti et al., 2002, see Figures 3 and 4). In
addition, buoyancy can sometimes act as a source of turbulence at those heights (Charrondiere et al., 2020;
Oldroyd et al., 2016), a process not observed over flat terrain when stable stratification is present. Still, the vertical
sensible heat flux above the katabatic jet maximum remains non-zero and is directed downward, transporting the
heat toward the cold glacier surface. On the other hand, close to the jet maximum, the horizontal heat flux and
horizontal momentum flux change their sign, which can be used to detect the location of the katabatic jet
maximum (Finnigan et al., 2020; Grachev et al., 2016).

The height of the katabatic jet maximum therefore imposes a unique constraint on turbulence dynamics that is not
observed over flat terrain. An open question remains whether turbulent interactions can facilitate the transfer of
energy and momentum across the jet maximum, where turbulence production is near zero or negative. Limited
research suggests that such mixing does occur, as turbulent transport maintains non-zero TKE at the jet maximum
(Finnigan et al., 2020). This mixing is important for entraining warmer air from above the katabatic layer into the
glacier boundary layer, which can influence the overall turbulence structure of glacier flows. Results of non-
glacier gravity currents (e.g., Salinas et al., 2021) suggest that the steepness of the glacier surface and the
Froude number of the flow play a key role in determining turbulence structure near the jet maximum, and
therefore also how the glacier surface communicates with the boundary layer through turbulent exchange. Still,
the full vertical turbulence structure at and above the katabatic jet maximum remains poorly understood. This is
largely due to the lack of consistent spatially resolving turbulence observations both very close to the surface,
around the katabatic jet maximum, and at higher altitudes (see Section 5.1), and the complex interactions with
larger-scale flows that require profiling techniques.

Despite their persistence over glacier surfaces, katabatic flows are neither isolated from their environment nor
steady, and their turbulence structure often exhibits oscillations. These oscillations, observed as low-frequency
peaks in turbulence spectra, are not found in stable boundary layers over flat terrain (Litt, Sicart, Helgason,
et al., 2015; Smeets et al., 2000; Stone & Hoard, 1989; see Section 4.2). While some oscillations arise from the
internal structure of the flow (Doran & Horst, 1981; Fedorovich & Shapiro, 2017; Henao-Garcia et al., 2023;
Princevac et al., 2008), others are influenced by external factors such as gravity waves (Doran, 1991; Fedorovich
& Shapiro, 2009; Monti et al., 2002, 2014; Poulos et al., 2000, 2007; Stone & Hoard, 1989), or other sub-
mesoscale motions (Gucci et al., 2023; Lord-May & Radi¢, 2024; Vercauteren et al., 2016), whose origins
remain unclear. Thus, whether the jet profile of the katabatic flow isolates the near-surface flow from these
external influences (Soderberg & Parmhed, 2006) or not (Monti et al., 2014) remains an open question (see
Section 4.2).

3.4. Debris-Covered Glaciers

Around 7% of mountain glacier ice on Earth is covered by rocky debris (Herreid & Pellicciotti, 2020) and this
proportion is increasing as glaciers shrink due to climatic warming (Scherler et al., 2018; Tielidze et al., 2020; Xie
et al., 2020). Extensive debris cover, normally concentrated on the lower part of a glacier's ablation zone, strongly
alters momentum, energy, and moisture exchanges compared with debris-free glacier surfaces (see Section 3.1),
leading to contrasting wind, temperature, and humidity regimes in the surface layer (Brock et al., 2007; Brock
et al., 2010; Fugger et al., 2022; Miles et al., 2022; Nicholson & Stiperski, 2020; Potter et al., 2021; J. F. Steiner
etal., 2021; Verhaegen et al., 2024; J. Yao et al., 2014; Yang et al., 2017). Daytime heating of exposed low-albedo
rock debris leads to the development of an unstably stratified surface atmospheric layer in which the katabatic
wind is quickly broken down by buoyant convection and replaced by prevailing valley winds (Brock et al., 2010;
Nicholson & Stiperski, 2020; Shaw et al., 2016; J. F. Steiner et al., 2018). At night, in the absence of solar ra-
diation, the surface layer usually reverts to stable stratification, with a neutral atmosphere present only briefly
during the day-night transition, or periods of strong synoptically forced airflow (Brock et al., 2010; Nicholson &
Stiperski, 2020; Nicholson et al., 2025). Compared to bare glacier ice, air temperature is typically higher over
debris, reducing with distance from the glacier terminus due to up-glacier thinning of the debris layer and
concomitant decreases in surface temperature and heat input to the atmospheric surface layer (Shaw et al., 2016).
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The turbulent fluxes of sensible and latent heat tend to be of high magnitude and are predominantly directed away
from the debris surface (Brock et al., 2010; Bonekamp et al., 2020; Nicholson & Stiperski, 2020; Nicholson
etal., 2025;J. F. Steiner et al., 2018; Yang et al., 2017) (see Section 3.3). Latent heat fluxes are particularly large
in humid regimes. J. Yao et al. (2014) estimated the latent heat flux to be of greater magnitude than the sensible
heat flux with evaporation accounting for more than 50% of precipitation during the summer at Koxkar Glacier,
northwest China. Large debris-covered glaciers can therefore make important regional heat and moisture con-
tributions to the atmosphere (Collier et al., 2015).

Uncertainties in assessing energy and mass fluxes over debris cover, including approaches to the challenges of
inhomogeneous terrain, large oscillations in atmospheric stability, and variable surface temperature and humidity
values, are discussed by Reid and Brock (2010), Collier et al. (2014), J. F. Steiner et al. (2018), and Nicholson and
Stiperski (2020). Further uncertainties in surface-atmosphere interactions and their modeling over debris-covered
glaciers are caused by: (a) spatial and temporal variations in sediment size, rock minerals, void space, and water
content, which influence conductive and non-conductive energy transfer processes within debris, including water
phase changes; and (b) poorly constrained, and spatially variable aerodynamic roughness values, affecting the
turbulent fluxes (Bonekamp et al., 2020; Giese et al., 2020; Lejeune et al., 2013; Miles et al., 2017; Shea
et al., 2015; Verhaegen et al., 2024). Large patches of debris are present on many mountain glaciers (Herreid &
Pellicciotti, 2020) and distributed modeling studies have demonstrated the importance of contrasting air tem-
perature regimes over debris and bare ice areas to spatial patterns of the surface energy fluxes (Fyffe et al., 2014;
Reid et al., 2012). The high-resolution remote sensing studies of Fyffe et al. (2020) and Westoby et al. (2020)
reveal debris-cover distribution to be dynamic and synergistically linked to the sub-debris ice melt rate and
evolving glacier surface topography. Over decadal and longer timescales, debris-cover development is partially
decoupled from prevailing climatic conditions and new approaches are needed to incorporate feedbacks between
debris-covered glaciers and climate over multi-decadal timescales (Nicholson et al., 2021).

3.5. Snow Cover Dynamics

The quantity and distribution of seasonal snow cover in glacierized catchments are critical for the glacier energy
balance (see Section 3.1), glacier mass balance, and glacier boundary layer (see Sections 3.2 and 3.3; Dadic
et al., 2010; Mott et al., 2019; Pomeroy et al., 1997). Winter snow accumulation directly influences glacier melt
dynamics, which affect spring and summer runoff (e.g., Carletti et al., 2022; Freudiger et al., 2017). Seasonal
snow accumulation determines how much ice is shielded from summer melting and the duration of this protection.
A thicker snow cover with extended snowmelt season delays ice melt onset, reduces overall melt rates, and
maintains higher albedo and low roughness lengths. Furthermore, summer snow accumulation can significantly
influence interannual variability in glacier mass balance. These snowfalls strongly suppress melt, underscoring
the critical role of ice-albedo feedback and the phase of precipitation in shaping seasonal mass balance (Abrahim
etal., 2023; Oerlemans & Klok, 2004). In the ablation zone, summer snowfall has a particularly strong amplifying
effect on mass balance. Oerlemans and Klok (2004b) reported a feedback factor of approximately four for the
ablation zone of an alpine glacier, meaning the total impact on mass balance was about four times greater than the
snowfall amount itself—primarily due to the high albedo of fresh snow, which reduces energy absorption and
limits melt.

The spatial variability of seasonal snow on glaciers is enhanced by wind drift (Dadic et al., 2010; Mott
et al., 2008), preferential deposition (Gerber et al., 2017, 2019; Lehning et al., 2008; Mott et al., 2014, 2018;
Sauter et al., 2013), or avalanches (Kuhn, 1995; Mott et al., 2019; Purdie et al., 2015). Seasonal snow depth
variability is further influenced by spatially and temporally variable processes such as melt, compaction, and
sublimation. Snow redistribution processes enhance snow accumulation in specific areas of the glacier and
introduce significant variability in snowpack properties across glacier surfaces, affecting the glacier surface
energy balance by changing surface roughness and albedo. The complexity of these processes, which interact
across spatial scales (Mott et al., 2018), creates significant uncertainty in parameterizing winter snow accumu-
lation by elevation—an uncertainty estimated to be an order of magnitude larger than that for ablation (Machguth
et al., 2006). For Storglacidren, Sweden, Terleth et al. (2023) showed that wind-driven snow transport and av-
alanches contribute 18.7% and 8.9% to winter mass balance. Similarly, avalanches account for 20% of winter mass
balance on both Argentiere Glacier, France (Kneib et al., 2024) and Freya Glacier, Northeast Greenland (Hynek
et al., 2024).
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Wind-driven redistribution, including saltation and turbulent suspension, further modifies snow deposition on
scales ranging from meters to hundreds of meters (Gerber et al., 2017; Saigger et al., 2024; Sauter et al., 2013;
Vionnet et al., 2013, 2021, see Figure 1). Snow transported from wind-exposed areas accumulates in the lee of
topographic features such as ridges and depressions, forming snow dunes, drifts, cornices and filled troughs (Mott
et al., 2010). These redistribution processes can smooth glacier surface roughness, as observed in non-glaciated
terrain (Mott et al., 2011; Schirmer & Lehning, 2011), but can also increase roughness through the formation of
wind-induced structures such as sastrugi, which modify near-surface turbulence and snow transport dynamics
(Amory et al., 2016, 2017; Sauter et al., 2013). In addition, wind-induced compaction and crystal fragmentation
increase snow surface cohesion, increasing the frictional velocity required for further transport and reducing
blowing snow intensity (Vionnet et al., 2013).

