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Initially, cryohydrology was referred to as hydrology involving low temperatures, for example, the hydrological study of snow, ice, frozen ground, and cold water. This discipline broadened with the development of cryospheric science and now involves hydrological processes of various cryosphere elements systematically coupled with river basin hydrological processes. However, limited studies have introduced the characteristics and discipline connotations of cryohydrology from a perspective of cryospheric science. Here, we reviewed the evolution of the connotations of cryohydrology and analyzed its hydrological basis and discipline system. Three major conclusions were drawn. (1) Cryohydrology was developed based on traditional hydrology for a single element of the cryosphere and focuses on the hydrological functions of the cryosphere and its impact on the water cycle and water supply to other spheres. (2) The hydrological basis of cryohydrology can be summarized as water conservation, runoff recharge, and hydrological regulation. In detail, the water conservation function is primarily expressed as “source of freshwater” and “cold and wet islands,” the runoff recharge function is concerned with water supply, and the regulation function is effective at intra- and inter-annual scales. (3) The core research issues of cryohydrology are research methods, hydrological processes, watershed functions, and regional impact. The important characteristics of cryohydrology are frequent water phase transitions and high variability across spatial and temporal scales. Cryohydrology aims to deepen the understanding of the theoretical and cognitive levels of its mechanisms and processes, accurately quantify the hydrological functions of the basin, and promote understanding of the ecological and environmental impacts of the cryosphere.
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INTRODUCTION
The cryosphere refers to the negative temperature zone of the surface of the Earth, which mostly exists in the form of solid water (Steffen et al., 2012). The elements of the cryosphere primarily include glaciers, ice sheets, frozen ground, snow cover, sea ice, river ice, and lake ice (IPCC, 2013). The interaction between the cryosphere and the hydrosphere is an important hydrological process affecting the Earth’s climate (Slaymaker and Kelly, 2009; French and Slaymaker, 2012; National Academy of Sciences, 2012; Yao et al., 2012; Qin et al., 2018), which in turn affects the global sea level and global water-cycle processes (Ding et al., 2017). Therefore, the cryosphere is unique and plays a critical role in global water cycles (Qin et al., 2018).
Under the intensified impact of climate change, in the past decade, the hydrological impacts of the cryosphere have been increasing from the Arctic (Li et al., 2010) to the Tibetan Plateau (Immerzeel et al., 2010; Yao et al., 2019), from the Andes (Masiokas et al., 2010) to the Alps (Bavay et al., 2013; Pellicciotti et al., 2014), from the endorheic river basins (Wang et al., 2009; Zhao et al., 2015) to Siberia (Liljedahl et al., 2016; Kalyuzhnyi and Lavrov, 2017), and from high-latitude oceans to the global sea level (IPCC, 2013). Therefore, the hydrological processes of the cryosphere have become a popular topic within water science for climate change, focusing on global sea level change and the concept of “water towers,” for several large rivers and their downstream basins (e.g., Georg et al., 2010; Immerzeel et al., 2010, 2019; Sorg et al., 2012; Biemans et al., 2019; Ye and Lau, 2019).
From the perspective of disciplinary systems, previous studies on cryosphere water issues focused on the hydrological processes of an individual element of the cryosphere, such as glacial hydrology (Yang, 1991; Singh, 2001; Irvine-Fynn et al., 2011), permafrost hydrology (Woo, 2012), and snow hydrology (Singh, 2001; DeWalle and Rango, 2008; Ye and Lau, 2019). For example, research on glacial hydrology primarily involves glacier melt, runoff generation, and the role of glacial runoff in the watershed (Ding et al., 2017; Immerzeel et al., 2019; Tang et al., 2019). With the increasing impact of global warming on the cryosphere, the hydrological processes of different cryosphere elements and their impacts often occur simultaneously in the same watershed or region (Ding et al., 2017). Water issues related to the cryosphere can no longer be resolved from the process and impact of a single cryosphere element. It is necessary to examine the water problems of the cryosphere from the integrated perspective of cryospheric science, which can be called cryospheric hydrology, or cryohydrology.
Initially, cryohyrdrology was referred to as hydrology at low temperatures, for example the hydrological study of snow, ice, frozen ground, and cold water (Woo, 2019). However, the discipline connotation of cryohydrology needs to be broadened from the perspective of cryospheric science. To accurately understand the hydrological effects of different cryosphere elements and the overall hydrological process of the basin under the influence of climate change, it is necessary to consider the hydrological processes of various cryosphere elements systematically and couple them with river basin hydrological processes. This is critical for properly responding to climate change and satisfying the social and economic needs of cryosphere water issues. The integrated view of different hydrological processes of the cryosphere is the core idea behind the term cryohydrology.
