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Abstract:



Understanding climate-glacier dynamics in High Mountain Asia is of critical importance to address issues including water resources, sea-level rise, mountain geodynamics, natural hazards and ecosystem sustainability. The Karakoram Himalaya is arguably the least understood region, given its extreme topography, climate-system coupling, and advancing and surge-type glaciers that exhibit complex flow patterns. Glacier fluctuations in the Karakoram Himalaya are highly variable in space and time because of numerous controlling factors, including the westerlies, the Indian summer monsoon, various teleconnections, topographic effects, glacier debris-cover characteristics, glacier dynamics, and geological conditions. The influence of the integrative coupling of forcing factors, however, has not been adequately assessed for characterizing the glaciers in the Karakoram Himalaya. Given the scarcity of in-situ data and the difficulty of conducting fieldwork on these glaciers, recent research has focused on utilizing remote sensing, geospatial technologies, and scientific modeling to obtain baseline information about the state of glaciers in the region. This review summarizes our current knowledge of glaciers, climate-glacier interaction, and topographic forcing in the Karakoram Himalaya, and demonstrates the complexities in mountain geodynamics that influence climate-glacier dynamics. Innovative analysis is also presented in support of our review and discussion.
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1. Introduction


Various Earth systems are in a state of transition due to climate change, and this has resulted in ecosystem migration, an increase in natural hazards, and water resource issues [1,2,3,4,5,6,7,8,9]. Changes in the Earth’s cryosphere are one indicator of climate change [10], as the cryosphere is regulated on the basis of energy and water fluxes. Arctic sea ice and Northern Hemisphere snow/ice cover are decreasing, the Antarctic and Greenland ice sheets are losing mass, and many glaciers worldwide are receding [10,11,12,13,14,15,16,17,18,19]. Furthermore, climate change increases human vulnerability due to temperature and precipitation anomalies that can lead to events such as heat waves, intensified drought, storms, sea-level rise, and flooding [6,20,21,22,23,24,25,26]. The Karakoram Mountain Range in Pakistan features some of the largest glaciers on Earth outside of the Polar Regions. Most of these glaciers are heavily debris-covered and avalanche-fed, and some of them appear to be departing from the global trend of recession [27,28,29,30,31,32,33,34]. Moreover, a controversial and incorrect statement about the disappearance of Himalayan glaciers by the year 2035 [35,36,37] indicated the lack of understanding of glacier system processes in the Himalaya and the Karakoram. Even though mass balance projections for Karakoram glaciers have been performed (e.g., [38]), some studies found that a number of the Karakoram glaciers are oscillating due to surge mechanisms and ablation/accumulation [27,39].



Therefore, the assumption of linear change over time is not a reasonable one given that approximately 50% of Karakoram glacier termini are stable or are advancing, and may exhibit positive mass balance conditions, in contrast to the other 50% which are receding like the glaciers of the central and eastern Himalaya [39]. Basic knowledge of Karakoram glaciers comes primarily from remote sensing observations and inventory studies [40,41,42,43]. Various techniques and methodological approaches have been used for glacier assessment and mapping [42,44,45,46]. Advanced geospatial technologies have yet to be effectively used to characterize scale-dependencies of parameters and surface processes that govern climate-glacier dynamics [47,48]. Similarly, high-resolution climate simulations have yet to provide an understanding of climate-system interactions and teleconnections, although correlations between large scale atmospheric oscillations, such as the North Atlantic Oscillation (NAO) and the Southern Oscillation (SO), with precipitation in the Himalaya have been found [49,50,51]. Topography imposes constraints on microclimatic conditions and glacier dynamics [52], and systematic and comprehensive research is urgently needed to integrate climate, topographic and debris cover information to understand various forcing factors [27,48,53]. Moreover, the Karakoram Himalaya is an ideal location for studying complex climate-glacier dynamics, as the region has historically experienced dramatic climatic change coupled with extreme topography [54,55,56]. Unfortunately, accurate information on orographic precipitation, energy fluxes, multi-scale topographic properties, glacier mass loading, debris cover characteristics, and ablation patterns is generally not available at appropriate spatio-temporal scales. Furthermore, our ability to assess glacier sensitivity to climate forcing is full of uncertainties, as debris covered glaciers are difficult to model [57,58], and they are mostly assumed to be less impacted by atmospheric warming [59].



Given the complexity and uncertainties associated with numerous aspects of climate-glacier dynamics and surface processes, the purpose of this article is to review our current understanding of climate-glacier dynamics in the Karakoram Himalaya; a region of known spatial anomalies related to climate, surface processes, tectonics and glacier fluctuations. We identify numerous concepts and issues associated with understanding complex dynamics, and provide insights into how the glaciers in this region may be responding to climate change from a mountain geodynamics perspective. We emphasize the role of topography in understanding numerous processes and demonstrate the need for new research directions by addressing unresolved issues. We accomplish this by reviewing climate system dynamics, climate and topography, climate-glacier dynamics and surface processes in the context of a coupled mountain geodynamics system. Innovative analysis demonstrating the importance of the topography on climate is also presented.




2. Study Area


Our characterization of the Karakoram focuses on the Central Karakoram in Pakistan (Figure 1). With over 7 km of topographic relief, the region exhibits high magnitude processes. It is also heavily glaciated with varying estimates of glaciated area according to different studies—16,600 km2 [14], 21,771 km2 [60], and 21,000 km2. Glaciers are easily identified on the false-color composite of Landsat 8 images in Figure 1. The greatest altitudes are in the southwestern portion of our region near K2 peak and the lowest altitudes are in the southwestern portion of the region associated with the Indus River valley. The Karakoram mountain range was formed due to the collision of the Indian and Asian plates, and it is highly eroded [27]. This region includes the large Batura, Hispar, Baltoro, and Biafo glaciers, as well as numerous smaller and intermediate-sized glaciers. Most of the glaciers in the area are heavily debris-covered with larger glaciers exhibiting numerous ice cliffs and supraglacial lakes. The region is climatically influenced by the westerlies, the Indian summer monsoon and The El Niño Southern Oscillation (ENSO).


Figure 1. This map of the Karakoram Himalaya displays: a Landsat 8 false-color composite image (a); and a Shuttle Radar Topographic Mapping Mission (SRTM) based analytical shaded-relief map of the Karakoram with major peaks identified (b).
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Advancing glaciers and positive mass balance conditions in the Karakoram are related to the region’s unique snowfall regime [61]. Given a strong orographic effect, the maximum precipitation is deposited above the snow line creating favorable conditions for glacier formation and relatively high ice fluxes contributing to some of the largest glaciers outside of the Polar regions [61]. Extreme relief, steep slopes and high magnitude erosion processes and sediment fluxes generate significant debris loads over glaciers of all sizes, thus significantly altering the ablation dynamics of these glaciers [58,59,62].




3. Climate


3.1. Climate Systems


The Karakoram Himalaya is characterized by a mid-latitude high-mountain climate with cold winters and mild summers [63]. Most of the precipitation over the area is due to winter western disturbances [64,65], even though western disturbances likely contribute during other times of the year. The contribution by western disturbances can, however, be influenced by other geographically remote factors through teleconnections [56,66]. The Indian summer monsoon, which is a part of the larger Asian-Australian monsoon system [67], is also an important contributor to precipitation in the region [68,69]. A third synoptic-scale climate feature affecting the region is the Tibetan Anticyclone, which is strong during the summer and affects the intrusion of the Indian summer monsoon into the Karakoram Himalaya [70,71].