Sublimation from airborne snow particles has been shown to be highly variable in space and time (Groot
Zwaaftink et al., 2013; J. Lundquist et al., 2024). Therefore, depending on local weather and topographic setting,
estimates of the contribution of blowing snow sublimation to ablation range from below one percent to a few
percent (Bernhardt et al., 2012; Reynolds et al., 2024; Saigger et al., 2024; Sauter et al., 2013) to it being the
dominant ablation process for the glaciers in Pascua-Lama, Dry Andes of Chile (Gascoin et al., 2013). Subli-
mation cooling and moistening of the ambient air substantially dampens subsequent sublimation (Groot
Zwaaftink et al., 2013; Reynolds et al., 2024; Sauter et al., 2013; Vionnet et al., 2014) and can influence the local
flow field (Saigger et al., 2024).

Orographic effects are central to snowfall patterns in mountainous regions, which vary significantly due to
multiscale interactions between atmospheric flow and topography (Frei & Schir, 1998; Gerber et al., 2017; Isotta
et al., 2014; Sauter, 2020, see also Section 4.1). Snow deposition in complex terrain can be enhanced through two
primary mechanisms: (a) the interaction of local flow fields with cloud formation processes, such as seeder-feeder
mechanisms (e.g., Sauter, 2020), or (b) the preferential deposition of snow activated by sufficient wind (Mott
et al., 2014; Saigger et al., 2024; Sauter et al., 2013; Vionnet et al., 2017). However, snowfall enhancement is
constrained by temperature, moisture fields, and strong updrafts that enable condensation and the development of
local feeder clouds over peaks and ridges (Mott et al., 2014).

Preferential deposition and wind-induced redistribution play a critical role in shaping snow distribution on gla-
ciers, with topography, wind speed and direction determining accumulation patterns (Bernhardt et al., 2012;
Dadic et al., 2010; Gerber et al., 2017). Flow separation and turbulence reduce snowfall on windward slopes and
increase deposition on leeward slopes. Under neutral atmospheric conditions or strong horizontal winds aloft,
updrafts slow the fallout of frozen hydrometeors, while downdrafts and eddies promote leeward accumulation
(Gerber et al., 2019; Lehning et al., 2008). These interactions concentrate snow in concave terrain features such as
glacial basins and depressions, particularly benefiting small cirque glaciers that are naturally sheltered by the
surrounding topography (Dadic et al., 2010).

3.6. Cold Air Pools and Proglacial Lakes

When katabatic winds descend into isolated valley systems downstream of a glacier, cold air may accumulate in
the valley system. As the glacier wind weakens in the evening transition (Hoinkes, 1954; Oerlemans &
Vugts, 1993), the wind in the valley sometimes ceases. If weak nocturnal winds coincide with clear skies,
longwave cooling at the surface can result in formation of temperature inversions, cold air pools, and fog in the
valley (Dorninger et al., 2011; Price et al., 2011). Such conditions shelter the lower valley from the overlying air,
resulting in less influence by large scale weather (Serafin et al., 2018; W. Yao & Zhong, 2009). As a result,
sinking air from the glacier or surrounding slopes typically flows on top of the inversion layer unless it is cold
enough to penetrate the cold air pool (Cuxart et al., 2007; Neff & King, 1989). Cold air pools often erode during
the morning transition when solar radiation heats the ground or the top of a low-level cloud (Triantafyllou
et al., 1995; Whiteman et al., 2004), while thermally driven wind systems reform and ventilate the valley. If the
wind shear at the top of the inversion layer is strong, mixing processes can also erode the cold air pools from
above (Lareau et al., 2013).

Glacierized landscapes contain several factors favoring pooling of cold air, particularly during summer. Firstly,
dominant wind patterns are well timed with radiation processes because the transition from beneficial cold air
accumulation in the valley by the katabatic wind to the necessary weaker ventilation in the evening coincides with
the loss of surface heating by the sun. Furthermore, some moraine ridges in the lower valley exceed 5 m
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(Andersen & Sollid, 1971; Bennett, 2001) and may act as barriers that contribute to air blocking at the lower
valley exit and hence intensification of cold air pools (Serafin et al., 2018). In addition, glacial lakes in the valley,
which are typically near the freezing point even in summer (Debnath et al., 2018), further cool the valley system.

The cold surface represented by glacial lakes is also important for mesoscale temperature contrasts in the valley
system. When the lake exists at the ice-margin of the glacier, the lake serves as a thermal extension of the glacier
(Haualand et al., 2025). However, as the glacier retreats, an area with exposed bedrock or sediments between the
glacier and the lake may develop which will be several degrees warmer than the glacier and lake surfaces.
Nevertheless, glacier retreat is often followed by warming of glacial lakes (Debnath et al., 2018) and hence
weaker temperature contrasts between the lake and the surrounding land. Numerical simulations suggest that
changes in temperature contrasts associated with lake surface temperature and glacier retreat modify wind pat-
terns and convection near the ice-margin (Haualand et al., 2025). However, more research is needed to better
understand how changes in glacierized regions influence the glacier-valley circulation.

4. Linking Large-Scale Flow, Local Microclimates, and Regional Glacier Mass
Balance

4.1. Atmospheric Rivers, Orographic Precipitation, and Foehn Events

High-mountain ranges effectively block tropospheric air masses, creating sharp climatic divides that influence
atmospheric flow, precipitation patterns, radiation balance, and heat advection (e.g., Sauter, 2020; Temme
etal., 2020). These changes directly affect the mass balance of mountain glaciers, making them highly sensitive to
shifts in climate dynamics. Precipitation plays a key role in this process. While convective systems occasionally
bring snowfall to higher elevations in summer, orographic precipitation remains the dominant source of accu-
mulation (e.g., Perry et al., 2017). As moist air rises over mountains, it cools and condenses, increasing pre-
cipitation on the windward side, while winds redistribute snowfall, shaping accumulation patterns (see
Section 3.5). These patterns were observed in various high-mountain regions using terrestrial and remote sensing
techniques (e.g., Pepin et al., 2022; Roth et al., 2018; Sauter, 2020; Temme et al., 2023; Weidemann et al., 2013;
Weidemann, Sauter, Kilian, et al., 2018; Weidemann, Sauter, Malz, et al., 2018). Since orographic precipitation
depends on large-scale water vapor flux, it serves as the primary moisture source for these systems. Changes in
moisture transport, whether driven by large-scale circulation shifts or fluctuations in atmospheric humidity,
directly impact accumulation patterns and glacier mass balance (e.g., Collier et al., 2018, 2019; Vuille
et al., 2008).

Intense moisture transport over mountain ranges is often associated with synoptic eddies that efficiently transport
atmospheric moisture poleward, generating atmospheric rivers, which are narrow filaments of water-vapor rich
bursts that generate extreme precipitation events at landfall (e.g., Kropac et al., 2021; Langhamer et al., 2018;
Sauter, 2020). Atmospheric rivers account for 40%—75% of extreme wind and precipitation events over 40% of the
world's coastline, regions that frequently coincide with glaciated mountain ranges (Waliser & Guan, 2017). More
importantly, these events frequently trigger foehn winds—strong, warm and dry downslope winds that descend on
the lee side of mountains (Elvidge et al., 2016; Haacker et al., 2024; Lu et al., 2023; Richner & Hichler, 2013;
Temme et al., 2020, see Figure 4 panel B). The flow regime (blocked, overflow or hydraulic jump) depends on
wind speed, atmospheric stability, and barrier height (Kropac et al., 2021; Richner & Hichler, 2013; Sauter, 2020;
R. B. Smith, 2002; Temme et al., 2020). Persistent foehn events rapidly melt snow and ice due to their warm, dry
airflow and the foehn cloud clearing effect on the leeward slopes, which increases solar radiation exposure
(Hoinka, 1985). In addition, strong turbulent sensible heat fluxes at the glacier surface enhance melting. Near the
mountain ridge and on the upstream side of the mountain range, warm, moist air masses can enhance both sensible
and latent heat fluxes, potentially driving high melt rates on these windward slopes (Gillett & Cullen, 2011;
Marcus et al., 1985).

Three main mechanisms warm and dry foehn air: thermodynamic warming, isentropic drawdown, and me-
chanical mixing (Elvidge et al., 2016). Thermodynamic warming occurs when mountains force air parcels to rise,
cooling them at the saturated adiabatic lapse rate, leading to cloud formation and precipitation on the windward
side. As air descends on the leeward side, it warms at the dry adiabatic lapse rate, producing drier and warmer air
masses downstream (Elvidge et al., 2016). Isentropic drawdown occurs when mountains block low-level airflow,
forcing warmer air from higher altitudes to move upwind. As this air sinks down the lee slope, it warms at the dry
adiabatic lapse rate, further amplifying the warming effect (Elvidge et al., 2016). The least studied warming due to
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mechanical mixing occurs as the stably stratified foehn flow crosses rough mountainous terrain, leading to strong
turbulence and attendant turbulent heating and drying of the low-level flow (Elvidge et al., 2016).

Foehn winds have a significant impact on glacier mass balance, that depends on the flow regime, topography, and
local wind patterns (Haacker et al., 2024). Foehn induced melt has been quantified using numerical modeling,
automatic weather station data, and meteorological reanalysis, and was found to occur frequently in different
regions, e.g., 12%-21% per year in Patagonia (e.g., Minowa et al., 2024; Temme et al., 2020). Foehn events
account for 20% of annual surface melt on Perito Moreno Glacier (Minowa et al., 2024), triple melt energy on
Brewster Glacier (Kropac et al., 2021), and contribute 23% of total annual surface melt on Joyce Glacier
(Hofsteenge et al., 2022). These winds account for 3%-25% of total melt on the Antarctic Peninsula (Francis
etal., 2023; Kirchgaessner et al., 2021; M. Laffin et al., 2021; M. K. Laffin et al., 2022), and are responsible for up
to 80% of the most extreme surface melt events in Novaya Zemlya (Haacker et al., 2024).