Although the term cryohydrology has been mentioned or used in some studies (Phillips et al., 2013; Singh, 2017; Woo, 2019), few studies have named it as an independent discipline system integrating the common and different hydrological characteristics of cryosphere elements. In this study, by condensing the core academic thoughts behind cryohydrology, we attempt to comprehensively construct its research framework from the succession of the discipline, the common hydrological characteristics of the cryosphere, to the research content, and the discipline’s constituents. This study will help understand the integrated hydrological functions of the different elements of the cryosphere at the regional or global scale. The paper is organized as follows: Introduction introduced the background and the aim of the research; Developing the Cryohydrology Discipline describes the development of the cryohydrology discipline including the origin of the cryohydrology concept, and its relationship and difference with cold region hydrology; Hydrological Basis of Cryohydrology analyzes the hydrological basis of cryohydrology including water conservation, runoff recharge, and hydrological regulation; Discipline System of Cryohydrology depicts the discipline system of cryohydrology; and Summary and Perspective presents summary and perspective.
DEVELOPING THE CRYOHYDROLOGY DISCIPLINE
Origin of the Cryohydrology Concept
Cryospheric hydrology studies have focused on a single element of the cryosphere for a long time. For example, snowmelt runoff modelling started in the 1960s based on papers by Martinec (1960), Martinec (1965). Before that, also in the USA, snow hydrological investigations had already been carried out (US Army Snow Hydrology, 1956). The earliest attempts at quantifying the glacial meltwater proportion of watershed yield were achieved by leveraging glacier mass balance, climate, and discharge data (Collier, 1958; Henoch 1971), while a glacier physics investigation was done on the Penny Ice Cap, Baffin Island (Ward, 1955). The surface hydrology of permafrost was summarized by Dingman (1971) and Church (1974), while in situ observations and cursory measurements were made in permafrost areas in the early half of the twentieth century by the Cold Regions Research and Engineering Laboratory (CRREL), USA (Sellmann, 1967). With these early research works on glaciers, frozen ground, snow cover, or other elements, corresponding studies on glacier hydrological processes and snow hydrology were performed, and a discipline system based on the methodology of different elements of the cryosphere was gradually formed, including glacier hydrology (Yang, 1991), snow hydrology (DeWalle and Rango, 2008), and permafrost hydrology (Woo, 2012). They either belonged to a branch of glaciology or became a special part of hydrology.
In these studies, water issues related to cryosphere elements were often attributed to cold region hydrology (Yang et al., 2000) or permafrost hydrology (Woo, 2012). However, the term cold region hydrology was used in a broad sense and lacks scientific definition. Sometimes, cold region hydrology is limited to the hydrology of the permafrost region (Yang et al., 2000; Woo, 2012). Generally, it refers to hydrology in cold regions, including the hydrological phenomena of glaciers, frozen ground, and snow cover, as well as river and lake ice (Woo, 2008; Ding et al., 2017). Studies on multi-element hydrological phenomena of the cryosphere are sometimes also expressed as permafrost hydrology, particularly by Canadian scholars (Woo, 2012). Whether called permafrost hydrology or cold region hydrology, the research subjects concentrate on the hydrological issues of a certain cryosphere element. The discipline system inherits the respective disciplinary characteristics of each single cryosphere element and focuses on the intersection of individual cryosphere elements. In terms of research content and disciplinary structure, they are the same as the subject on a single element of the cryosphere, such as glacier hydrology and snow hydrology. The combined effect of different elements of the cryosphere at basinal, regional, and global scales were rarely addressed.
With the recent development of cryospheric science and the increasing socioeconomic demand for water resources from the cryosphere for global sustainability, research within the cryohydrology discipline urgently requires a transition from the traditional single element perspective to a multi-element, integrated, comprehensive view. Therefore, integrating cryosphere water issues into one research framework and building its disciplinary system from a perspective of cryospheric science is inevitable. In this discipline system, the hydro-thermal processes related to glaciers, frozen ground, snow cover, and lake ice, and the hydrological function of the cryosphere elements need to be considered within the same framework.