3.1.1. Midlatitude Subtropical Westerly Jet and Westerly Disturbances


The midlatitude Subtropical Westerly Jet (also referred to as the westerlies) is a general circulation wind belt, driven by the thermal gradient between approximately 30° latitude and the poles in both hemispheres [72]. Energy transport occurs due to cyclones and anticyclones which are generated through instability of the Jet as well as its interaction with the thermal and topographic characteristics of the underlying land masses and ocean [72]. Western disturbances can also be generated by the notch between the western Himalaya and the Hindu Kush mountains [73], resulting in eastward-propagating extratropical cyclones that are prevalent over the Karakoram Himalaya mainly during the winter and spring [64,65], but that are also observed during the summer [56,66].



The cold fronts of these cyclones propagate into the warm tropical air mass of the Indian subcontinent. Precipitated water from these storm systems was originally evaporated from the Mediterranean, Red, Persian, Caspian, and Arabian Seas [65,74]. Even more significantly, the cyclones interact with the Karakoram Himalaya topography, producing orographic precipitation that sustains the glaciers in the region [75,76]. The influence of the western disturbances in the Karakoram Himalaya does not have a specific geographic limit. Some research [77], however, delineates climate geographic regions over Pakistan through climate station data for the period 1951–2000. This work shows that the region mainly influenced by the westerlies is north of 35° N, and the area to the south is mostly affected by the Indian summer monsoon. It should be noted that this climate dataset consists of only a limited number of stations at high altitude.



The Karakoram is primarily dominated by the westerlies, with dominant snowfall occurring in winter and spring, and with observed increases in winter precipitation over time [39,49,78]. Teleconnections influence the circulation, and therefore regulate precipitation, particularly if they enhance the influence of the westerly jet [65,79,80,81]. Simulation studies indicate that precipitation forcing could dominate until 2050, after which enhanced internal convective motion due to debris cover and increasing temperatures will dominate, suggesting that Karakoram glaciers will eventually exhibit negative mass balance [58,81].




3.1.2. Indian Summer Monsoon


The Karakoram is also heavily influenced by the Indian summer monsoon, part of the broader Asian-Australian monsoon system. The monsoon is driven by seasonal contrasts in surface temperature between the ocean and land surfaces. Related to the comparatively stable ocean temperature, land-surface temperature varies seasonally being relatively hot during the summer and relatively cold during the winter. The resulting pressure gradients drive the seasonal monsoon winds, with a reversal of the winds during the summer (as compared to winter) when the pressure gradient reverses. Monsoon rainfall therefore varies significantly over the dry and wet seasons. In the northern hemisphere summer, the monsoon extends from the Arabian Sea north and eastward into southern and southeastern Asia. During the southern hemisphere summer, it extends in the opposite direction westward towards Africa [82]. The importance of the Indian summer monsoon for Karakoram glaciers is that it generates topographically induced summer precipitation over much of Pakistan and India with intrusions into the Karakoram.



The strength of the monsoon plays a crucial role in regulating precipitation and snow accumulation [81,83]. Monsoon incursions penetrate into the Karakoram during the summer months [84], and teleconnections between tropical sea-surface temperatures and the strength of the monsoon have been shown to potentially dominate orbital forcing [66]. The monsoon is thought to be responsible for the observed decreases in summer temperatures due to documented increase in cloud cover [85], and thus summer cloudiness may be a contributing factor to snow accumulation. Research has validated the summertime cooling trend since the 1960s [50,86]. From a topographic perspective, the monsoon penetrates into the Karakoram (via glacial valley pathways) and into the Hunza region and easterly over the Baltoro Glacier near K2 Mountain (Figure 2).


Figure 2. Monsoon snowfall on the Baltoro glacier, as seen from Urdokas (photo credit: Andrew G.B. Bush, 2005).
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3.1.3. Tibetan Anticyclone


The Indian summer monsoon reaches deeper into the region when there is a weakening of the Tibetan anticyclone, which is a synoptic scale feature centered over Tibet in the summer. The South Asian anticyclone is an upper tropospheric subtropical anticyclone that migrates from the Bay of Bengal in the winter to the Tibetan Plateau in the summer [87]. The summer mode is referred to as the Tibetan anticyclone [87] or Inner Asian high-pressure system [69]. It has a warm core and affects both regional weather conditions and large-scale atmospheric circulation (e.g., [88]). Relevant to the study of Karakoram glaciers is that, during the irregular weakening of the Tibetan Anticyclone, the Indian summer monsoon reaches the Karakoram and deposits large amounts of precipitation [70,71].





3.2. Teleconnections


Teleconnections have large influence on the climate patterns and dynamics over south Asia, particularly, those arising from disturbances in the tropical Pacific Ocean (e.g., [66,67]). ENSO, for example, exhibits global effects through the planetary wave propagation that arises from surface forcing caused by sea surface temperature anomalies in the central and eastern tropical Pacific Ocean (e.g., [89]). Additionally, the characteristics of ENSO can be altered by midlatitude processes [90].



3.2.1. El Niño–Southern Oscillation (ENSO)


Climate research shows that the intensity of the monsoon is negatively correlated with ENSO, such that during El Niño the monsoon is generally weaker but during La Niña it is stronger e.g., [91]. Weakening of the Indian summer monsoon produces less precipitation and droughts whereas the stronger La Niña monsoon produces enhanced precipitation [92,93]. The observed correlation between ENSO and the monsoon does not, however, guarantee a weakening of the Indian summer monsoon during an El Niño event due to the statistical nature of the relationship [80,93,94]. Elucidating a clearer understanding of the dynamical relationship between ENSO and the monsoon is important, as it is one of the important factors governing precipitation over the glaciers in the Karakoram Himalaya.



The westerlies are also strongly influenced by ENSO. During El Niño, a weaker monsoon implies that the influence of the westerlies over the Karakoram is increased [56,95]. An increase in winter precipitation during El Niño was also found for Northwestern India, with greater moisture flux from the Caspian and Arabian Seas [96]. Conversely during La Niña a strong monsoon reduces the influence of the westerlies over the Karakoram. Through Empirical Orthogonal Function (EOF) analysis, it was demonstrated that the leading EOF of observed precipitation variability contained 63.4% of the variance and was significantly correlated with the Southern Oscillation Index [79].




3.2.2. Pacific Decadal Oscillation and Indian Ocean Dipole


Another teleconnection pattern with influence over the Karakoram is the Pacific Decadal Oscillation (PDO). The PDO represents a combination of processes operating on different time scales and is driven by remote tropical forcing and North Pacific atmosphere–ocean interactions [97,98]. The teleconnection pattern associated with the PDO is similar to that of ENSO, only weaker in amplitude. It therefore modulates the effects of ENSO on the monsoon such that the positive phase of PDO increases the influence of El Niño on the Indian Summer monsoon [95,99]. Thus when an El Niño event coincides with a positive PDO, there is a much weaker Indian Summer monsoon than what is expected by the effects of El Niño alone. It was also demonstrated through a comparison between the leading EOF of observed precipitation variability and the 200 hPa geopotential height that there is a significant connection between spring precipitation in Pakistan and the Pacific-North American (PNA) teleconnection pattern associated with the PDO [79].