4.2. Non-Local Topographic Effects on the Boundary Layer Characteristics and Mountain Glacier
Microclimates

The near-surface air layer in mountains responds quickly to changes in the surface energy budget (see Sec-
tion 3.1). The radiative and turbulent heat fluxes cool and heat the near-surface air layer, determining the tem-
perature distribution across the topography. Local temperature excesses and deficits create buoyancy forces that
drive thermal wind systems, including valley circulations, slope winds, meso-scale icefield breezes, and glacier
winds (Chow et al., 2013; Conway et al., 2021; Mikkola et al., 2023; D. S. Munro, 1989; Oerlemans & Griso-
gono, 2002; Sicart et al., 2014; Smeets et al., 2000; Song et al., 2007; van den Broeke, 1997b; Zhu et al., 2006, see
Section 3.2). These phenomena are often superimposed and partly overwhelmed by the topographically influ-
enced dynamic wind or waves generated by airflow over topography (Smeets et al., 1998, 2000; Whiteman &
Doran, 1993, see also Section 4.1, Figures 2 and 4). These topographic flow features perturb this delicate balance
between buoyancy forces, surface friction, and the mesoscale pressure gradient, and thus significantly shape the
katabatic flow characteristics of mountain glaciers.

Early studies observed low-frequency disturbances in the stable boundary layer over valley glaciers, which
impact turbulence characteristics and mass and energy exchange (Hogstrom et al., 2002; Litt et al., 2017; Litt,
Sicart, Helgason, et al., 2015; Smeets et al., 1998). These disturbances can be triggered by Kelvin-Helmholtz
waves at the stable boundary layer and free atmosphere interface or by topographic disturbances (Finnigan
et al., 2020; Grant & Mason, 1990; Lehner & Rotach, 2018; Poulos et al., 2000; Rotach & Zardi, 2007; Rotach
et al., 2008; J. Sun et al., 2015). Strong curvature of the velocity profile above and below the low-level jet
dampens the amplitude of these low-frequency disturbances and acts like a low-pass filter. According to linear
wave theory, only waves with horizontal wavenumbers smaller than the Scorer parameter can propagate into the
near-surface layer (Parmhed et al., 2004; Soderberg & Parmhed, 2006; J. Sun et al., 2015). As the Scorer
parameter increases with decreasing curvature of the velocity profile and increasing temperature gradients,
glaciers with a long, flat tongue are more effective at damping low-frequency disturbances at the boundary layer
top (Smeets et al., 1998, 2000).

When large-scale forcing is weak, a strong katabatic jet less influenced by low-frequency perturbations can form,
resulting in a clear spectral gap separating turbulence and low-frequency fluctuations (Smeets et al., 1998, 2000).
However, thermally driven slope winds and valley circulations can interact with the local katabatic down-glacier
winds and partly superimpose them (Shaw et al., 2023, 2024, 2025). Conway et al. (2021) introduced the term
“icefield breezes” to describe wind systems that develop over large, interconnected icefields. These breezes form
between the icefield and the surrounding unglaciated terrain.

Strong large-scale forcing can disrupt the formation of low-level katabatic jets, eliminate a clear wind maximum,
and amplify low-frequency disturbances in the near-surface air layer. In some cases, they completely erode the
glacier wind system (see Figure 4). For example, the glacier boundary layer of Vatnajokull ice cap, Iceland, is
only disturbed during strong storms (Oerlemans et al., 1999). Over glaciers in the Alps, a significant change in
surface-layer turbulence over Mer de Glace glacier was observed by Litt et al. (2017). In addition to observational
studies, high-resolution Large-Eddy Simulation (LES; Goger et al., 2022, 2025; Sauter & Galos, 2016) suggest
that the persistence/breakdown of glacier katabatics depends on the synoptic flow direction. When the synoptic
flow direction is not aligned with the glacier valley axis, cross-glacier flow associated with gravity wave for-
mation can erode the local glacier boundary layer and alter sensible heat fluxes due to enhanced turbulent
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exchange. Gravity wave formation mechanisms and their strength are influenced by mountain shape and height,
and upstream atmospheric stratification. Upstream glaciers can further enhance gravity wave strength and
isentropic drawdown, leading to wave breaking and turbulent mixing over the downstream glacier surface (Goger
et al., 2025; Jonassen et al., 2014).

These circulation-driven fluctuations in boundary layer characteristics and thermodynamic conditions have
practical implications for glacier mass balance studies. For example, larger scale winds can transport warm air
from the warmer rocky surroundings toward glaciers, locally enhancing downward-directed sensible heat flux
(Ayala et al., 2015; Hannah et al., 2000; Moore & Owens, 1984; Mott et al., 2020; Sauter & Galos, 2016; Shea &
Moore, 2010). Turbulent heat fluxes contribute up to 70%—80% of total melt energy during intense summer melt
events on mid-latitude glaciers and up to 30% on continental glaciers (Cullen & Conway, 2015; Gillett &
Cullen, 2011; Hock & Holmgren, 2005; Klok & Oerlemans, 2002; Oerlemans & Grisogono, 2002; van den
Broeke, 1997b). Therefore, accurately predicting melt rates and their spatial-temporal variations requires a
comprehensive understanding of all the relevant scales of atmospheric motions and their interactions that define
micrometeorological glacier characteristics.

4.3. Cryosphere-Induced Feedbacks and Rapid Adjustments

The cryosphere plays a crucial role in shaping regional climate responses in mountainous areas, acting as a key
agent in the energy balance of the land surface through the presence or absence of snow and ice (Hock
etal., 2019). Its interactions with the environment can trigger rapid adjustments and climate feedbacks that either
amplify or dampen atmospheric signals. These feedbacks are associated with changes in climate variables,
mediated by shifts in global mean surface temperature, and influence global temperature variations through their
effects on the radiation budget. However, due to the inertia of the climate system, feedbacks lag behind radiative
forcing and occur over long time scales.

Cryospheric processes in high-mountain regions are increasingly recognized as potential contributors to climate-
carbon feedbacks. As glaciers shrink globally and debris-covered areas expand (e.g., Scherler et al., 2018),
associated changes in surface conditions may influence regional carbon cycling and atmospheric CO, concen-
trations under a warming climate (Brown & Brock, 2023; Wang et al., 2016). Simultaneously, the thawing of
mountain permafrost releases long-stored organic carbon, which can be emitted as CO, or CH,, representing a key
positive feedback to climate warming (Schuur et al., 2015). While both glacier and permafrost systems are un-
dergoing rapid change, the overall influence of mountain cryosphere feedbacks on global mean temperature
remains largely unexplored. To date, evidence for broader climate impacts is limited, partly due to the relatively
small spatial extent of mountain cryospheric regions, despite clear atmospheric effects observed in major ranges
(e.g., Goger et al., 2025).

In addition to carbon cycle feedbacks, changes in the mountain cryosphere also drive powerful energy balance
feedbacks, most notably through albedo. The albedo feedback mechanism is also considered as one of the main
drivers of elevation-dependent warming (e.g., Pepin et al., 2022). The presence or absence of snow and ice
significantly alters the energy balance of land surfaces, thereby affecting atmospheric conditions. As the climate
warms, the tree line, snow line, and glaciers shift to higher elevations, reducing surface albedo. The resulting
decrease in reflectivity increases surface energy absorption, warming of soil, and vegetation as well as turbulent
fluxes of sensible and latent heat. This process influences near-surface meteorological conditions, heat exchange,
vertical temperature gradients, thermally driven currents, mountain boundary layer mixing, cloud formation, and
precipitation patterns (Collier et al., 2015; De Wekker et al., 2018). Johnson and Rupper (2020) quantified the
effect of the albedo feedback on glacier mass balance, showing that it accounts for up to 80% of the increase in
glacier melt following a +1°C temperature rise. Similarly, Collier et al. (2013) found that incorporating more
realistic glacier feedbacks into atmospheric models improved land surface temperature and snow albedo simu-
lations, reducing bias in modeled glacier ablation rates.

Although the albedo feedback plays a dominant role in shaping mountain climate responses, it does not act in
isolation. Recent evidence points toward other potential feedback mechanisms that may complicate the pattern of
elevation-dependent warming on local to regional scales (Pepin et al., 2022). Stronger vertical temperature
gradients under climate warming, for example, can intensify katabatic wind development (Section 3), which may
locally cool high-elevation basins (Ren et al., 2020). Other interacting processes include altered up-valley pro-
gression of summer precipitation events (Lin et al., 2021) and the long-term effects of vegetation succession in
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pro-glacial landscapes (Gaglioti et al., 2022), all of which can modulate surface energy fluxes and atmospheric
dynamics in ways that counter or amplify expected warming trends.

Changes in the land system, such as changes in the cryosphere, soil moisture, and ecosystem shifts, can also cause
rapid adjustments that alter energy fluxes and affect thermal wind patterns, initiation of moist convection and
other components of the climate system (Lehner & Rotach, 2018; Pepin et al., 2022; Serafin et al., 2018, 2020).
These rapid atmospheric responses develop on time scales ranging from a few hours to several months and
typically occur at local to regional scales. These processes thus respond faster than the global mean temperature to
forcing agents, due to the change in atmospheric radiative heating caused by the forcing and/or land surface
processes. Although these adjustments primarily affect regional conditions, they can also indirectly influence the
global radiation budget (Hock et al., 2019). Their effects are most pronounced at the beginning and end of the
snow season (Scherrer et al., 2012). Along altitudinal gradients, these processes preferentially increase the net
energy flux to the surface, making them a key driver of elevation-dependent warming in mountainous regions
(Hock et al., 2019; Pepin et al., 2022). This pattern of elevational warming results from complex interactions
between surface-atmosphere processes, feedback mechanisms, and local climatic conditions. However, identi-
fying and attributing elevation-dependent warming remains challenging due to intermediary processes such as
changes in cloud cover, snow and ice albedo, and atmospheric moisture, which interact in complex ways that
obscure direct cause-and-effect relationships (Gerken et al., 2019; Pepin et al., 2022). Furthermore, different high-
mountain regions and seasons experience different degrees of influence from these factors.