Therefore, cryohydrology can be seen as both a traditional and an emerging discipline. Traditionally, the theory and methodology of mass balance, ablation, hydrothermal processes, and generation and convergence mechanisms of single cryosphere elements are the theoretical basis of cryohydrology. However, owing to the increasing impact of global warming on the cryosphere, the hydrological processes and influences of cryosphere elements are receiving broader attention. Water issues related to the cryosphere can no longer be understood separately from the traditional hydrology of a single cryosphere element. It is necessary to move to a cryospheric science perspective, thereby promoting the formation of the cryohydrology discipline.
Relationship Between Cryohydrology and Cryospheric Science
Cryospheric science studies the formation and evolution of the cryosphere, as well as the interactions between the cryosphere and other spheres of the environment, particularly the impacts of the cryosphere on the rest of the environment and adaptation mechanisms (Qin et al., 2017; Qin et al., 2018). Cryospheric science includes: i) the mechanisms of formation, development and evolution of cryosphere elements, and their interactions; ii) the interaction between each element and the whole cryosphere, and other earth spheres including atmosphere, hydrosphere, lithosphere, and biosphere, among which the intersection of cryosphere and hydrosphere focus on the water cycle and water availability (Figure 1A); and iii) the impact and risk of cryospheric change on other earth spheres, including the relationship between the cryosphere and social sustainable development, particularly adaptation and countermeasures to address cryospheric changes at global and regional scales (Qin et al., 2018). Cryohydrology is accompanied by the simultaneous development of cryospheric science, and several of its research fields are closely related to the elements of cryospheric Science. From the perspective of hydrology, the hydrological effect, water cycle, and water resources of the cryosphere elements are the focus of cryohydrology.
[image: Figure 1]FIGURE 1 | Research content tree of hydrology (A) and (B) cryospheric science (after Qin et al., 2018) as well as and the relationship between hydrology, cryohydrology, and cryospheric science. Note that cryohydrology focuses on the water cycle and water availability, and the intersection between cryospheric science and hydrology.
The research tree of cryohydrology is highly similar to that of cryospheric science, and the research contents of cryohydrology make up a part of cryospheric science. In the cryospheric science discipline system, cryohydrology is located together with the impacts of water availability, sea level, and thermohaline circulation at the applied basic research level (Figure 1B). The formation mechanism and changes in cryosphere elements at the basic research level are the scientific basis for cryohydrology. The service, adaptation, and sustainability of water availability, and sea level change at the applied research level are the outputs of cryohydrology (Figure 1B).
Scope of Cryohydrology and Cold Region Hydrology
Among the cryosphere elements, except for some unstable snow cover (snow days less than two months) and short-term frozen ground (freezing periods less than fifteen days), most elements are stable and generally persist long-term. There is no commonly accepted definition for cold regions. They generally refer to high-latitude or high-altitude regions. Therefore, hydrological research in these regions has generally been called cold region hydrology (Yang et al., 2000).
The cold region can be regarded as the core area affected by the cryosphere, but does not represent its full extent, which is significantly larger. Theoretically, cryohydrology research involves all hydrological phenomena and laws in all extents, including the core area and impact area of the cryosphere, but cold region hydrology primarily involves water issues in the core areas of the cryosphere. Both cryohydrology and cold region hydrology concentrate on cryosphere elements with active hydrological functions and their impacts, thus from this perspective cold region hydrology and cryohydrology are the same.
The major difference between cold region hydrology and cryohydrology is that cold region hydrology focuses more on the special hydrological process of different cryosphere elements, including parts of or all the research methods, processes/mechanisms, basinal functions, and global/regional impacts (Figure 2). But cryohydrology focuses more on the common characteristics of different cryosphere elements, such as the research methods of all cryosphere elements including ice shelf/iceberg, sea ice, snow cover, frozen ground, glacier/ice sheet, and the combined impact of all the elements at the basinal/global scale (Figure 2). For example, the study of the importance and vulnerability of the world’s water towers (Immerzeel et al., 2019) concerns not only their water-supplying role in the cryosphere’s core area, but also the downstream dependence of the ecosystem and society in the cryosphere’s impact areas. This is typical of a cryohydrology study, but not a typical study of cold region hydrology.
[image: Figure 2]FIGURE 2 | Scope of cryohydrology and cold region hydrology. Note that cryohydrology focuses on the common hydrological law of different elements of the cryosphere, while cold region hydrology focuses on the content of the research method, processes/mechanism, basinal function, and global/regional impact of the single element of the cryosphere.