The equatorial Indian Ocean has a direct influence on the Indian summer monsoon and, like the Pacific Ocean, it exhibits interannual variability in the form of the Indian Ocean Dipole (IOD) which, like ENSO, is characterized by sea surface temperature anomalies. A composite index of ENSO and the IOD shows a significant relationship between Indian Summer monsoon precipitation extremes and this composite index suggesting that, when the two teleconnections are in phase, the extremity of the Indian Summer monsoon precipitation anomalies is enhanced [100]. A similar conclusion was reached through a Bayesian dynamic modeling approach that determined the phases of ENSO and of the IOD have similar effects on Indian Summer monsoon precipitation [101].





3.3. Climate Change and Trends


Precipitation trends can be analyzed using weather station data, although existing stations are located at much lower elevations than the glaciers. Archer and Fowler [49] analyzed the precipitation record of 17 stations in the Upper Indus Basin, which range from the Karakoram to the Hindu Kush Mountain Ranges. Station altitudes ranged between 980 m to 2394 m, and the time period ranged from 1895 to 1999. The authors found no significant trend in either annual or seasonal precipitation for the entire period; however, there was a positive trend in winter and summer precipitation for the period from 1961 to 1999.



Temperature trends for the same period using weather station data showed a significant increase in winter mean and maximum temperature [50]. The mean and minimum summer temperature, on the other hand, both exhibited a significant decrease. The authors suggest the observed increase in summer precipitation as a possible explanation for the decrease in summer mean temperature. The decrease in summer minimum temperature could be explained if there were a decrease in cloud cover during the night as this would allow more radiation to escape to space, but there is no data to support such an explanation.



The observed increase in winter and summer precipitation and decrease in summer temperature could explain the advance of glaciers in the Karakoram, as opposed to the glaciers in the central and eastern Himalaya. The increase in winter temperature is not important for the ablation of glaciers, as winter temperatures are sufficiently below zero, and a modest increase would not raise the temperature above the freezing point. The decrease in summer mean temperature is important because it occurs during the ablation season.



Not all glaciers in the Karakoram are advancing and surging, however, and further investigation is required to determine the dominant factors governing this glacier state. As the relief over the Karakoram Himalayas is extreme, multiscale topographic effects governing surface irradiance is expected to partially reduce ablation [102], however, it can also cause strong orographic effects throughout the region.




3.4. Regional Climate Models


The fate of glaciers in the Karakoram is linked to a number of factors including climate and topography. To address the climatic aspect of this, numerical modeling of regional climate over the Karakoram has been performed, using data from global general circulation models as the driving boundary conditions. A surface energy balance atmosphere-glacier model has been developed that improves the surface energy balance characteristics over debris-free glaciers of the Karakoram [103], and this model has been extended to include the impact of debris cover on atmosphere-glacier dynamics, with specific application to the Baltoro glacier [57,58].



Regional numerical models have also been used to make predictions of climatic conditions of the Karakoram over the next century, with estimates of glacier response derived from surface energy balance considerations [81]. However, even the highest resolution regional models (2 km) are still unable to capture the detailed topography of the Karakoram. An assessment of the impact of climate change that includes sufficiently detailed topographic representation and orographic precipitation has yet to be done. In addition, a synthesis of all glacier and climate-glacier modeling efforts over High Mountain Asia has yet to be performed following the example of Fernández and Mark who reviewed the glaciological research over the Andes Cordillera [104].




3.5. Climate and Topography


The Karakoram Himalaya exhibits complex climate-glacier dynamics that operate within a mountain geodynamics framework [27,56,105]. High-magnitude erosion and uplift governed by climate forcing is responsible for relief production and extreme topographic anisotropy that is also governed by lithological variations. Collectively, such complex topographic variation regulates precipitation rates, orographic precipitation gradients, shortwave and longwave irradiance fluxes, glacier debris-load depth, and highly variable glacier states and dynamics [27,33,66,106]. Consequently, precipitation forcing is responsible for positive glacier mass-balance conditions and advancing glaciers [30,59], although the issue of mass loading as a contributing factor to the surging mechanism is not known with certainty [107].



It is widely recognized that we lack adequate climate data from high altitudes to characterize precipitation partitioning, orographic precipitation, snow accumulation rates, as well as individual glacier mass loading estimates. In addition, surface irradiance variations at high altitudes are not widely available to characterize the temporal variations of the shortwave and longwave fluxes that are a function of location and multi-scale topographic effects. Furthermore, we do not know to what degree glaciers are responding to internal and/or external forcing factors. The scientific community, however, recognizes that climate, topography, and supraglacial debris cover are fundamental factors that must be better understood [27,46,53,59]. Nevertheless, the topography governs the magnitude of surface processes that regulates ablation, debris-cover depth, debris-cover mineralogy, sediment fluxes, glacier erosion, rock strength, relief production, and tectonic deformation and uplift; all of which feedback on and govern glacier dynamics at a variety of spatio-temporal scales.



With respect to climate systems, both the monsoon and the Westerlies are depositing orographic precipitation based on their trajectory and also based on the topography along their path. Unfortunately, the spatial heterogeneity of precipitation in the Karakoram is not adequately characterized and depicted by climate reanalysis products or most regional-scale climate simulations [108]. Furthermore, such annual precipitation patterns do not spatially coincide and thereby explain glacier size or mass distributions due to climate-topographic forcing and highly variably orographic precipitation distributions with time. Future snow accumulation and ice and sediment fluxes in the Karakoram will be severely impacted by increasing amounts of atmospheric greenhouse gases, global temperatures, and varying wind circulation and velocity patterns (governed by changing regional atmospheric dynamics and teleconnections). However, competing and interacting climate and geomorphological effects make it unclear the degree to which precipitation and/or radiative forcing will govern the sensitivity of glaciers to climate forcing in the Karakoram.



Addressing the issue of orographic precipitation and glacier-mass loading will be an important research direction. The spatial and temporal variations in wind direction and velocity, given the intersection of the westerlies and the monsoon, need to be accounted for in relation to the complex anisotropic terrain structure that includes local and meso-scale topographic effects governing the surface irradiance and precipitation (i.e., cast shadows, hemispherical topographic shielding, local slope and slope azimuth angle, relief, and adjacent terrain conditions). Atmospheric moisture fluxes must also be considered. Consequently, regional-scale climate simulations (<5 km resolution) provide a detailed methodology with which to address these issues. However, there are limits with respect to the utility of parameterization schemes at high resolution, as well as the need to account for greater topographic complexity.



Downscaling of climate parameters and synthesis with high-resolution topographic information is required. For example, the relationship between wind-flow direction and the terrain geometry is necessary to identify hill slopes exposed to the wind exhibiting the potential for orographic uplift and precipitation. In this way, the wind direction and strength, coupled with local and meso-scale topographic properties can be used to highlight and predict orographic precipitation zones.



We demonstrate this in Figure 3 by combining information from ERA-Interim climate data with the Shuttle Radar Topographic Mapping Mission (SRTM) to identify terrain exposed to the wind. The highlighted terrain conforms to the wind-source direction and depicts orographic precipitation zones. We expect that the orographic precipitation distribution over the Karakoram would exhibit less spatial coverage, compared to wind-exposure patterns, if we accounted for moisture mass loss. Nevertheless, it is clear that many glaciers in the Karakoram exhibit an altitudinal gradient and slope orientation that can potentially cause orographic precipitation to occur directly over a glacier surface. Such is the case in Figure 3 that depicts the result of potential orographic precipitation from the westerlies and the monsoon.