Quantifying the relative contributions of cryosphere-induced rapid adjustments remains challenging, as these
processes are largely governed by interactions between water vapor, clouds, and soil moisture (Pepin et al., 2022).
Understanding how the cryosphere interacts with the climate system in high-mountain regions requires unrav-
eling the cascading effects and relationships between rapid adjustments and feedback mechanisms. Little is
known about the energy backscatter (inverse cascade) from the microscale to the mesoscale and finally to the
large scale. This knowledge gap has significant implications for atmospheric predictability, as the inverse cascade
suggests that even small, unavoidable errors in numerical models and microscale observations will propagate
upwards, leading to increased uncertainty in synoptic-scale predictions over time (e.g., Calaf et al., 2023; Doyle
et al., 2013; Goger & Dipankar, 2024; Gultepe et al., 2016). Given the inherent non-linearity of these processes,
their study requires a holistic approach that goes beyond assumptions of linear proportionality and simple cor-
relation. This complexity may explain why cryosphere-induced feedbacks and adaptations remain largely un-
explored. There is still a great need for research in this direction.

5. Advances in Observations
5.1. Meteorological Station Observations From Mountain Glacier Surfaces

Establishing and maintaining observational records from glacier surfaces is hindered by logistical and/or financial
challenges related to accessibility, glacier-related hazards, or the maintenance of instrumentation that can become
damaged by strong surface change or severe weather events.

Both surface-relative (drilled-in) and floating weather stations require regular maintenance. This is particularly
challenging on glaciers, where highly variable conditions necessitate frequent visits to ensure reliable observa-
tions. Stations drilled into the ice imply changing sensor heights over time (e.g., Conway et al., 2021; MacDougall
& Flowers, 2011), which requires careful assessment of the variability of meteorological observations and their
representativeness of boundary layer processes. Floating weather stations can maintain sensor height during
ablation season but will be buried in winter and are equally subject to tilting or toppling, despite advances in the
design of on-glacier tripods (Tijm-Reijmer & Oerlemans, 2004, 2011). The labor-intensive nature of establishing
and maintaining (micro-)meteorological observations on glaciers has therefore limited their spatial and temporal
availability as well as the process understanding that they can provide.

An initial estimate of historical on-glacier weather stations reveals that 185 glaciers (excluding large ice fields and
ice sheets) are or have been monitored with an automatic weather station (Shaw & Groos, 2025) with data re-
ported and described in scientific articles, data repositories, or by other online sources. Of these, 11% of glacier
sites are heavily debris-covered or only have meteorological observations above the debris (e.g., Shaw
et al., 2016; J. F. Steiner & Pellicciotti, 2016). While the monitored glaciers cover most of the RGI regions
(Randolph Glacier Inventory) they represent only 0.085% of the total number of glaciers as reported by the
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Figure 5. (a) A map depicting the locations of known on-glacier weather station and/or boundary layer experiments at some
point in time. The circle size indicates the approximate number of years for observation at each site and the color bar shows
its mean elevation. Insets show a zoom in of Iceland, Svalbard, North America, Central Europe and High Mountain Asia for
clarity with stars indicating the location of boundary layer experiments. The leftside plot (b) shows the elevation-latitude
distribution of observed glaciers with the color-symobology indicating the maximum complexity of observations, where
“Tlog” are only Temperature loggers, “EB” are full energy balance automatic weather stations, “EC” are stations with single
level eddy covariance observations, and “BLex” are those of boundary layer experiments. The lower right panel (c) shows the
number of observed glaciers by RGIv.6 region with the percentage of all glaciers in each region observed given by the
number. Ice sheets and ice caps are excluded from this inventory as they represent processes related to large scale drainage
and not the mountain boundary layer, as described in this review.

RGIv.6 (regions 1-19, Pfeffer et al., 2014), the highest total representation being 31 glaciers for Central Europe
and the largest percentage representation being on 2.5% of the total glaciers of Iceland (Figure 5). This highlights
a significant challenge in terms of the boundary layer processes observed or inferred over glaciers, and how they
can be extrapolated to unmonitored glaciers and under-represented glacierized regions.

The majority of cases (82%) have seen the installation of weather stations (Figure 5b) that permit the calculation
of the glacier surface energy balance (though typically excluding the measurement of rainfall and related pro-
cesses). By contrast, 9% of cases were investigations of only near-surface air temperature using small/simple data
loggers (so-called “T-Loggers”—(Petersen & Pellicciotti, 2011)), that explored the variability of near-surface
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lapse rates or biases of temperatures within the glacier boundary layer relative to those off-glacier at the same
elevation (Hanna et al., 2017; Yang et al., 2022). Of the investigated cases, only 9 studies included the use of Eddy
Covariance instrumentation at a single height (e.g., Conway & Cullen, 2013; Fitzpatrick et al., 2019; Litt
etal., 2017; Radi¢ et al.,2017; W. Sun et al., 2014) and a total of 8 cases involved boundary layer experiments and
multiple station locations, heights above the surface and/or multi-methodological approaches to compare tur-
bulent structures (Conway et al., 2021; Lord-May & Radié, 2024; Mott et al., 2020; Nicholson et al., 2025;
Oerlemans et al., 1999; van den Broeke, 1997a).

With the exception of recent boundary layer experiments in the Alps (Nicholson et al., 2025), observational
campaigns are either densely distributed, but limited in terms of their instrumentation and sampling frequency
(e.g., Gardner et al., 2009; Shaw et al., 2024) or single point studies of detailed, high frequency information,
typically on the lower portions of the glacier (>70% of observations are made within the lower 50% of the glacier
—(Shaw et al., 2025; Shaw & Groos, 2025)). Importantly, the case-specific knowledge gained from those specific
AWS locations and under specific conditions typically does not extend beyond those situations (Machguth
etal., 2006; Sauter & Galos, 2016; Zemp et al., 2013). An additional challenge is also the representativeness of the
observations made on medium-sized valley glaciers (median size = 7km?) for which models of the boundary layer
have often been established (e.g., Oerlemans & Grisogono, 2002; Shea & Moore, 2010), when ~79% of glaciers
recorded by the entire global inventory (RGI v.6) are <1 km? and begin to experience a diminished glacier wind
system (Figure 3; Shaw et al., 2025).

Most case studies are of short duration lasting for weeks to months during the ablation season (Lord-May &
Radié, 2024; Nicholson et al., 2025; van den Broeke, 1997a), due to: (a) the maintenance requirements of power
consumption and instrument re-leveling, (b) process-specific research questions requiring only the exploration of
summer-time katabatic processes, or (c) other logistical challenges of hosting long-term observations over often
remote and dynamic ice masses. For almost one third of cases, automatic weather stations were situated on the
glacier for 1 year or less. However, in over 33% of cases, in situ meteorological observations have been main-
tained over a glacier for more than 5 years and for 20% of cases, greater than 10 years (e.g., GlacioCLIM, 2025;
Gunnarsson et al., 2021; Weidemann, Sauter, Malz, et al., 2018; see circles sizes in Figure 5), permitting a better
understanding of the variability of the meteorological response of glaciers to climate change. Specifically, multi-
year observations, while frequently updated, adapted, and relocated due to evolving glacier conditions, have
helped to improve our understanding about flowline temperature structures (Troxler et al., 2020), energy and mass
balance (Cullen & Conway, 2015; Senese et al., 2012), and the dynamic change of temperature wind regimes with
glacier retreat (Shaw et al., 2023). Nevertheless, none of these longer term observation campaigns maintain eddy
covariance instrumentation, given the cost of installation and challenges of frequent maintenance. As such, those
long-term meteorological observations must rely fully on bulk approaches to estimate surface energy fluxes.

In recent years, in situ observations of continuous glacier surface elevation changes upgraded the traditional
manual mass balance stake readings, which are performed only a few times during the melting season. While
sonic rangers can record accumulation and ablation of snow and ice, there also exist a suite of sensors developed
recording ice ablation from a draw wire principle (Hulth, 2010), thermistor strings (Carturan et al., 2018), change
of hydrostatic pressure (Bgggild et al., 2004), or mass balance stake reading automated with cameras (Landmann
et al., 2021). Such observations aid in understanding the sub-daily variabilities of ice and snow melt and can
further support our understanding of the role of glacier boundary layer under different conditions. On the other
hand, cosmic ray neutron/muon sensing (Gugerli et al., 2019, 2022) or GNSS (Global Navigation Satellite
System) interferometry (L. Steiner et al., 2023) offers continuous snow mass recording on glaciers and is of
particular interest for snow-hydrological processes, constraining precipitation gradients (Gugerli et al., 2019;
Pokhrel et al., 2024), and validating models of snow water equivalent. Still being point observations, these data
significantly improve temporal coverage, provide boundary conditions for atmospheric models (Voordendag
et al.,, 2024) as well as input and calibration data for near real-time mass balance models on regional scale
(Cremona et al., 2023).

5.2. Advances in Measurements of High-Mountain Glacier-Atmosphere Interactions

Novel applications of close range remote-sensing observations permit high-resolution glacier mapping and
sounding of the glacier microclimate. Surface laser scanning offers a means to provide terrain information at high
spatial and temporal resolutions required for high resolution atmospheric models and monitoring of snow
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redistribution and surface ablation patterns. Laser scanning, sometimes also referred to as Light Detection And
Ranging (LiDAR) in the literature, is an active sensing technique, using laser beams as the sensing carrier (Wehr
& Lohr, 1999), to measure distances from an airborne, mobile, or terrestrial platform to target surface. Terrestrial
laser scanning has been used to measure seasonal and hourly surface melt (Gabbud et al., 2015), derive geodetic
mass balances (Fischer et al., 2016; Xu et al., 2019), analyze snow depth distribution (Mendoza et al., 2020), and
to determine glacier snowlines (Prantl et al., 2017). An automated and permanent long-range terrestrial laser
scanner (Voordendag et al., 2021) is used to quantify snow dynamics at Hintereisferner (Austria), revealing small-
scale heterogeneity in accumulation and erosion influenced by local topography and wind (Voordendag
et al., 2023, 2024). Airborne laser scanning has been used to map glacier surface elevation changes and calving
front evolution (Baurley et al., 2022), investigate mountain snow depth variability (Griinewald et al., 2014), and
validate snow-atmosphere models (Reynolds et al., 2024). While topographic laser scanning provides high spatial
resolution, the technique is costly (sensors ranging from thousands to over 100K USD (Ruttner et al., 2024)),
requires a high energy consumption, and is limited in its temporal resolution by the available deployment pos-
sibilities. However, advancements in UAV technology, permanent installations of terrestrial laser scanners, and
automotive laser scanners may improve the feasibility of frequent monitoring of snow depth variability, topo-
graphic changes, and snow redistribution over glaciers.