Therefore, cold region hydrology studies focus on single cryosphere elements from a vertical perspective of method, process, and impact, while cryohydrology plays with the common cryosphere hydrological law of associated cryosphere elements as much as possible. For example, in cold region hydrology, glacier, permafrost, snow, river/lake ice, and sea ice are all affected by water formation (generation and convergence processes), change (increased and decreased ice volume), and impact (the function of runoff and water resources in basins, regions, and the world) (Figure 2). However, in the cryohydrology discipline system, the hydrothermal processes and hydrological functions in basins related to glaciers, frozen ground, snow, and river ice are studied within one framework (Figure 2). In addition, the cold region has area attributes, and its scope and boundaries are blurred, thus, the scientific concept of cold region hydrology is not as explicit as cryohydrology.
HYDROLOGICAL BASIS OF CRYOHYDROLOGY
The hydrological functions of different cryosphere elements and their integrated basinwide impacts are the basis of cryohydrology. They are primarily manifested as water conservation, runoff recharge, and water resource regulation.
Water Conservation
The water conservation function of cryohydrology includes two main aspects: the source of freshwater, and the cold and wet island effect. Owing to the intrinsic nature of high altitudes or high latitudes, the cryosphere is the birthplace of several of the largest rivers in the world. Several rivers originate from the high altitudes and mountains of North America, the South American Andes, Northern Europe, Siberia, the Alps, and Central Asia. Water from the cryosphere has a significant impact on the sustainable use of water resources in these areas and their downstream basins and were thus called the “water towers” (Immerzeel et al., 2019). The Qinghai-Tibet Plateau, which is also called the Asia’s water tower, is the source of the Yangtze River, Yellow River, Tarim River, Nu River, Lancang River, Yili River, Irtysh River, Yarlung Zangbo River, Indus River, Ganges River, etc. (Ding et al., 2017; Yao et al., 2019). The total snow melt contribution across the full basins above 2000 m is between 65 and 72% for the Syr Darya, Amu Darya, Indus, and the Brahmaputra, and 43% for the Ganges (Armstrong et al., 2019). Freshwater sources in cryohydrology are different from rainfall runoff sources. A frozen water source converts solid water to liquid water, and releases past water storage. The cryosphere is a natural reservoir that contains frozen stock which accumulates water during the cold season and releases water during the warm season when water demand is high. The reduction of water storage volume requires long-term climate fluctuations. Therefore, the freshwater sources function of cryohydrology to some extent provides permanent and inexhaustible water sources. The renewal cycle of different elements of cryohydrology is varied. Glacier renewal cycles take hundreds to thousands of years, while ice sheet and permafrost cycles take an even longer period of time. Therefore, while the cryosphere constantly receives material supplies, its melting water also consumes past accumulations. The release of historical accumulated water depends on the mass gain or loss status of the elements of the cryosphere. Under the influence of continuous warming, the cryosphere is in negative mass balance, which indicates that it has less water storage. The freshwater source function thus becomes more important under a warming world, particularly when river runoff is projected to decrease.
Another aspect of water conservation is the cold and wet island effect, which has not been fully addressed. As a widely distributed cold sphere (cold island), the cryosphere changes the temperature and humidity field and circulation patterns of the region. It can effectively trap and condense water vapor to form more local precipitation, thereby forming a local cold and humid micro environment of climate (wet island) and strengthening the horizontal turbulence and intensifying the internal turbulence field, which effectively conserves water sources (Ding and Zhang, 2018; Chen et al., 2019). In the meantime, the local convection of endorheic river basins is strengthened, and the recycled moisture over downstream deserts like the Gobi was possibly transported to the alpine region through atmospheric water vapor cycling. This increases the precipitation in alpine regions and strengthens the wet island effect of the high mountain area (Chen et al., 2019).
For example, the upper reach of Hei and Shule river basins in China’s Qilian Mountains are primarily composed of glaciers, alpine cold desert, alpine meadow, and alpine steppe permafrost regions. The runoff from the Hei river was simulated by a distributed heat-water coupled (DWHC) model (Chen et al., 2008), while the runoff from the Shule river was simulated by a variable infiltration capacity (VIC-CAS) model that coupled a glacier scheme with a VIC-3L model (Zhao et al., 2015; Zhang and Sheng, 2019). Modeling results suggest that the glacier-alpine cold desert-alpine meadow and steppe of the two basins contribute more than 85% of the total runoff for the entire basin. The isotope trace method also proved that 80.2% of the annual total mountainous runoff was generated at the alpine permafrost-snow-ice zone at an altitude of above 3600 m a. s. l. (Wang et al.,2009). The annual precipitation over a glacier is nearly twice that over forests and shrubland, both in the Hei and the Shule river basins, which is consistent with the reported results that precipitation in the cryosphere and plain regions of the endorheic basin in arid regions of China can differ by 5–10 times (Yang, 1991; Ding, 1992; Chen et al., 2018). These phenomena are difficult to explain by large-scale circulation, it can only be explained by the cold and humid island effect of cryohydrology. However, the cold and wet island effect of cryohydrology still needs further quantitative study from the inter-discipline of climatology and hydrology.