Figure 3. Terrain windward exposure (a unitless index) of the Westerlies in the Central Karakoram in: March (a); and August 2013 (b). Demonstrated are variable wind directions across the Karakoram coupled with the anisotropic nature of the topography generating variability in orographic precipitation patterns.
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For moderate-to-smaller glacier basins in the Batura Mustagh and Shimshal Valley regions, terrain wind-exposure zones are highly correlated with basin and glacier size, with the location of large tributary glaciers, as well as with glacier erosion histories that have produced significant meso-scale basin relief. Furthermore, it is plausible that temporal orographic mass loading variation explains variations in glacier velocity profiles from year to year. Increases in annual precipitation have been clearly shown to be associated with increases in the magnitude of glacier ice-flow velocity profiles [109]. It will also be important to determine whether surge-type glaciers exhibit more mass loading compared to non-surging glaciers. This basic type of information synthesis and climate downscaling represents an important research opportunity that may provide insight into the role that topographic properties have on climate forcing that ultimately governs glacier dynamics.



Multi-scale topographic effects also govern surface irradiance and ablation dynamics. The shortwave irradiance flux dominates the magnitude of the surface energy balance [102], although the spatial variations in surface irradiance vary significantly over the ablation season. Topographically controlled direct irradiance exhibits distinctive irradiance patterns over glaciers (Figure 4). Surface irradiance simulations that characterize complex multi-scale topographic effects have indicated that many advancing glaciers and surge-type glaciers receive less daily direct irradiance than retreating glaciers at various times over the ablation season. The impact of meso-scale topography on irradiance variations on glaciers over the ablation season needs to be more rigorously characterized.


Figure 4. False-color composite image of information generated from a diurnal simulation of direct irradiance on 15 August 2013 over the Central Karakoram using the Spectral Topographic Solar Radiation Model (STSRM) version 1 developed by the authors [110]. Total diurnal energy is depicted by red, while the degree of morning shadowing is depicted by green, and the degree of evening shadowing depicted by blue. Light-tone colors signify more irradiance and less topographic effects, while darker colors depict less surface irradiance and more topographic shielding.
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4. Glaciers


4.1. Glacier Fluctuations and Trends


4.1.1. Worldwide


Worldwide, glaciers have been retreating with a typical rate of midlatitude mountain and valley glaciers of 5–20 m year−1 [111], and at an estimated global glaciers mass loss of −259 ± 28 gigatons per year for the period 2003–2009 [23]. The mass balance of glaciers and ice caps worldwide (excluding Antarctic and Greenland glaciers) was estimated as slightly below zero in 1970; however, it is estimated to be growing more negative since then [16]. The mass balance of Asia High Mountain glaciers is decreasing less rapidly than the mass balance of Alaskan and Arctic glaciers but more rapidly than the mass balance of European, Andean, and US and Southwest Canadian glaciers. In this context, the Karakoram Anomaly stands out and demands an urgent need to characterize processes and forcing factors that can be used to explain and understand complex glacier geodynamics in the region.




4.1.2. Himalaya


The literature on Himalayan glacier mass balance change is actively growing. Often, inference of the whole region is based on selected glaciers. Ten glaciers around Mount Everest were selected, and mass balance change through differencing of digital elevation models (DEMs) was performed, using declassified Corona stereo images from 1962 and 1970, aerial photographs from 1984, and Cartosat-1 stereo images from 2007 [39]. The study determined that all ten glaciers lost mass for the period, with the specific mass balance change between 1970 and 2007 calculated as −0.31 ± 0.08 m w.e. year−1 (w.e.: water equivalent). It was also established that mass loss occurred in debris-covered areas of the glaciers. Additionally, three benchmark glaciers in the Nepalese Himalaya that had been observed since the 1970s were selected, and GPS surveys were performed on their surface between 2008 and 2010 [112]. The surveyed glaciers have been losing mass for the whole period, but two of the glaciers are located in humid environments and have been losing mass more rapidly. This confirms that glaciers in humid environments may be responding more rapidly to atmospheric warming due to their extension into lower altitudes. The ice at lower altitudes is maintained because of more frequent snowfall that maintains and protects the ice through the ablation season [112].




4.1.3. Karakoram Himalaya and Karakoram Anomaly


A regional-scale study was also performed across Eastern and Western Himalaya, the Karakoram, and Pamir [28,29]. A Shuttle Radar Topography Mission (SRTM) DEM from February 2000 was compared to DEMs from SPOT5 stereo images from 2008 to 2011. It was found that glaciers in the Eastern and Western Himalaya have negative mass balance, while some of those in the Karakoram and Pamir have positive mass balance. The total mass balance of the glaciers in the Pamir-Himalaya-Karakoram region is still negative, however, at −0.14 ± 0.08 m year−1. It should always be considered that the accuracy and uncertainty of mass balance estimates derived from differencing of DEMs are related to the accuracy of these elevation datasets [113], and pre-processing of DEMS to reduce error is essential [114].



Another regional-scale study of glacier thickness changes was also performed utilizing Ice, Cloud, and land Elevation Satellite (ICESat) altimetry data for 2003–2008 and the SRTM DEM [31,115]. The large spatial footprint of ICESat defines the resolution of the study area, but it also allows for a comprehensive study of Himalayan mass balance change. The study confirmed the Karakoram Anomaly, but it also determined that the Karakoram is at the Western limit of the region where glaciers are gaining mass with the largest mass gain present at the Eastern Nyainqêntanglha. Kääb et al. [31] estimated 21,000 km2 of glacierized area in the Karakoram and a net mass balance of −0.10 ± 0.06 m year−1.



The documented advancing and thickening of some Karakoram glaciers has been named the Karakoram Anomaly, in contrast to the decline of glaciers in other parts of the world [30]. There are different estimates of the total glaciated area in the Karakoram: 16,600 km2, reported by Dyurgerov and Meier [14]; 21,771 km2, reported by Arendt et al. [60]; and 21,000 km2 reported by Kääb et al. [31]. The historical record of the state of retreat and advance of glaciers since the end of the Little Ice Age is lacking due to limited observations. A review of the observations of the Himalayan and Karakoram glaciers between 1850 and the 1970s is available by Mayewski and Jeschke [116]. Noted is the presence of surging glaciers in the Karakoram, but these were excluded from the analysis, as the authors determined that these glaciers represent only a small portion of the record and that the surges are spurious. From the rest of the observations, it was established that the glaciers in the region including the Karakoram were: either retreating or advancing between 1850 and 1880; equally in a state of retreat, advance, and stability between 1880 and 1940; or, in a state of retreat between 1940 and the 1970s [116]. Since the late 1990s, the Karakoram glaciers are reported to have stabilized, and in certain high altitude areas, to advance, while surging glaciers are also reported [30,61]. The Karakoram Himalaya also exhibits rock glaciers [117,118], which are not reviewed in this paper.