Multirotor and fixed-wing UAVs are the two most common platforms for glacier and atmospheric studies.
Multirotor UAVs are easier to operate and can take off and land in complex alpine terrain, making them well-
suited for stationary observations. In contrast, fixed-wing UAVs require more landing space and greater pilot-
ing skill but are better suited for extensive aerial surveys and large-scale atmospheric profiling (e.g., Gaffey &
Bhardwaj, 2020; Groos et al., 2024; Hansche et al., 2023; Nicholson et al., 2025).

Advancements in UAV-based remote sensing have enabled high-resolution mapping of glacier surface properties.
Photogrammetric surveys generate digital surface models to assess spatial variations in glacier roughness height
(e.g., Groos et al., 2019; Rippin et al., 2015; Rossini et al., 2018) and aerodynamic roughness length (Chambers
et al., 2021; Dachauer et al., 2021), both of which are critical for estimating near-surface wind speeds and tur-
bulent energy fluxes in glacier energy balance modeling. Multispectral UAV imagery improves net shortwave
radiation estimates by providing high-resolution albedo maps (Rossini et al., 2023). Additionally, UAV-based
thermal infrared imaging has facilitated supraglacial debris thickness mapping (Bisset et al., 2022; Messmer &
Groos, 2024), which influences surface temperature, turbulent heat fluxes, and boundary layer dynamics
(Kraaijenbrink et al., 2018; Nicholson & Stiperski, 2020).

UAVs are also increasingly used to study the atmospheric boundary layer over glaciers. Multirotor UAVs excel at
vertical atmospheric profiling at fixed locations, while fixed-wing UAVs are better suited for spatially extensive
measurements. Meteorological sensors mounted on UAVs, including radiosondes and stand-alone instruments,
capture vertical changes in temperature, humidity, and pressure (e.g., Groos et al., 2024; Hansche et al., 2023;
Haualand et al., 2025). Wind speed and direction can be measured using ultrasonic anemometers (e.g., Li
et al., 2023; Thielicke et al., 2021) or estimated via autopilot GNSS and inertial measurement unit data (e.g.,
Ghirardelli et al., 2024; Meier et al., 2022; Shelekhov et al., 2022).

A novel experimental approach for the determination and visualization of 2D wind fields and turbulent heat fluxes
over snow and ice surfaces is the thermal imaging of large synthetic screens, whose surface temperatures serve as
a proxy for the ambient air temperature (Haugeneder et al., 2023). Large screens (up to 4 m high) made of a thin
polyester mat with an acrylate coating are installed vertically on the glacier surface parallel to the prevailing wind
direction. Changes in screen surface temperature derived from high-resolution 30 Hz thermal infrared imagery
provide the basis for calculating spatio-temporal variations in air temperature and horizontal and vertical wind
speed (Haugeneder et al., 2023; Nicholson et al., 2025). The disadvantage of this method is the logistical effort
required to install and maintain large screens on a melting glacier surface and to operate the thermal infrared
camera under harsh conditions.

While near-surface meteorological measurements can provide fundamental insights into low-level winds,
micrometeorological processes, and energy exchange at the glacier-atmosphere interface, information on the
structure and dynamics of the boundary layer up to several hundred meters above the surface is essential to study
the interplay between katabatic winds, other thermally driven local winds (i.e., valley and slope winds), and the
synoptic flow (Section 4). Meteorological masts on melting glacier surfaces are usually limited to a few meters
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above the surface (e.g., Litt, Sicart, Helgason, et al., 2015; Oerlemans & Vugts, 1993; Oerlemans et al., 1999),
necessitating other means to perform atmospheric soundings to greater heights above the glacier surface.

Air temperature, specific humidity, and wind speed/direction can be reliably measured by large tethered balloons
equipped with meteorological sensors up to several hundred meters above the glacier surface, as shown by the
pioneering glacio-meteorological experiments of the 1990s (Section 2). However, the logistical challenges of
operating large tethered balloons in remote areas (e.g., transporting heavy and bulky equipment and providing
lifting gas for the balloon) have prevented repeated use of balloon soundings over mountain glaciers.

LiDAR and Radio Acoustic Sounding Systems (RASS) have been increasingly used in recent years for wind
profiling up to several kilometers above the ground (Conway et al., 2021; Nicholson et al., 2025). These remote
sensing instruments provide high-resolution measurements of wind speed and direction, with LiDAR relying on
laser backscatter from airborne particles and RASS using acoustic waves to derive wind profiles based on at-
mospheric temperature gradients. But both systems have limitations. LIDAR is a heavy and expensive instrument
that requires a stable power supply and, in remote mountainous areas, transport by helicopter or cable car. RASS,
while effective, is susceptible to environmental noise and requires relatively large antenna arrays, making it
difficult to deploy in complex terrain.

5.3. Challenges in Observations

Section 5.1 highlighted the general lack of meteorological observations over glacier ice (Figure 5), and that even
on well-studied mountain glaciers and ice fields, observations are insufficient to capture multi-scale feedback
processes between the glacier and atmosphere (Molg & Hardy, 2004; Obleitner & Lehning, 2004; Reijmer &
Hock, 2008; Wagnon et al., 1999). This limitation confines our process understanding to a few locations and short
time periods and it is often unclear how well those findings may be generalized beyond the location of a weather
station or beyond the temporal period of observation (e.g., Machguth et al., 2006; Petersen & Pellicciotti, 2011;
Sauter & Galos, 2016).

Expanding local observation networks in high-mountain regions is slow, due to logistical challenges and costs,
and to date, there have been no coordinated campaigns to compare micro-climatic conditions across space and
time on different glaciers. Comparative studies that have been conducted have investigated common patterns of
temperature variability or energy balance by exploring publicly available data sets (e.g., Ayala et al., 2015, 2017,
Conway et al., 2022; Shaw et al., 2021), must often deal with inconsistent measurement strategies, differing
instrumentation and their related uncertainties, or variable periods of observation due to field logistics, available
resources, or data loss due to station or data-logger damage. While a few comparative studies with more stan-
dardized setups do exist (e.g., Carturan et al., 2015; Shaw et al., 2024; Shea & Moore, 2010), the costs of
dedicated campaigns to maintain several stations on glaciers limit their observation length and restrict our un-
derstanding of long-term variability of micro-meteorology. Nevertheless, even short-term or sporadic observa-
tions on glaciers through time can offer valuable insights into changing meteorological processes (Shaw
et al., 2023) and act alongside recent advances in remote sensing and numerical modeling (Goger et al., 2022;
Sauter & Galos, 2016) to fill gaps in our understanding of changes to glacier microclimates.

6. Advances in Modeling of High-Mountain Glacier-Atmosphere Interactions

6.1. Numerical Weather Prediction and Climate Models: Progress and Limitations in Simulating
Mountain Glacier-Atmosphere Interactions

In recent years, atmospheric models have increasingly been used to dynamically downscale meteorological data
to the kilometer scale as explicit forcing for distributed simulations of the surface mass and energy balance of
alpine glaciers (e.g., Bonekamp et al., 2019; Draeger et al., 2024; Molg et al., 2012, 2014; Molg & Kaser, 2011).
However, such simulations have typically been conducted one-way or offline, with meteorological data passed to
the glacier model without incorporating any feedback from changing glacier surface conditions on local climate
into the atmospheric simulation. Additionally, atmospheric models have traditionally employed overly simplistic
glacier schemes, with land surface models generally re-using simplified treatments of seasonal snow cover (e.g.,
Chen & Dudhia, 2001; Niu et al., 2011). These treatments have employed only a few vertical levels, covering a
shallow depth in the subsurface; imposed unrealistic conditions such as a minimum snow depth or unrepresen-
tative albedo bounds; and neglected many aspects of spatial heterogeneity, including surface roughness and the
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presence of impurities or supraglacial debris (e.g., Collier et al., 2013). Furthermore, glacier-specific processes
and phenomena, such as ice melt, the formation of superimposed ice, and penetrating shortwave radiation, have
been neglected. These simplified treatments have reduced the accuracy and reliability of glacier mass balance
simulations and contribute to biases in surface and near-surface meteorological fields over glacierized grid cells in
atmospheric models (e.g., Collier et al., 2013).

Congruent with developments in coupled modeling of global and regional climate and large ice bodies like ice
sheets and caps (e.g., Blau et al., 2021; Delhasse et al., 2024; Pritchard et al., 2008) including km-scale simu-
lations with non-hydrostatic dynamics (e.g., Mottram et al., 2017; Niwano et al., 2018), interactively coupled
high-mountain glacier-atmosphere modeling systems have been developed to address these issues. The modeling
tools for high-mountain glaciers have utilized both implicit (i.e., subgrid-scale parameterizations; e.g., Kotlarski
etal., 2010; Perroud et al., 2019) and explicit, physically based (Collier et al., 2013, 2015; Eidhammer et al., 2021;
Sauter et al., 2020; Sharma et al., 2023, WRFxCSPY; https://github.com/cryotools/wrf_x_cspy; last accessed 1
January 2025) treatments of alpine glaciers. Here, we focus on the latter approach, due to its greater potential for
developing process understanding. All of the cryospheric components of these explicitly coupled models are
multilayered (~O(10) vertical levels), resolve tens of meters of the upper alpine glacier subsurface, and include
greatly improved treatments of snow and glacier physics, although geometries are generally held constant and
dynamics are neglected. In addition, the most recently developed coupled models are all open source, which will
facilitate future community development.

Initial applications of these coupled mountain glacier-atmosphere models at the kilometer scale have demon-
strated that they are capable of reproducing observed spatio-temporal patterns of glacier surface height changes on
timescales ranging from seasonal (Collier et al., 2013, 2015) to multi-annual (Eidhammer et al., 2021) to decadal
(Aas et al., 2016). These studies have also shown that the coupled models provide unique tools for improving
understanding of mountain-glacier processes and feedbacks on a variety of spatial and temporal scales, especially
for phenomena in which surface exchange and thermodynamic interactions play an important role, such as the
potential for blowing snow to affect near-surface air temperature and humidity through vapor phase changes and
to seed clouds (e.g., Sharma et al., 2023). In addition, the studies demonstrate that more realistic representations of
surface boundary conditions over exposed ice and debris leads to improved agreement between observed and
simulated near-surface meteorological variables (e.g., Collier et al., 2015; Potter et al., 2021).