Runoff Recharge
A well-known hydrological function of cryohydrology is runoff recharge. As a solid water reservoir, the cryosphere is an important freshwater resource. The resource attributes are expressed in terms of total storage volume and annual melting recharge. Reservoirs store ice present in the cryosphere and participate in river runoff and ocean circulation by melting from their frozen state. The annual river recharge by the cryosphere is an important component of land surface runoff.
Approximately 68.7% of global freshwater resources are stored in the cryosphere, with glaciers and ice sheets most dominant. The ice storage in both the Antarctic and Greenland ice sheets, and mountain glaciers are approximately 56.6, 7.3, and 0.4% of global freshwater, respectively. The annual maximum water equivalent of snow in the northern hemisphere is approximately 3 × 103 km3 (IPCC, 2013), and one recent research suggested that the seasonal snowpack pool is between 2.6 and 3.5 × 103 km3(Abbott et al., 2019). Based on the Second Chinese Glacier Inventory (SCGI), China has 48,571 glaciers with a total area of 51,770 km2, accounting for approximately 7.1% of the world's glacier area (except for Antarctica and Greenland ice sheets), with ice reserves of 4,500 km3 (Liu et al., 2015). The ground ice in the permafrost of China’s Tibetan Plateau has been estimated as 9,530 km3 (Zhao et al., 2010). According to the latest survey data, the ground ice content in the Tibetan Plateau has been updated to 12,700 km3 (Zhao et al., 2019), which is 2.8 times the ice storage in glaciers. Snow cover in China is primarily concentrated in Xinjiang, the Qinghai–Tibet Plateau, and in northeast China. The annual maximum snow water equivalent of the three snow covered areas is approximately 960 × 108 m3, or approximately 10% of the average annual runoff of the Yangtze River (Li et al., 2008).
On a global scale, different cryosphere elements influence the hydrological processes and water cycle on land surfaces and in the ocean in various ways. Arctic sea ice and snow meltwater greatly exceed water in the precipitation-evaporation processes of the Antarctic and Arctic oceans beyond 60° latitude. They significantly affect the strength of deep-water convection and thereby ocean thermohaline circulation. The contributions to sea level rise of thermal expansion by ocean warming of the cryosphere are nearly stable since industrialization began, if we ignore the impact of changes in land water storage. The projected contribution to global average sea level rise from the cryosphere will exceed that of thermal expansion (Ding and Zhang, 2015). At a regional scale, the cryosphere affects the seasonal distribution of river discharge under changed climate. For example, in the snowmelt-dominated Kelan River basin in the Altai mountains in China, the seasonal distribution of river discharge has changed in the last few decades. The permafrost degradation has significantly affected runoff regulation of the ratio of winter runoff to annual runoff. The ratio of maximum monthly runoff (Qmax) and minimum monthly runoff (Qmin) had changed both in the Arctic and in China. The glacier runoff in several regions has changed. For example, the estimated glacier runoff in China by a modified monthly degree day model (Zhang et al., 2012) has increased during the past 50 years.
The average annual glacial meltwater runoff in China was estimated to be 630 × 108 m3 yr−1, from 1962 to 2006 (Ding et al., 2017), which is approximately 2.2% of the total river runoff in China and is more than the average annual runoff of the Yellow River flowing into the sea. It is equivalent to 10.5% of the total river runoff (5,760 × 108 m3 yr−1) of Gansu, Qinghai, Xinjiang, and Tibet in Western China. Several rivers are supplied by 15–25% of the runoff from snowmelt in Northern China (Hu, 2013). The contribution of snowmelt runoff recharge to river discharge in northern Xinjiang, particularly the Altai mountains, reaches 60–70% in comparison to 40%, 20–25%, 15–20% of the basins in the Tianshan and the Qilian Mountains, and the Tibetan Plateau, respectively.