4.2. Unique Glacier Characteristics and Climate–Glacier Interaction


4.2.1. Type of Accumulation Area


The type of accumulation area (or nourishment type) of the Karakoram glaciers is another distinctive characteristic contributing to their stability according to Hewitt [61] who utilizes the terms Turkestan-type and Mustagh-type to distinguish the glaciers with that regard. Both Turkestan-type glaciers and Mustagh-type glaciers do not have a typical accumulation area, but are instead snow-and-ice avalanche-fed. The distinction between the two types of glaciers is that ice streams start below the snow line for Turkestan-type glaciers, but the ice streams start above the snow line for Mustagh-type glaciers. There are also some glaciers in the Karakoram that are of Alpine type, which are the typical snow-fed glaciers with extensive accumulation zones. The distinction based on the type of accumulation area is important because avalanche-fed glaciers are less sensitive to changes in the snow line and thus less sensitive to climate change, whereas, with Alpine-type glaciers, small changes in the snow line alter the size of the accumulation and ablation zones. Hence, Turkestan-type glaciers and Mustagh-type glaciers are potentially less sensitive to temperature changes.




4.2.2. Ablation Variations due to Glacier Surface Features


In terms of the ablation regime of Himalayan glaciers, it is important to quantify how much of the ablation happens where different glacier features are located. Thus, an estimation of the ablation regime of a glacier may be possible if the spatial distribution of various features is mapped. Given this objective, Juen et al. [119] applied a distributed ablation model to study ablation rates in western China. The authors estimated through image analysis that debris-cover extends over 32% of the glacier, and that ice cliffs and supraglacial lakes encompass 1.7% and 0.36% of the debris-covered area, respectively. The authors found that the ice cliffs account for much less ablation than previously reported—between 7% and 16% of the total ablation in the debris-covered area of this glacier, while the ablation over all debris-covered area accounts for between 17% and 33% of the total ablation of the glacier. Still, according to Kraaijenbrink et al. [120], the effects of supraglacial lakes and ice cliffs counteract the effects of debris-cover on some glaciers, to the extent that Himalayan debris-covered glaciers may have similar rates of surface height change as debris-free glaciers. Ice cliffs and supraglacial lakes are further discussed below.




4.2.3. Debris-Cover


A very important distinguishable characteristic according to Hewitt [61] is the presence of thick debris-cover but only over portions of glacier surfaces (see Figure 1). For example, Bishop et al. [121] utilized remote-sensing image analysis to estimate that 75.3% of the total area of Batura glacier is covered with debris more than 0.3 m deep. In certain areas, however, only a thin layer of debris is present, enhancing ablation, while there are also areas of clear ice where ablation is not enhanced. The portions covered with thin layers of debris, or those that are debris-free, are sensitive to summer precipitation as the occurrence of snowfall limits ablation.



The presence of debris-cover on Karakoram glaciers is an important surface property, as it modulates ablation rates. Thin debris-cover enhances ablation rates, whereas thick debris insulates the glacier, decreasing the ablation rate to the point where these glaciers can exist at much lower altitudes than if they were debris-free [59,122,123]. Thus, the effects of debris-cover on the thermal properties of the Karakoram glaciers is significant and is expected to lead to erroneous mass balance estimates if not accounted for.



Reznichenko et al. [124] studied the effects of debris-cover on glacier ice in a laboratory environment. The insulating effect of thicker debris-cover (greater than 5 cm) is only possible when diurnal cycles of radiation forcing are present, as nighttime allows for the absorbed energy to be emitted back to the atmosphere. Another important finding was the impact of the permeability of debris-cover on heat transfer during rain events. In particular, thin and highly porous debris allows rain to advect heat to the glacier surface. However, if the debris is not highly permeable, the rain may freeze within the debris-cover at night and stay frozen during the day, not allowing further rain to reach the glacier surface, thereby decreasing surface ablation.



Rowan et al. [123] coupled ice flow and debris-cover within the iSOSIA numerical model [125], and included mass-balance and debris-accumulation feedback. The model was applied to the Khumbu Glacier, Nepal, revealing that the glacier responded to warming by mass loss and thinning—and not by a decrease in its spatial extent. The debris-cover also slowed the response of the glacier to warming. Even though the Khumbu Glacier is not located in the Karakoram and is in a different climate setting, the results of the study are still transferable, as the glacier is large, heavily debris-covered, and mostly avalanche-fed. This modeling effort focused on the spatial pattern of debris-cover but ignored the temporal evolution of debris production.



In the Karakoram, Mihalcea et al. [62] investigated the effects on glacier ablation through a distributed surface energy-balance study. The study utilized remote-sensing, ASTER, and field data to derive the spatial distribution of debris-cover over the Baltoro Glacier and a meteorological station adjacent to the glacier in order to measure the energy available at that location. This study also highlighted the importance of accounting for debris-cover in the energy regime of the glaciers.



Alternatively, Collier et al. [58] investigated the effects of debris-cover on glacier-atmospheric interactions by introducing surficial debris to the coupled atmosphere-glacier model WRF-CMB [103]. Accounting for debris-cover is essential to the modeling of Karakoram glaciers because excluding debris-cover could lead to an approximately 14% over-estimation of ice loss. Moreover, the debris-cover also modifies the meteorological fields, especially over the lower portion of the glaciers, as well as the exchanges of sensible and latent heats between the surface and the atmosphere. It should also be noted that there is a feedback between climate and erosion because debris-cover is a function of the erosional processes in the vicinity of a glacier, since mass movement supplies the material that is deposited on the glacier. In addition, debris-cover is also a function of the topography of the terrain because steep accumulation areas are related to the formation of debris-covered glaciers [59]. Due to the feedback between climate and erosion rates, debris-cover is expected to increase in a warming climate. Understanding debris production and its effects on glaciers is essential, and it has been demonstrated by Scherler et al. [59] that similar climate settings result in different glacier behavior in the Himalayas depending on the presence of debris-cover.



Debris-cover is highly variable, both horizontally and vertically, with most of it being present in the ablation area of the Karakoram glaciers, and with thickness generally increasing toward the terminus of the glaciers, reaching a maximum depth greater than 5 m [56]. Mapping debris-cover and estimating its depth are active research areas in glaciology [62,121,126,127,128,129,130,131]. An innovative study by Casey and Kääb [132,133] also mapped geochemical composition of debris-cover cover through in-situ and remote sensing spectral analysis.



Some of the early work on debris-cover mapping was performed by Bishop et al. [121], using SPOT images and ISODATA unsupervised classification to derive not only the spatial variability but also the thickness of debris-cover. Mihalcea et al. [62,130] utilized the thermal ASTER bands and mapped the spatial distribution and thickness of debris-cover through a correlation between surface kinetic temperature and debris-cover characteristics. This correlation was applied over the Baltoro glacier even though it was developed over the Miage Glacier, Italy with a stronger correlation of R = 0.8 over a continuously debris-covered area, as well as a weaker relationship of R = 0.69 over the whole glacier tongue. Khan et al. [129] also mapped different types of land cover common in glacierized basins such as perennial snow-cover, clean ice, and debris-covered ice. This is a semi-automated approach, using Landsat images and terrain slope as inputs to a supervised maximum likelihood classification that segments the study area, which is then completed by manual post-processing. All of these efforts in mapping debris-cover are essential, as we need to be able to better characterize glacier surface energy-balance conditions.




4.2.4. Ice Cliffs and Supraglacial Lakes


The presence of ice cliffs and supraglacial lakes are another unique characteristic of glaciers (Figure 5 and Figure 6) as both of these features are associated with high-magnitude ablation, and ice cliffs contribute considerably to the overall ablation of a glacier even though they often cover only a small percentage of the glacier surface [120,134,135,136,137]. Theoretically, these features and glacier ablation form a positive feedback loop—an ice cliff exposes clean ice while supraglacial lakes exhibit low albedo both of which increase ablation. The enhanced ablation further contributes to the expansion of ice cliffs and supraglacial lakes. In actuality, ablation rates on ice cliffs vary according to their orientation and inclination, local shielding effects, and the presence of debris-cover as demonstrated on the Lirung and Khumbu Glaciers, Nepal [138].