Studies on ice sheet modeling have seen a similar trend toward using kilometer-scale NWP model output as
forcing data and investing in more rigorous descriptions of ice physics (Fettweis et al., 2020; Langen et al., 2015).
In contrast to the ubiquity of WRF in coupled glacier-atmosphere modeling studies, simulations of surface mass
balance over ice sheets have employed a variety of RCMs including HIRHAM and HARMONIE-AROME
(Mottram et al., 2017; Schmidt et al., 2020), RACMO (van Dalum et al., 2025), MAR (Fettweis et al., 2017),
NHM-SMAP (Niwano et al., 2018), and CRYOWREF (Gerber et al., 2023). Ice sheet-atmosphere models also
exhibit a strong interaction between surface mass balance and a changing surface elevation (Schifer et al., 2015;
Schmidt et al., 2020). Models which do not allow for a dynamic ice surface elevation, or alter temperature and
precipitation lapse rates as a result of a thinning ice sheet, were found to underestimate ice lost by the end of the
century. This mechanism is likely also important when modeling mountain glaciers, some of which are projected
to experience surface elevation changes on the order of hundreds of meters over the next hundred years
(Huss, 2012). Contrary to studies of single mountain glaciers, the large spatial extent of ice sheets often ne-
cessitates a coarser horizontal model resolution in order to enable long-term mass-balance studies under regional
climate change. This has so far prevented studies of coupled ice-sheet-atmosphere interactions at the sub kilo-
meter resolution.

Despite their capacity for simulating mountain glacier-atmosphere interactions facilitated by these coupled
models, the topic of feedbacks from glaciers has received very little attention. Available studies mainly focus on
High Mountain Asia, where human reliance on seasonally delayed glacier melt is greater (Kaser et al., 2010), and
extensive glacierization has the potential to exert a significant impact on the atmosphere. Regional sensitivity
studies with kilometer-scale models focusing on the warm season have demonstrated that glacier-induced
katabatic flows interact significantly with thermally driven circulations, with daytime up-valley winds pene-
trating to much higher elevations when glaciers are removed (Potter et al., 2018). Furthermore, studies indicate
that cold, dry glacier winds may oppose the warm, moist southerly monsoonal circulation on the southern slopes
and lead both to local convergence, uplift, and precipitation near glacier termini, especially during the daytime,
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Figure 6. High-resolution LES with the NWP model ICON (Icosahedral Nonhydrostatic) model. The simulation has a horizontal resolution of approximately 51 m.
Shown are the near-surface winds at 10 m above the ground (color shading) and trajectories at the Hintereisferner.

and to reduced monsoonal moisture transport to higher, glacierized elevations (Lin et al., 2021; Ren et al., 2020).
When glaciers are removed, atmospheric moisture and precipitation is significantly enhanced in these regions,
indicating the potential for a negative feedback mechanism during glacial retreat.

Collier et al. (2015) and Potter et al. (2021) have examined the impact of surface debris on glaciers (see Sec-
tion 3.4) on the atmosphere in High Mountain Asia using kilometer-scale coupled or atmosphere-only models.
These studies showed that the inclusion of debris led to substantially warmer surface and near-surface temper-
atures and therefore impacted glacier boundary layer development, with a shift toward increasingly anabatic
winds, in particular during the day, and the formation of a deep convective boundary layer due to strong sensible
heat exchange between the warm debris and the atmosphere. The anabatic shift in wind direction was also found
to lead to increased column total water vapor at higher, glacierized elevations, and in cloud hydrometeors,
possibly due to flow convergence between glacier and valley winds (Potter et al., 2021) or to reduced damping of
local convection by relatively cold, clean glacier surfaces. At the basin scale, feedbacks from improved repre-
sentations of exposed ice or surface debris on near-surface meteorological variables appear to be, at least for some
variables, non-negligible, and to influence simulated mass balance at this scale (Collier et al., 2013, 2015).

6.2. Large-Eddy Simulations and Their Potential to Reveal Small-Scale Processes and Feedback
Mechanisms

Since glaciers are mostly located in complex, mountainous terrain, resolving the underlying topography is
essential for the correct simulation of atmospheric processes in the boundary layer (Bonekamp et al., 2020; Goger
& Dipankar, 2024; Sauter & Galos, 2016; Wagner et al., 2014). A realistic representation of the topography
surrounding mountain glaciers is possible by refining the model resolution to the LES range (Ax < 100 m), where
in case of the daytime convective mountain boundary layer the largest turbulent eddies can already be resolved on
the model grid (Cuxart, 2015). Real-case process studies with LES over complex terrain emerged in recent years
together with the rise of computational power (Bonekamp et al., 2020; Gerber et al., 2018; Rohanizadegan
et al.,, 2023; Umek et al., 2021; see Figure 6). However, most numerical models have a stability constraint
requiring topography filtering at LES scales. Therefore it has to be kept in mind that the model topography is still
not the real topography (Goger et al., 2022; Wagner et al., 2014), while the stable stratification of the glacier
boundary layer means that the effective model resolution still needs refinements (Cuxart, 2015).

A very prominent phenomenon governing glacier microclimates is the katabatic glacier wind as discussed in
previous sections (see Section 3.2). Since the katabatic jet can be very shallow (e.g., 2 m above the surface), it is
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unlikely that current state-of-the art, full-physics LES models are able to resolve the jet structure fully, because the
lowest vertical model level is mostly located at around ~10 m above ground. This issue is discussed further in the
following section. Still, LES over glaciers provide the option to simulate the mountain boundary layer processes
influencing the local, very small-scale glacier boundary layer accurately.

In addition, most LES models use a variant of the Smagorinsky subgrid-scale model (Dipankar et al., 2015), such
as the dynamic Smagorinsky model (Efstathiou, 2023). This approach assumes isotropic turbulence, and that the
energy transfer from resolved scale eddies to smaller residual motions is completely balanced by kinetic energy
dissipation. However, in stably stratified boundary layers, dissipation does not always balance energy production
(Chinita et al., 2022a, 2022b). Consequently, subgrid-scale models are likely to dissipate too much energy,
leading to underestimation of key turbulence measures such as integral turbulence scales, skewness, and vertical
velocity variance. The most suitable subgrid-scale model for stable boundary layers must be determined for each
individual experiment.

If set up successfully, LES can provide valuable information on atmospheric processes both on the meso- and
microscale influencing local glacier boundary layer. A semi-idealized study by Sauter and Galos (2016) with the
OpenFOAM model showed that the local sensible heat flux structure over a mountain glacier is strongly governed
by the ambient wind direction. A real-case LES with the WRF model over Hintereisferner, Austria by Goger
et al. (2022) investigated the impact of the synoptic flow direction on the glacier boundary layer development.
While a quantitative validation with eddy-covariance observations showed an overestimation of the horizontal
wind speed over the glacier, a process-based model validation revealed that the model is indeed able to simulate
important processes such as horizontal advection patterns, the relationship between the wind speed and the
sensible heat flux, and the non-stationarity of the sensible heat flux over the glacier tongue. Furthermore, it was
possible to unravel the nature and behavior of the gravity wave influencing turbulent exchange at the glacier
tongue observed during the HEFEX campaign (Mott et al., 2020). The same LES setup as in Goger et al. (2022)
was employed to study the impact of upstream glaciers on the gravity wave formation and structure in semi-
idealized sensitivity studies (Goger et al., 2025). The aforementioned studies show that state-of-the art models
are able to simulate the relevant atmospheric processes over mountain glaciers. The model setup is portable to any
other mountain glacier in the world, if the relevant input data (high-quality land use and glacier outlines, and
meteorological data) are available. This will be especially useful to answer knowledge gaps about prominent flow
features over glaciers, where in situ observations are sparse. Furthermore, small-scale LES simulations also help
to disentangle the interactions between larger scales (i.e., gravity waves or synoptic forcing) with smaller-scale,
terrain forced flows (e.g., thermally induced circulations such as the katabatic glacier wind). Hence, with the rise
in computational power, LES pose an excellent opportunity to fill knowledge gaps on small-scale glacier-
atmosphere interactions.

In summary, high-resolution LES provides an excellent testbed for studying mountain boundary layer processes
that influence the local glacier boundary layer in both full-physics and semi-idealized studies. While LES can
realistically capture the resolved physical processes and spatial patterns, the interpretation of simulations must be
approached with caution. These patterns are influenced by model assumptions, including parametrization,
boundary conditions (e.g., uniform roughness lengths), and model resolution. Among these factors, model res-
olution plays a critical role in the overall accuracy of LES. To minimize the dependence on parametrization, LES
should ideally resolve about 80% of the TKE within the model itself, with only a small fraction represented by the
subgrid-scale model (Pope, 2001). Sauter and Galos (2016) showed that in complex terrain, a horizontal reso-
lution of 12.5 m allowed LES to resolve on average 70%—80% of the total TKE. However, on exposed ridges, the
resolved TKE decreased to about 60%. When the horizontal resolution was reduced to 25 m, the mean resolved
TKE decreased further to 60%—70%. Thus, the choice of model resolution represents a trade-off between
computational cost and the ability to resolve fine-scale turbulence. For practical applications, researchers must
balance computational efficiency with the need for sufficient model resolution. This is especially relevant for
regions with complex topography, where lower resolutions fail to capture important turbulent structures. To
accurately capture the turbulence structures in strongly stably stratified and very shallow katabatic flow, however,
a sub-meter model resolution would be necessary (Cuxart, 2015; Sauter & Galos, 2016), therefore majority of
idealized katabatic flow simulations employed Direct Numerical Simulations (e.g., Fedorovich & Shapiro, 2009;
Giometto et al., 2017).
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6.3. Challenges in Numerical Modeling

NWP and climate models often fail to capture rapid adjustments and scale interactions in mountainous regions.
This failure stems from intrinsic limitations due to a potentially incomplete understanding and integration of the
small-scale physical processes occurring in complex topography (Beniston et al., 2018; Ménégoz et al., 2020;
Rotach & Zardi, 2007; Winter et al., 2017). Despite advances, climate and operational weather models are still
unable to accurately resolve these small-scale processes, and they have to be parameterized. Since glaciers are
mostly located in truly complex, mountainous terrain, a sufficient horizontal grid spacing (e.g., at least 10 grid
points spanning a valley) is necessary to resolve the relevant mountain boundary-layer processes (Draeger
et al., 2024; Wagner et al., 2014). Furthermore, to ensure a realistic build-up of thermally induced flows,
topographic effects on atmospheric radiation (e.g., topographic shading) should be also considered in the model's
radiation parametrization (Steger et al., 2022).