This indicates that changes in the cryosphere will inevitably affect the global water cycle, basinal or regional hydrological processes, and water resource utilization.
Water Resource Regulation
Compared to the water conservation and runoff recharge functions, the hydrological regulation of cryohydrology is more important. Elements of the cryosphere such as glaciers, snow, and frozen ground regulate the basin wide runoff process in different ways on seasonal, interannual, and interdecadal scales, influencing the use of water resources downstream. Glaciers have a function in both seasonal and interdecadal runoff regulation. The freeze-thaw process impacts the seasonal runoff generation and convergence processes of the basin, while the changes in ground ice can affect the runoff and water resources for a very long period. Snow cover primarily affects the seasonal runoff distribution. At the basinal scale, the regulatory effect of cryohydrology is primarily reflected in its combined effect with rainfall runoff in mountainous areas, its regulating role in river basin runoff by reducing drought, as well as flood mitigation effects in different seasons and years (Ye et al., 2012; Ding and Zhang, 2018).
The interdecadal and seasonal regulation of glaciers on runoff is primarily reflected in solid reservoirs. The glaciers determine the amount of meltwater based on the water (rainfall) and heat (ablation) conditions of the basin to regulate the basin runoff process at the seasonal scale. In this manner, the river runoff in basins with glaciers remains relatively stable, which has a significant role in regulating the variation in runoff (Ye et al., 2012). This is beneficial for the use of water resources in the downstream oases of arid areas. Studies in the Cascade Mountains in the United States, the European Alps, and the arid regions of China suggest that the coefficient of variation of summer runoff in glacial-covered watersheds is significantly lower than in other areas (Chen and Ohmura, 1990; Ye et al., 1999; Casassa et al., 2009; Moore et al., 2009; Viviroli et al., 2011).
This regulatory capacity is related to glacier coverage in the watershed. When the glacial coverage of a given watershed exceeds 5% (Casassa et al., 2009; Ye et al., 2012), the regulation of glacial meltwater runoff on river runoff is significant. It primarily reduces the variation in annual runoff and decreases the annual runoff variation coefficients of the basin. Similar studies (Collins, 2006; Stahl and Moore, 2006) also demonstrate that intra-annual runoff changes in the basin decrease with increasing glacier coverage in basins with only 2–3% glacial coverage. When glacial coverage reaches 30–40%, runoff tends to be stable, but when it is higher than 40%, the variation in river runoff tends to increase (Bayard et al., 2005).
Snow cover primarily affects the seasonal distribution of river runoff. Snow has a seasonal regulation and storage function, which can temporarily accumulate a certain amount of water. The curves of the snowmelt runoff process are gentler than those of the rainfall runoff process, thereby altering the rainfall runoff process of the basin and achieving the effect of regulating runoff. In addition, in cryospheric basins, when precipitation is abundant, solid precipitation formed at high altitudes slows the peak runoff in the form of snow, then melts after precipitation, which regulates runoff to some extent. In the alpine areas of the basin, there is more snowfall in summer with short-term accumulation, which generally affects the generation and convergence processes of river runoff.
The regulatory effect of frozen ground primarily appears as the influence of the freezing and thawing processes on runoff. These processes change the generation and confluence processes of the basin at the interannual scale, while variations in ground ice can affect the runoff and water resources of the basin for a longer period. The runoff generated from precipitation and snowmelt tends to be larger under the influence of the barrier of the frozen ground, leading to the generation of high runoff even when the precipitation is low. In summer, seasonally frozen ground melts. An active layer of permafrost also gradually melts and the lower limit of the active layer descends to a deeper location. The profile of soil moisture increases with depth, extending to deeper soil in active layers. The underground water table over permafrost declines, while the total water storage capacity of soil increases. The melting permafrost and seasonally frozen ground promotes the water storage capacity of the basin, increases evapotranspiration, and regulates runoff by cutting flood peaks. Existing studies (e.g., Bayard et al., 2005; Gibsona et al., 2011; Kalyuzhnyi and Lavrov, 2012; Liljedahl et al., 2016; Melissa and Scott, 2019; Yang et al., 2019; Huissteden van, 2020) have suggested that under climate change, permafrost will degrade by deepening the thickness of the active layer, which will increase soil water storage space, and thereby increase the amount of water from summer precipitation stored in the active layer of permafrost, leading to a prolonged convergence time of runoff. In the Arctic region, the thick ground ice in the permafrost melts and recharges to river runoff or to lakes, with climate warming. This may lead to an increase in winter (dry season) runoff in permafrost regions, a decrease in summer runoff, and a slower interannual runoff process. The intensity of change is related to the permafrost coverage of the basin.