Figure 5. A debris-covered ice cliff and a small supraglacial lake on Baltoro glacier (photo credit: Andrew G.B. Bush, 2005).
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Figure 6. A large supraglacial lake surrounded by ice cliffs on Blatoro glacier (photo credit: Andrew G.B. Bush, 2005).
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Ice cliff formation, however, has not been studied sufficiently with only two formation mechanisms described in the literature—ice cliffs can be formed when the roof of an englacial conduit collapses or when a debris-layer slides and exposes clear ice [138,139,140,141]. Ice cliffs occur commonly over the lower portions of a glacier due to mass wasting, thinning of the ice, and the eventual collapse of the roof of conduits. When that happens, the resulting feature appears as a funnel-shaped sink hole [141]. Ice cliffs are dynamic and are further modified by ablation and ice flow. Sakai et al. [138] identified four types of ice cliffs during their study of Lirung Glacier, Nepal—decayed, temporary, developed, and stable. When they are first developed, their area increases. When they are stable their area does not change. Decaying ice cliffs lose their surface area. The identified temporary ice cliffs were formed due to debris-layer sliding during the monsoon season, and are covered again with debris in the post-monsoon season.



Ice cliffs vary in shape but also in type due to their different orientation, as orientation represents a strong controlling factor for ice-cliff ablation. On Lirung Glacier, Nepal, ice cliffs facing north to west were larger and were determined to have continuous ice exposure with similar ablation at their lower and upper parts, and thus these ice cliffs maintained their steep slopes [138]. At the same time, ice cliffs facing northeast to south were smaller and appeared shielded at their lower portions exhibiting lower slopes, which also tend to be covered by debris. Sakai et al. [138] explain these differences given variations in shortwave and longwave irradiant fluxes. A more recent object-oriented analysis of glacier features on Langtang Glacier, Nepal also identified north-facing ice cliffs as larger and often accompanied by a supraglacial lake formation [141].



Further insight into ice-cliff dynamics was gained by Buri et al. [135] who developed a grid-based model of cliff backwasting which accounts for the interactions between shortwave and longwave irradiant fluxes, and glacier topography. The model was applied to two ice-cliff features on Lirung Glacier, Nepal, and pre-monsoon, monsoon, and post-monsoon radiation fluxes were computed. In all six scenarios, the diffuse irradiance was the largest shortwave flux when compared to direct or adjacent-terrain irradiance fluxes, with mean diffuse irradiance varying from 48.8% to 64.8% of the mean incident shortwave irradiance. In four out of the six scenarios, the mean outgoing longwave radiation flux was larger than the mean incoming longwave radiation flux. However, the amount of the incoming longwave radiation is still important with the sky-longwave irradiance dominating but with considerable mean debris-emitted longwave radiation ranging from 24.2% to 27% of the total incident longwave radiation. These estimates confirm the importance of considering the terrain but also the type and relative location of debris-cover when examining the effects of ice cliffs on ablation.



Ablation is enhanced due to exposed ice, so often supraglacial lakes are formed at the base of ice cliffs, and Kraaijenbrink et al. [120] demonstrated the prevalence of these coupled systems by mapping them over a lower portion of the Langtang Glacier, Nepal. Supraglacial lake formation is also of extreme interest because such lakes are a hazard for the onset of Glacial Lake Outburst Floods (GLOFs) and large lakes upstream from mountain communities are often monitored [142,143,144]. Thus, most of the effort in studying glacier lake formation has been focused on moraine-dammed lakes at the terminus of the glaciers which are at risk of GLOFs, and Sakai et al. [145] demonstrated statistically that such lakes form on glaciers where the inclination of the glacier surface is less than 2° and also where there has been lowering of the glacier surface since the Little Ice Age.



In terms of supraglacial lakes not at the terminus of the glacier, the general understanding is that they are also due to lowering of the glacier surface. Kraaijenbrink et al. [120] deployed an unmanned aerial vehicle (UAV) over Langtang Glacier, Nepal and found that glacier surface curvature is not related to the presence of supraglacial lakes—the authors identified a decrease in the total extent of supraglacial lakes over a relatively straight stretch of the glacier.




4.2.5. Variable Glacier Dynamics and Surging Glaciers


Essential to our understanding of these glaciers are the highly variable ice dynamics even along portions of even the same glacier [33,107,146,147]. Glacier profile estimates of ice velocities provide insight into glacier dynamics and can be used to identify surging glaciers in their active phase of surging. Paul et al. [42] introduced a procedure for deriving glacier velocities developed within the Glaciers Climate Change Initiative (CCI) of the European Space Agency (ESA). Ice velocities currently may be derived through offset tracking of either repeat optical remote sensing images or SAR images [42].



The large number of surging glaciers uniquely define the Karakoram [34,69]. Surging glaciers differ from advancing glaciers in that they undergo long periods of no movement (quiescent phase) and shorter periods of surge [102]. During a surge, a large volume of ice is transferred from the upper portion of the glacier (reservoir area) to the lower portion (receiving area). The velocity of a surging glacier is often 10 to 100 times greater than the velocity of the glacier when quiescent. Furthermore, the velocity is too great to be due to ice deformation alone; therefore, basal slip must be occurring as well [102].



Surge dynamics of Karakoram glaciers were studied by Quincey et al. [148]. The authors identified five glaciers in Pakistan; surface velocities were derived through feature tracking of remote sensing images. Landsat TM and Landsat ETM+ images were used to generate the velocity fields of the three larger glaciers, while finer resolution PALSAR was employed for two smaller glaciers. The authors concluded that the surges of these glaciers are thermally and not hydrologically controlled, the evidence for which is the seasonality of surge commencements, as one surge was initiated in the late summer and another in the fall. Additional evidence used to justify thermal control was that the glaciers accelerated gradually after the surge started, with peak velocities being reached about two years later. The quiescent state was reached about two to three years after the peak, with the smaller glaciers advancing considerably. The two smaller glaciers were not heavily debris-covered and are glaciers that were not previously reported to have surged. Large-scale glacier velocity studies such as the one performed by Dehecq et al. [149] will provide further insight into the spatial distribution and character of surging glaciers in the Karakoram Himalaya.






5. Discussion


The complexity of climate-glacier dynamics in the Karakoram is the result of numerous feedback mechanisms that involve the coupling of climatic, surface, and tectonic processes. Topographic structure strongly governs radiative and precipitation forcing, and the magnitude of erosional processes further modifies topography. Similarly, erosion dynamics are affected by climate forcing and regulates surface mass loss, governing uplift and topographic deformation. Collectively, these mountain geodynamics operate over a variety of spatio-temporal scales, and explain numerous characteristics about the topography and modern-day glaciers in the Karakoram. For example, paleo-climatic conditions and radiative forcing promoted positive mass balance conditions in the Holocene [66] that would have resulted in large ice depths and driving stresses promoting rapid erosion and relief production, as glacier erosion is thought to scale with ice depth and ice-flow velocity [150,151]. High-altitude glacier erosion surfaces are found throughout the Karakoram, representing extensive glaciation [55,152,153,154]. These conditions and the subsequent retreat of glaciers would have significantly modified the topography and established the current anisotropic nature of the topography that now partially regulates precipitation forcing and glacier surface ablation. Furthermore, we know, based upon our fieldwork and geomorphometric analysis of the topography in the Karakoram [154,155], that many glaciers are differentially influenced by tectonics, such that glaciers in tectonic zones exhibit unique geometries and ice-flow velocities due to flow restrictions and steep slopes caused by glacier erosion and uplift.