Still, small-scale exchange processes such as atmospheric turbulence have to be parameterized, and heuristic
parameterizations have been developed over recent decades, albeit calibrated against a limited set of observations.
Common turbulence parameterizations for NWP models were usually one-dimensional and assumed horizontally
homogeneous and flat terrain, criteria clearly violated over mountainous topography. This challenge can be
overcome by extending the standard 1D parameterizations with additional 3D processes such as horizontal shear
production for TKE, leading to a more realistic representation of turbulent exchange over complex terrain
(Edwards et al., 2020; Goger et al., 2018, 2019; Juliano et al., 2022). While the parameterization of momentum
exchange in mountainous areas has received considerable attention, significant uncertainties remain regarding the
parameterization of heat and moisture exchange, in particular in stable conditions (e.g., Holtslag et al., 2013),
leading to persistent biases in models concerning high-mountain regions (Rotach et al., 2014). Related to this
point, excessive damping of the turbulent fluxes in stable conditions over glaciers (Conway & Cullen, 2013) can
lead to decoupling between the surface and the atmosphere and therefore runaway surface cooling. This issue has
necessitated numerical cheats, such as imposing a minimum wind speed or arbitrarily limiting the amount of
damping (e.g., to 30%; Aas et al., 2016; Collier et al., 2013; Giesen et al., 2009; E. Martin & Lejeune, 1998).
Finally, the parameterization of fluxes that account for cryosphere-induced rapid adjustments is still in its infancy
(Rasp et al., 2018; Serafin et al., 2018). Future research should focus on seamless predictions by developing
unified, computationally efficient, and scale-independent parameterization schemes. Such schemes should
effectively capture the effects of cryosphere-induced rapid adjustments in high-altitude environments and alpine
valleys, thereby improving weather and climate predictions. This could potentially be achieved by leveraging
deep-learning techniques to derive insights or viable solutions from high-resolution simulations, an approach that
has not yet been explored but could help delineate the phenomenological structures of subgrid-scale energy and
mass fluxes (Sauter & Galos, 2016).

As mentioned in Section 6.2, simulating the glacier wind system also presents a challenge for current modeling
approaches. The katabatic flow above a glacier often reaches its peak wind speed within the first meters above the
surface, while the overall perturbation may persist tens of meters above the surface (Mott et al., 2020; Oerlemans
& Vugts, 1993). To capture this local maxima in wind speed, a vertical grid spacing of less than 1 m would be
required at the surface (Sauter & Galos, 2016). In order to avoid numerical errors when calculating horizontal
gradients, particularly for the pressure field, a grid cell aspect ratio (horizontal/vertical) of around four is well
established for terrain following coordinate systems (Daniels et al., 2016; Ercolani et al., 2017; Mahrer, 1984;
Mirocha et al., 2013). This limitation is implicit to terrain following coordinates, and is exacerbated by the
steepness of topography (Daniels et al., 2016; Mahrer, 1984). In fact, this requires a horizontal resolution of less
than 5 m to resolve the katabatic jet if current numerical models are to be used (Cuxart, 2015). However, a
refinement to 5 m resolution then would represent a roughly 1000-fold increase in computational demand,
considering two horizontal dimensions and the Courant-Friedrichs-Lewy condition. Existing non-idealized high-
resolution studies over glaciers which deploy commonly used NWP models at LES resolutions use a horizontal
spacing of approximately 50 m (Goger et al., 2022, 2025; Voordendag et al., 2024).

Novel gridding strategies, such as the immersed boundary method, are unlikely to enable direct simulation of the
katabatic jet. Current implementations of the immersed boundary method in NWP models seems unfit for
complex terrain at horizontal resolutions larger than 5 m (Arthur et al., 2020; Bao et al., 2018; K. A. Lundquist
et al., 2012). They are also unattractive for the study of glacier microclimates because vertical grid spacing
becomes a function of elevation rather than distance from the surface. For typical glaciated domains with a
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vertical extent of at least 1000 m, this constraint would result in a large number of vertical layers when only high
vertical resolution near the surface is desired.

Considering these limitations, glacier microclimates could be modeled by improving the computational efficiency
of NWP models or developing parameterizations that approximate the exchange processes between the glacier
boundary layer and the free atmosphere. Advances in GPU-offloading of most components of NWP models and
the switch to irregular meshing (Giorgetta et al., 2018, 2022; Heinzeller et al., 2016; Kim et al., 2021; van Hooft
et al., 2018) may reduce the runtime of NWP models such that vertical discretization on the order of 1 m becomes
feasible over small glaciers. Alternatively, modeling approaches which do not invoke the Navier-Stokes equa-
tions over these thin, near-surface levels, and thus do not depend on horizontal pressure gradients, may offer a way
around the problem. Intermediate-complexity models have been introduced that bypass solving the Navier-Stokes
equation altogether in favor of a diagnostic approach (Reynolds et al., 2023). Alternatively, models focusing on
surface-atmosphere exchange exist which add a thin, discretized surface layer separate from the main compu-
tational grid. This refined surface layer allows for variables to be solved prognostically using assumptions about
their behavior, or diagnosed based on assumed scaling behavior (Sharma et al., 2023; Vionnet et al., 2014).
Analytic solutions to approximate the vertical profile of wind speed in the presence of a katabatic jet have already
been proposed, and these could be solved for within such refined surface layers (Grisogono et al., 2015). Lastly,
LES studies of the katabatic jet could be used to develop upscaled parameterizations of surface-exchange co-
efficients, which depend on bulk properties of the surface layer.

In addition to challenges associated with turbulence and representation of the glacier wind, numerical simulations
face a number of other technical challenges. At both the kilometer- and LES-scales, incorporating improved
landuse data and glacier outlines is necessary for accurate simulations (e.g., Bonekamp et al., 2018; Collier
et al., 2013; Goger et al., 2022; Haualand et al., 2025). In addition, existing studies point to the need for at least
kilometer-scale grid spacing for explicitly resolving non-homogeneous and non-stationary glacier-atmosphere
interactions (Aas et al., 2016; Perroud et al., 2019; Sharma et al., 2023), requiring significant computational
resources. Finally, coupled models (cf. Section 6.1) often require interfacing between programming languages, as
atmospheric models have historically been written in Fortran while cryospheric models generally employ newer
languages (e.g., C++ and python). They must employ a flexible coupling structure to accommodate updates in the
individual components (Sharma et al., 2023).

Last but not least, non-homogeneous and non-stationary errors in the meteorological forcing data, in particular in
the simulated precipitation (e.g., Sauter, 2020), has necessitated bias correction for accurate simulations of glacier
mass balance in offline applications (e.g., Molg et al., 2012) and remains to be explored in the context of coupled
modeling. Using atmospheric models configured with at least kilometer-scale grid spacing has made an important
contribution toward tackling this issue, as deep convection can be explicitly resolved rather than parameterized
(e.g., Weisman et al., 1997), removing a major source of uncertainty (e.g., Ban et al., 2021). Convection-resolving
simulations provide clear improvements in simulated precipitation over complex terrain, better capturing during
the warm season the spatial scales of precipitation features (e.g., Ban et al., 2014; Schir et al., 2020); the diurnal
cycles of precipitation timing, intensity, duration and extremes (e.g., Ban et al., 2014; Prein et al., 2015); and,
convective clouds and their vertical distribution (e.g., Hentgen et al., 2019). However, precipitation is often
overestimated over complex terrain (e.g., Ban et al., 2014) and issues representing clouds and their radiative
feedbacks remain, with convection-resolving simulations tending to overestimate incoming shortwave radiation
at the surface mainly due to an overestimate of the frequency of clear-sky conditions (e.g., Hentgen et al., 2019;
Leutwyler et al., 2017; Prein et al., 2013), contributing to summertime warm biases (e.g., Ban et al., 2014;
Leutwyler et al., 2017). These issues with the ability of NWP models to accurately simulate precipitation, clouds,
and their feedbacks on near-surface meteorological conditions represents an important challenge for using these
data as forcing for glacier simulations, especially given the complex interactions between incoming radiation,
temperature-dependent energy fluxes and surface melt (Conway et al., 2022), which still needs to be fully
resolved using an interdisciplinary approach incorporating on-going progress from the atmospheric modeling
community.

7. Synthesis and Future Directions

This review has synthesized the current state of knowledge on atmosphere-glacier interactions, highlighting both
significant advances and challenges in understanding the processes that shape climate in high-mountain regions

SAUTER ET AL.

24 of 41

85UB01T SUOWILIOD) BAIRRID 3|qedl(dde ayy Ag pausenob afe Sa[o1e YO ‘8sn JO Sa|NJ 10} AReiqi]aUlUQO AS|IAN UO (SUO I IPUOD-pUR-SLLLIB)WI0D" A3 1M AReiq | BU1UO//SUNY) SUOIPUOD pue SWid | 8y} 39S [9202/.0/.2] U0 ARiqiauluo A8|IA LIS aURIY0D AQ 69800094Y202/620T OT/I0p/Wod A |im Ar.g1puluosgndnfe//sdny wouy papeojumod ‘T ‘9202 ‘8026776T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Reviews of Geophysics 10.1029/2024RG000869

and in observing and modeling their interactions. Over the past decades, substantial progress has been made in
unraveling the physical mechanisms driving glacier-atmosphere coupling and feedbacks. However, most studies
continue to focus on isolated phenomena at specific spatial or temporal scales. Only a few investigations consider
the “glacier-atmosphere system” holistically and link atmospheric and glaciological processes across scales—from
local boundary layer dynamics to regional circulation patterns.