DISCIPLINE SYSTEM OF CRYOHYDROLOGY
Research Content
Cryohydrology’s discipline mainline has a method-process function-impact, and its core research issues can be sorted out along this mainline (Figure 3).
[image: Figure 3]FIGURE 3 | The core research issues of cryohydrology along the discipline mainline which primarily include method (in situ observation, laboratory experiment, remote sensing application, and statistics/model), processes (melting, runoff generation and convergence, runoff changes, and sediment and chemistry), function (water conservation, runoff recharge, regulation, and extreme events), and impact (freshwater in basin, global water cycle, and sea level rise).
The research methods can be summarized as field observation and experiments, laboratory experiments and analysis, remote sensing and geographic information system applications, and mathematical statistics and model simulation.
These processes and changes are the mechanisms of cryohydrology research. The process involves three major aspects: 1) the melting, runoff generation, and convergence process, 2) the runoff change process, and 3) sediment and water chemistry. The melting, runoff generation, and convergence process includes snow/ice accumulation and melting, snow/ice meltwater convergence, frozen ground freeze/melt runoff generation and convergence, river/lake/sea ice generation and migration. The runoff change process includes characteristics of different supply to cryospheric rivers, the cryospheric meltwater runoff process, and cryospheric meltwater runoff projection. Sediment and water chemistry include river sediment changes, the water chemistry process, biogeochemical processes, and the application of water chemistry.
Cryohydrology is hydrologically crucial at the basin scale. Its functions include water conservation, river runoff recharge, regulation of water resources, and alleviation of extreme hydrological events.
Cryohydrology’s main impact is in its output to other spheres. The above research issues in method, processes, and function are primarily related to the hydrological characteristics of cryosphere elements. For example, a recent study (Musselman et al.,2018) suggested that rain-on-snow becomes more frequent at higher elevations where seasonal snow cover persists due to a shift from snowfall to rainfall, with correspondingly increases the flood risk by 20–200% over North America. When the meltwater flows into the catchment, it mixes with rainfall runoff. In different parts of the basin, owing to the proportion of the meltwater runoff and the impact of the coverage of frozen ground being different, the impact of the cryosphere on river runoff varies. The impact of cryohydrology includes cryospheric and fresh water within river basins, the cryosphere as part of the global water cycle, and the cryosphere as part of sea level rise.
Discipline Characteristics
The core characteristic of cryohydrology is the phase change of water. The largest difference between cryohydrology and traditional hydrology is the frequent phase transitions between the vapor-liquid-solid states of water and the associated changes in water, energy, mass, and solute during the phase transition. Owing to the large energy exchange during the water phase change, the phase transition further affects the interactions between the atmosphere, cryosphere, hydrosphere, biosphere, and even the lithosphere. The phase transition is the link between cryohydrology and other processes in cryospheric science. Their high sensitivity to climate change is a common characteristic of the cryosphere elements, and the hydrological processes of different cryosphere elements have varied response patterns, with complicated response processes. In a specific basin, different elements of the cryosphere act together on river runoff, resulting in river runoff being very sensitive to climate change. To accurately predict runoff changes in the cryospheric basin, multi-source data, multiple experimental measures, multiple models, and multiple perspectives must be used together to project the future changes of different cryosphere elements, as well as their impact on hydrological processes.
Field observations and experiments are an important characteristic of cryohydrology. The harsh natural environment makes field observation difficult, resulting in very limited experimental data obtained for research. Meanwhile, cryohydrology not only requires consideration of the water cycle and water balance between different cryosphere elements at different scales, but also the energy and mass balances between them. Therefore, cryohydrology researchers need to conduct several field observations and multi-measurement experiments to satisfy the requirements of high quality in situ observations and experimental data.
The surplus effect is another important characteristic of the discipline. Cryohydrology not only studies the hydrological processes of the cryosphere itself, but also considers the hydrological impact on other regions outside the cryosphere. This surplus feature affects basins, regions, and even the world. The understanding of cryohydrologic processes on the formation of water resources in related regions, the hydrological functions of different components, and the potential changes of different components under future climate change scenarios are closely related to short-term, medium-term, and long-term sustainable development. One characteristic of cryohydrology is that it is the intersection of several of these disciplines. From the perspective of the mechanism, cryohydrology is a close intersection of cryospheric science, hydrology, geography, and atmospheric science. The phase transition processes of water and related water chemical processes are closely related to traditional physics and chemistry. The study of the regional and global impact of the water cycle is also closely related to social science, such as sustainable development and economics.