Complex mountain geodynamics are also responsible for the size distributions of glaciers and the basins in which they are found. Those glaciers that appear to be receiving more snow accumulation exist in larger basins, and these basins exhibit a relatively low hypsometric integral (i.e., more rock mass removed by glacier erosion). Furthermore, the meso-scale topographic stresses and regional tectonic stress fields govern rock resistance to erosion [153,156], which in turn controls mass movement processes that generate debris supply to glacier surfaces. Lithological and topographic variations, coupled with frequent snow avalanching, explain the heavily debris-covered glaciers in the Karakoram. Therefore, climate, erosion, and uplift dynamics are primarily responsible for glaciation, glacierization, and various aspects of climate–glacier dynamics.



It is this highly coupled geodynamics framework that complicates our understanding of climate-glacier dynamics and glacier sensitivity to climate change. Traditionally, climate and glaciological research has focused on utilizing annual climatic precipitation and temperature regimes to explain glacier states and changes. Temporal climate trends have been used to explain glacier fluctuations and mass balance conditions (e.g., [157]), although such relationships do not adequately account for topographic anisotropy and surface irradiance, supraglacial debris cover properties (e.g., depth, lithology, sediment fluxes), orographic precipitation variations at high altitude, and local convective boundary layer motion and precipitation. These parameters can significantly vary over space and time. Therefore, given observed decreases in summer temperature, we should not expect that glaciers in the Karakoram to retreat uniformly or that the largest glaciers be present where annual precipitation is greatest. An examination of annual precipitation patterns over the Karakoram does not explain glacier size distributions and glacier geometry patterns, nor differentiates “normal” alpine-type versus surge-type glacier distributions in the Karakoram, although we do note reduced relief and a different topographic structure in the northwestern portion of the Karakoram over China, where annual precipitation is relatively low, compared to other regions in the Karakoram.



Given such complex geodynamics, there is an urgent need to better understand the Karakoram Anomaly [30,31,32]. To do so, we must account for a variety of controlling factors, such as climate–system interactions between the monsoon and the westerlies, climatic teleconnections (such as those produced by ENSO), the anisotropic nature of topography, and debris-load dynamics that modulate the influence of climatic variables. Nevertheless, we should expect that the high degree of spatial and temporal variability in glacier fluctuations is the result of orographic mass-loading variability resulting from changing climate-system interactions, as precipitation forcing is thought to most likely be the dominant controlling factor responsible for the spatial anomaly of advancing and surging glaciers, as well as positive mass balance conditions [49,50]. However, we need to know to what degree ENSO influences the monsoon and its penetration into the Karakoram and to what degree does it influence the westerlies in terms of moisture, wind-strength, wind-direction, and orographic precipitation. Given wind-direction variability and wind-strength, we would expect orographic precipitation to be extremely variable over the course of a year. Similarly, how do lithologic variations and topographic structure and stresses control basin rock-fall retreat rates, sediment fluxes, and glacier surface debris accumulation?



Studying such topography-climate forcings should provide new understandings of glacier fluctuations and glacier sensitivity to climate change. Terrain exposure to changing circulation patterns (given variable moisture fluxes) should highlight orographic precipitation zones that could more formally explain glacier-size and glacier-distribution variations across the Karakoram. In addition, climate simulations suggest that the Karakoram Anomaly is the result of the increasing influence of the westerlies caused by El Niño events that cause a weakening of the monsoon, which in turn creates significant spatial variations in orographic precipitation to partially regulate glacier mass balance and terminus-state conditions [158,159]. Furthermore, simulations also suggest that debris mass loading (due to debris-cover accumulation and snow avalanching and basin rock-wall retreat) will influence atmospheric boundary layer conditions, such that, in the future, increases in temperature and debris-cover will increase surface debris temperatures that will cause increased convective motion over glaciers, increasing local precipitation and thereby enhance ablation if the moisture can infiltrate to the ice surface at depth [58]. Therefore, positive mass balance conditions may transition to negative mass balance for these glaciers. These complex atmospheric–topographic–debris feedback mechanisms will need to be investigated to ascertain the timing of climatic mass-balance variations.



Given contemporary conditions, it may be that advancing glaciers exhibit relatively large orographic precipitation zones at high altitude, or in their accumulation area, or in high-altitude/accumulation areas of tributary glaciers. They may also exhibit reduced ablation in topographic zones that generate cast shadows and exhibit relatively strong hemispherical topographic shielding caused by high magnitude glacial and fluvial incision over time (Figure 4). These multi-scale topographic effects reduce shortwave surface irradiance and longwave atmospheric irradiance over glaciers. Such topographic influences over the ablation season have yet to be formally quantified.



It is not yet necessarily clear that retreating glaciers exhibit less mass loading in their accumulation area, as relatively high ablation rates could be responsible for retreating termini and downwasting. Furthermore, increased ablation due to the presence of ice cliffs and supraglacial lakes may accelerate ablation and downwasting over segments of glacier surfaces [84], although termini debris load and ice-discharge conditions could promote relatively stable termini positions. Finally, it is also necessary to understand the nature of atmospheric temperature change and the influence of clouds on the longwave irradiance that also governs ablation dynamics. Steiner and Pellicciotti [160] found that diurnal variations in air temperature can vary significantly in mountain environments. Consequently, feedback between energy balance, ablation, sediment fluxes, topography, and ice-flow dynamics regulates glacier geometry, termini variations, and glacier-surface morphometric structure.



These complex geodynamics also govern surge-type glaciers in the Karakoram [107,146]. Surging glaciers exhibit quasi-periodic advances or increases in flow that are thought to be unrelated to external factors [161]. In the Karakoram, they exhibit relatively high flow velocities, ranging from 250 to 2000 m year−1 [33]. Surge mechanisms are thought to be thermal and hydrological in nature, although Copland et al. [155] have indicated that multitemporal ice-flow velocity profile patterns support the possibility of mass loading as a controlling factor. Furthermore, it has been stated that the large number of surging glaciers in the region suggests a correlation between climate and surge-type glacier locations. Sevestre and Benn [52] found a first-order climatic envelop, where both nonsurge-type and surge-type glaciers can coexist. Their data on mean annual temperature and precipitation could delineate surging clusters that confirm that climate is a primary control on the distribution of surge-type glaciers.



Numerous statistical and field studies have been conducted to identify controls on surging behavior (e.g., [162,163,164,165,166]). It has been suggested that topographic and geological controls may be significant [33,155]; however, formalization of multi-scale topographic effects on processes such as debris production, ablation, melt water production, and glacier surface morphometric and geometric factors have yet to be adequately investigated. Tectonics and lithological controls, glacier geometric complexity, and tributary ice-discharge locations, in relation to mass loading and melt water production, may also explain surging and ice-flow distribution patterns.