The complex terrain in which mountain glaciers are embedded makes the glacier-atmosphere system a process-
rich and dynamically complex system. It is governed by energy and mass exchanges at the glacier-atmosphere
nexus, and modulated by the influence of large-scale atmospheric circulation. The processes that directly con-
trol the surface energy balance have been the subject of extensive research and are relatively well understood (see
Section 3.1). Turbulence plays a central role in redistributing heat, moisture, and momentum between the glacier
surface and the overlying atmosphere. These turbulent exchanges regulate near-surface thermal stratification, the
strength and height of low-level jets, the depth of the boundary layer, and ultimately contribute to surface melt
(Denby, 1999; Derbyshire, 1999; Mahrt, 1982; Princevac et al., 2008; Smeets et al., 2000; Van der Avoird &
Duynkerke, 1999). Unlike stable boundary layers over flat terrain, glacier boundary layers under persistent
katabatic flow exhibit distinctive internal and external oscillations that enhance turbulent mixing. The energy
balance also drives the glacier wind system, a persistent thermally driven flow observed over many glaciers, even
small ones (see Section 3.2). The glacier wind system plays a particularly important role, as it both suppresses
vertical energy and mass fluxes and acts as a filter for large- and mesoscale atmospheric disturbances (see
Section 3.2). Some studies suggest that this filtering function is particularly effective in pronounced glacier wind
systems. Although much of our understanding is derived from limited measurements on individual glaciers
(Section 5—Figure 5) or from theoretical models based on idealized conditions, a solid conceptual framework of
the key processes exists. However, a critical gap remains: the influence of complex topography on surface energy
exchange processes and glacier winds is largely unresolved due to a lack of observations and modeling tools
capable of capturing the spatial variability and associated turbulent exchange processes. Existing theoretical
frameworks often fail under such conditions.

A complete understanding of the glacier-atmosphere system requires accounting for the interaction between
topography and large-scale atmospheric flow (see Section 4). Mountain ranges modulate atmospheric circulation,
leading to orographically induced precipitation, that is, critical for glacier accumulation, and topographically
induced flow features. Non-local topographic effects may exert a strong influence on the glacier boundary layer.
The impact of these effects depends on the ability of the glacier boundary layer to attenuate external disturbances,
which is in turn controlled by the structure and strength of the glacier wind system. There seems to be a rela-
tionship between glacier size and the system's buffering capacity, with smaller glaciers being more susceptible to
atmospheric fluctuations. For example, strong large-scale or topographically induced flows can sometime erode
the glacier boundary layer and superimpose the glacier wind system. The most important disturbances include
synoptic systems, mountain waves, and foehn winds, warm, dry downslope flows that descend on the leeward side
of mountains and significantly affect glacier wind regimes and associated surface exchange. Localized foehn
events can redistribute the snowpack and trigger rapid melting, especially when they coincide with atmospheric
river events that amplify surface warming. Recent studies have improved our understanding of these processes,
yet major uncertainties remain regarding the interaction between foehn winds and the glacier boundary layer, the
role of different flow regimes, and how these dynamics may evolve under a warming climate.

In a changing climate, numerous processes in high-mountain regions are expected to intensify or weaken, acti-
vating climate feedbacks (see Section 4.3). These are secondary responses initiated by surface temperature
changes that subsequently amplify or dampen the initial climate signal. In mountainous environments, prominent
local feedbacks include the well-established snow-albedo feedback, where reduced snow cover lowers surface
reflectivity and enhances warming, as well as land-system changes such as vegetation zone shifts, which alter
surface energy fluxes. Thermodynamic processes, such as the weakening of vertical temperature gradients due to
enhanced latent heat release in a warmer and more humid atmosphere, also play an important role. These local and
regional feedback mechanisms can influence larger-scale circulation systems. For example, altered snow cover on
the Tibetan Plateau has been shown to modulate the strength and timing of the Asian monsoon (e.g., Wu &
Qian, 2003), while changes in mid-latitude mountain snowpack may affect the westerlies. Despite these linkages,
the contribution of high-mountain cryosphere feedbacks to global-scale climate processes remains largely un-
explored. This gap is partly due to the limited spatial extent of mountain cryosphere zones, which has historically
led to their exclusion from broader assessments of global feedback mechanisms. Nevertheless, slow feedbacks
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such as permafrost thaw and the release of CO, and CH, from high-elevation soils may have significant im-
plications for global radiative forcing. The short duration and sparse coverage of high-elevation observations
continue to constrain our ability to detect trends, attribute causes, and calibrate climate models. Additionally,
cascading interactions across scales—from microscale to mesoscale and beyond—pose fundamental challenges for
predictability. This complexity complicates the identification of early warning signals and increases the risk of
abrupt and irreversible shift of the glacier-atmosphere system. Here is a need for integrated, scale-aware research
approaches, and remains a critical, yet underdeveloped, frontier in climate science.

To advance this scientific frontier of glacier-atmosphere systems, several unresolved questions need to be
addressed. These open questions define the limits of current knowledge and highlight priority areas for future
research:

* How do feedbacks between snow and ice cover and thermally driven wind systems (e.g., katabatic, anabatic,
or glacier winds) shape the pace and spatial variability of glacier retreat?

¢ How do cryospheric changes in high mountains lead to both slow and rapid feedbacks, and how do these
responses amplify or dampen the local climate signal?

o What level of complexity is appropriate for modeling glacier surface processes, such as melt, sublimation, and
ice fluxes, and how can these be upscaled without neglecting essential feedbacks?

+ How do changes in glacier and snow cover influence mesoscale atmospheric processes, including orographic
uplift, foehn winds, and convergence zones, and what are the regional climate implications?

¢ Can glacier-atmosphere feedbacks propagate into broader-scale circulation or hemispheric patterns, and under
what conditions might such impacts become significant?

Addressing these questions requires overcoming a core challenge: the inherently multiscale nature of glacier-
atmosphere coupling. Processes operating across different scales are often deeply interconnected, with signals
propagating both upward and downward in the scale cascade. Yet, such cross-scale couplings are poorly con-
strained, largely due to a persistent lack of spatially and temporally dense observations in high-mountain regions.
Even some of the best-studied mountain sites suffer from fragmented data records, impeding the development of
generalized cross-scale theories (e.g., Obleitner & Lehning, 2004; Reijmer & Hock, 2008; Wagnon et al., 1999).
Recent developments in observation technologies, ranging from autonomous sensor networks to advanced remote
sensing platforms and data assimilation techniques, are gradually alleviating some of these constraints
(Section 5.2). Simultaneously, large-scale coordinated campaigns such as TEAMx (Rotach et al., 2022) and the
Hintereisferner Experiment (Nicholson et al., 2025, HEFEX) are fostering a more integrated research framework,
enabling insights into coupled processes previously inaccessible. On-glacier weather stations remain essential,
though logistically challenging, tools for constraining surface energy budgets. In this context, several promising
strategies have emerged:

¢ Community-based co-analyses of distributed data sets (e.g., TEAMXx) to maximize insights from limited
observations.

¢ Combining high-resolution, short-term campaigns with simpler near-glacier instrumentation (Section 5.1) to
develop scalable parameterizations.

¢ Deploying novel instrumentation capable of resolving atmospheric structure from decimeter to valley scales
(e.g., UAVs, Doppler LiDAR) for model evaluation and process understanding (Nicholson et al., 2025).

Despite these efforts, a persistent gap remains: how to reconstruct on-glacier climate conditions in the absence of
direct measurements, particularly for past conditions or future projections. This is especially challenging in
complex terrain, where traditional lapse rates or off-glacier proxies often fail. Blending sparse in situ data,
physically based downscaling, and data assimilation holds promise for extending observations across space and
time.

In parallel, modeling capabilities have improved dramatically. Advances in computing power, solver algorithms,
and the integration of data-driven methods now support higher-resolution and more physically consistent sim-
ulations of glacier-atmosphere systems (Sections 6.1 and 6.2). Coupled atmosphere-glacier models that explicitly
resolve mass and energy exchanges are emerging as powerful tools to understand feedbacks loops, constrain melt
processes, and project glacier response under future climates (e.g., Axelsen & Van Dop, 2009; Collier et al., 2013,
2015; Poulos et al., 2007; Soderberg & Parmhed, 2006). These models are essential tools to investigate complex
interactions and can serve as platforms to test assumptions, expose gaps in current theory, generate new
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hypotheses, and simulate emergent phenomena that cannot be directly observed. However, there are only a
handful of studies that specifically investigate glacier feedbacks on the atmosphere, and these are limited in their
geographic, spatial, and temporal scope. Yet, they highlight persistent knowledge gaps, particularly in capturing
the feedbacks and scale interactions inherent in glacierized mountain terrain. For example many key processes are
still inadequately represented in existing models. These include glacier wind generation, heterogeneous rough-
ness effects, complex topographic shading, and precipitation redistribution. Disregarding these processes can
limit predictive skill, particularly near the surface, where simplifications, e.g., in the boundary layer parametri-
zation, often fail. Core assumptions in global-scale models, such as uniform terrain properties or isotropic
boundary layers, frequently prove invalid in glacierized high-mountain regions, emphasizing the need for terrain-
aware parameterizations.

High-resolution LES have become an indispensable tool for exploring glacier boundary-layer dynamics (e.g.,
Goger et al., 2022; Sauter & Galos, 2016; see Section 6.2). LES can resolve key turbulent structures, including
mesoscale disturbances, cross-valley circulations, and local wind systems that shape surface energy budgets
(Goger et al., 2022; Sauter & Galos, 2016). However, LES outputs depend strongly on boundary conditions,
subgrid-scale parameterizations, and especially model resolution. Ideally, LES should resolve at least 80% of
TKE to minimize reliance on parameterized physics. For example, Sauter and Galos (2016) found that a 12.5 m
horizontal resolution could resolve 70%—80% of TKE in complex alpine terrain, while coarser resolutions led to
substantial underestimation of TKE, especially over ridges and heterogeneous surfaces. This trade-off between
resolution and computational cost remains a core challenge. For realistic applications in complex topography,
researchers must balance physical fidelity with feasibility. Despite these limitations, modeling has already pro-
vided critical insights into how sharp ridges, pressure gradients, and local turbulence impact glacier microclimates
(e.g., Sauter & Galos, 2016), and it holds significant potential for guiding next-generation parameterizations and
coupled models.

This review paves the way for future advancements in our understanding of glacier-atmosphere interactions by
consolidating current knowledge and identifying key uncertainties across scales. The complex and multiscale
nature of these interactions demands an integrated research framework that bridges disciplines, leverages
emerging technologies, and links observations with high-resolution modeling. Progress will require sustained,
coordinated efforts to capture the spatial and temporal variability inherent in glacierized mountain terrain, as well
as the development of scale-aware parameterizations capable of representing critical feedbacks. Advancing this
frontier is not only essential for refining our understanding of cryospheric processes, but also for improving
regional and global climate projections in a warming world, where the role of mountain glaciers as both indicators
and agents of change remains more important than ever.
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