The last characteristic of cryohydrology is its varied temporal and broad spatial scale. Depending on the content of study, the temporal scale involved in cryohydrology ranges from hours to hundreds of years (Figure 4). When research issues focus on the process/mechanism, the temporal scales vary from hours to hundreds of years, with a daily or monthly scale as the general one. For example, the temporal scale of one extreme hydrological event such as a moraine-dammed lake outburst flood is generally between hours to days. When researching basinal function, the temporal scale always ranges from one to hundreds of years. For example, the intensity and frequency of extreme hydrological events probably changes under climate change, and its impact on basin also varies. When focus is on the impact of the cryosphere’s freshwater cycle on the ocean, the temporal scale can reach up to a millennial scale or even longer. The spatial scales of cryohydrology range from points to global scales. The process/mechanism is generally carried out at a point/slope/field scale. The hydrological function is analyzed mostly at the basinal scale, and the impact of cryohydrology is generally illustrated at the regional/global scale (Figure 4). Our study found that the time scale generally increases with the expansion of the spatial scale.
[image: Figure 4]FIGURE 4 | Difference of main research contents of cryohydrology at the temporal (hour, day, month, year, and more than 1,000 years) and spatial (point/slope/field, basin, and region/global) scales.
Relationship Between Cryohydrology and Other Disciplines
The basis of the cryohydrology discipline comes from other related specialties. Based on the existing research foundation and scientific understanding, energy balance and water balance are the physical basis of cryohydrology and are the most basic theoretical foundation supporting its development. (Figure 5). In terms of the energy balance theory, cryohydrology is more related to cryospheric science and atmospheric science, while water balance is more related to hydrology and water resource science. Thus, the most important basic disciplines of cryohydrology are cryospheric science and hydrology (Figure 1). Meanwhile, water resource science, geography, and atmospheric science are also inseparable from cryohydrology. These are all its important basic and foundational disciplines (Figure 5).
[image: Figure 5]FIGURE 5 | The theory basis and basic disciplines of cryohydrology along the mainline from method, processes, and function to impact of different elements of the cryosphere.
From this view, glaciers, snow cover, frozen ground, river ice, lake ice, sea ice, ice sheets, ice shelves, icebergs, and other elements of the cryosphere can be considered as research objects in cryohydrology; using energy balance and water balance as the theoretical basis; utilizing research method-hydrological process-watershed effect-regional impact as the mainline basis for research; and using these to conduct hydrological research on the cryosphere. The objectives of cryohydrology are to understand the hydrological processes, clarify the hydrological functions, and understand the hydrological impacts on the society of the cryosphere.
SUMMARY AND PERSPECTIVE
This study attempts to introduce the hydrological basis and discipline system of cryohydrology from the integrated view of cryospheric science. Several conclusions were made as follows:
Cryohydrology was developed based on traditional hydrology for a single element of the cryosphere and focused on the hydrological functions of the cryosphere and its impact on the water cycle and water availability of other spheres. As a discipline with significant traditional inheritance, cryohydrology needs to be further improved both in the theory of the discipline system and in the integration and systematization of the discipline.
The hydrological function of cryohydrology includes water conservation, runoff recharge, and hydrological regulation. The water conservation function is primarily expressed as “freshwater source” and “cold and wet islands effect”. The runoff recharge function is primarily in the supply of water, and the regulation function is primarily concerned with the intra-annual and inter-annual scales.
The core research issues of cryohydrology are along the mainline of research methods, hydrological processes, watershed functions, and regional impact. The most important characteristic of cryohydrology is frequent water phase transitions at highly variate spatial and temporal scales.
Cryohydrology is not only of great significance to accurately understand and project the hydrological changes of river basins and the sustainable use of water resources. It also plays an important role in understanding the ecological and hydrological effects at the basin scale, and relevant changes in the geographic environment. However, these effects have not been fully addressed. Based on enhanced observations and experiments, the future development of cryohydrology should deepen the theoretical and cognitive levels of its mechanisms and processes. It should accurately quantify the hydrological functions on a basin scale (particularly the hydrological regulation of water resources), as well as its effects on the environment and ecosystem. It also should strengthen future research on the process and mechanism of the cryosphere’s influence on the ocean.
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