Given that glacier dynamics are governed by mountain geodynamics, it is reasonable to assume that glacier surging behavior may be different for glaciers in separate basins and that there may not be a single surging mechanism operating in the Karakoram. Quincey [33] reached the same conclusion and found that different styles of surges can be accounted for by examining individual glacier configurations that are ultimately defined by climate, topography and geological conditions. In the Shimshal Valley, we note that surging glaciers: (1) are relatively long and large; (2) found in tectonic zones; (3) can exhibit relatively large tributary glaciers; (4) exhibit relatively large mass-loading zones at altitude or in the accumulation area (based upon wind-circulation patterns and terrain wind exposure); and (5) have relatively steep altitude gradients. All these characteristics are strongly controlled by the topography and climate. Consequently, more detailed analysis of climate-topography forcing, debris-cover conditions, and localized geological conditions needs to be evaluated [57,58].



Another critical issue for understanding the nature of glaciers in the Karakoram is that of glacier sensitivity to climate change. This topic has been discussed in the literature, however, not from a mountain geodynamics perspective. In general, our understanding has been highlighted in terms of Karakoram glaciers being less sensitive to climate change, given that debris-covered glaciers are insulated by thick debris cover, and surge-type glacier mechanisms are not thought to be caused by external forcing factors [161,167]. The issue is further complicated by semantics, in terms of defining glacier change, and accounting for the concept of glacier response times.



Thick, debris-covered glaciers are thought to be insensitive to increases in temperature because of relatively large debris depths. However, such conditions could cause convection, and localized precipitation could increase ablation as the water makes its way through the debris layer. Furthermore, debris depths are highly variable in the Karakoram, and are controlled by gravity and the topography, melt-water production, suprafluvial erosion and transport of sediment, and ice-flow velocity compression in the terminus region of the glacier. This generalized perspective accounts for glacier deformation and response time theory [102,168] and changes in the cumulative mass balance variation of an individual glacier. The conventional understanding is that larger glaciers respond to climate over longer time intervals, while smaller glaciers respond to climate change over shorter time scales [169]. Nevertheless, research has demonstrated significant changes over relatively short time scales in: (1) glacier geometry and state across all altitudes [27]; (2) glacier hydrology [144]; (3) supraglacial lakes [95]; (4) ice cliffs [138]; (5) ablation dynamics [130]; and (6) ice-flow velocities [146] for glaciers of varying size. Numerous glaciers in the Karakoram are clearly responding to increased mass loading and/or melt water production, as they exhibit annual increases in ice-flow velocities due to driving stresses and/or increased basal water pressures [33]. Furthermore, we saw during our fieldwork on Baltoro glacier in July 2005 that glacier surface topography rapidly changes within a week, due to variations in the ablation dynamics caused by sediment fluxes, supraglacial fluvial processes, and the evolution of supraglacial lakes and ice cliffs known to represent high-ablation conditions.



Given these interacting dynamics that operate at multiple scales, one can easily argue that Karakoram glaciers may be highly sensitive to climate-topography forcing and that the rapidly changing process dynamics significantly alters glacier surface and englacial structure. Such complex sensitivity and dynamics may be considered to be strongly nonlinear in nature, and does not have to significantly alter glacier geometry. Furthermore, we lack adequate data to reasonably characterize whether such glacier changes significantly alter mass-balance conditions, as most cumulative ablation and snow accumulation estimates exhibit a high degree of uncertainty. Consequently, rapid downwasting, changes in topographic structure and ablation dynamics, as well as glacier hydrological responses (such as outburst flooding, englacial conduit collapses and glaciofluvial water discharge variations) may reveal significant glacier sensitivity to climate change, as complex feedback mechanisms are generating detectable and measureable changes in glacier dynamics and surface morphological conditions. Glaciers in the region are surging, advancing, retreating, and downwasting, as well as exhibiting lateral outburst flooding, and the nature of oscillations and transition states may be considered a response to mountain system geodynamics, as many glaciers adjacent to each other respond differently [27,33,69].



It is plausible that the debris-covered glaciers in the Karakoram are much more sensitive and susceptible to climate change than previously discussed in the literature. This implies that they may be more dynamic because they respond to high-magnitude process rates that are highly spatio-temporal scale dependent, compared to other areas in the Himalaya, as the Karakoram exhibits complex geodynamics and glaciers responding to both radiative and precipitation forcing. Such complexity may be due to the extreme anisotropic topographic conditions, in which high-magnitude erosion-uplift dynamics and relief production are spatially coincident with two interacting climate systems, resulting in relatively high orographic mass-loading, that drives gravitational stresses to explain the high flow velocities of the region and highly variable glacier fluctuation rates [27]. Precipitation forcing is counter-balanced by radiative forcing, as the past individual glacier erosion history governs the relief and topographic shielding that alters irradiant fluxes. Increased ablation at intermediate and high altitudes can generate altitudinal zones of downwasting that alter driving stresses and glacier-surface topography. We see this occurring over the larger glaciers including the Batura, Hispar, and Baltoro. Furthermore, high-altitude melt water production due to thin layers of debris, steep slopes, and increased driving stresses (gravitational, tributary ice discharge, and mass loading induced) may cause potential glacier dynamic instabilities, explaining the large number of surging glaciers in the region.



The collective nature of all these climate-glacier dynamics, and the nature of glacier variability within the region suggests that Karakoram glaciers are highly sensitivity to local and regional climate, topography and geological conditions. More research into topographic anisotropy and its role in climate forcing is warranted. Finally, the nature and degree of glacier surface topographic change may be an important indicator of glacier sensitivity to climate and geological conditions, as the glacier topography represents the synthesis of competing processes and internal dynamics that is ultimately controlled by climate forcing.




6. Conclusions


Over the past several decades, a significant body of research has attempted to characterize the climate-glacier dynamics in the Karakoram Himalaya. Satellite observations and geodetic estimates of mass-changes have revealed relatively stable mass-balance conditions in the Hunza region before 2000 [170], and slight mass-gains after 2000 [31]. A number of researchers report highly variable glacier fluctuation rates, with glaciers in adjacent basins not following regional climate trends. Furthermore, the region exhibits a relatively large population of surging glaciers that, in some local instances, appear to follow similar temporal surging patterns. They have also been found to exist within a climatic envelope, suggesting that climate is a primary controlling factor that may play a role in initiating surging.



Research has also highlighted the uncertainty in estimating glacier fluctuation rates and mass-balance, given the utility of different geospatial data sets and methodological procedures. Understanding of the region has been traditionally based upon remote sensing investigations and employing statistical climate trends. Increasingly, scientists are making use of climate simulations and climate-glacier models to investigate complex climate–glacier dynamics. However, we are now beginning to understand that mountain geodynamics also govern the complexities of climate-glacier dynamics, and that the glaciers in the Karakoram are responding to complex interactions involving climatic, surface, and geologic processes. Anisotropic topographic variation significantly governs a multitude of processes, including radiative and precipitation forcing. It also governs debris load availability and therefore various aspects of climate and ablation dynamics.



This review of recent research and the issues that have been discussed provide a foundation for new research directions that better account for the complexities of mountain geodynamics and the scale dependencies of processes that govern glacier responses to climate change. They include investigating:

	
Climate system interactions and teleconnections



	
Topography-climate forcing and orographic precipitation patterns



	
Spatio-temporal surface irradiance patterns and surface energy budgets



	
Supraglacial debris load fluxes, depths and ablation distributions



	
Ice cliff and supraglacial lake system evolution



	
Glacial geomorphological responses to climate change.
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