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Permafrost extends 40% of the Qinghai-Tibet Plateau (QTP), a region which contains the headwaters of numerous major rivers in Asia. As an aquiclude, permafrost substantially controls surface runoff and its hydraulic connection with groundwater. The freeze–thaw cycle in the active layer significantly impacts soil water movement direction, velocity, storage capacity, and hydraulic conductivity. Under the accelerating warming on the QTP, permafrost degradation is drastically altering regional and even continental hydrological regimes, attracting the attention of hydrologists, climatologists, ecologists, engineers, and decision-makers. A systematic review of permafrost hydrological processes and modeling on the QTP is still lacking, however, leaving a number of knowledge gaps. In this review, we summarize the current understanding of permafrost hydrological processes and applications of some permafrost hydrological models of varying complexity at different scales on the QTP. We then discuss the current challenges and future opportunities, including observations and data, the understanding of processes, and model realism. The goal of this review is to provide a clear picture of where we are now and to describe future challenges and opportunities. We concluded that more efforts are needed to conduct long-term field measurements, employ more advanced observation technologies, and develop flexible and modular models to deepen our understanding of permafrost hydrological processes and to improve our ability to predict the future responses of permafrost hydrology to climate changes.
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INTRODUCTION
Permafrost, which is defined as ground that remains at or below 0°C for two or more consecutive years, covers 1.06 × 106 km2, or approximately 40%, of the Qinghai-Tibet Plateau (QTP) (Figure 1; Zou et al., 2017; Zhao et al., 2020). As the source of most major Asian rivers (e.g., the Yangtze, Yellow, Indus, and Mekong; see Figure 1), the QTP encompasses the largest area of high-altitude permafrost and serves as the so-called water tower for nearly 1.4 billion people (Immerzeel et al., 2010). The freeze–thaw cycles of the active layer along with the aquiclude effect of the permafrost layer control the land–surface hydrology on the QTP by altering seasonal soil moisture, water storage, evaporation, and water movement through soil and vegetation (Zhang et al., 2003). The thick layer of underground ice lies near the ground surface (at depths of 1–3 m), has a thickness that ranges from 0.3 to 0.6 m (Cheng, 1983), usually occurs as lenses, and has a total volume of 1.27 × 1013 m3 (Zhao et al., 2019). Both the vertical and lateral soil water fluxes on the QTP are strongly dependent on the soil freezing or thawing depths of the active layer, as well as the extremely low permeability of ground ice.
[image: Figure 1]FIGURE 1 | Permafrost distribution map of the Qinghai-Tibet Plateau. The permafrost map was adapted from Zou et al. (2017), and the rivers and river basin boundary maps were obtained from the Global Runoff Data Centre (GRDC; data source: https://www.bafg.de/GRDC/EN/Home/homepage_node.html).
[image: Figure 2]FIGURE 2 | Number of publications (2000–2019) listed in the Web of Science database for the terms “permafrost hydrology” or “frozen soil hydrology” or “permafrost water” or “frozen soil water” at “Xizang” or “Tibet” or “Qinghai” or “Heihe” or “Hei River.”
As the Earth’s “third pole,” the QTP has been getting warmer and wetter in recent decades (Chen et al., 2015; Kuang and Jiao, 2016). Air temperatures on the QTP have increased 0.3°C–0.4°C per decade over the past 5 decades, which is twice the global average warming rate (Chen et al., 2015). The most significant warming trends have occurred in the northern QTP, where continuous permafrost is present (Figure 1; Yang et al., 2014). Warming, associated with variations in precipitation and snow cover reduction, has resulted in the thickening of the active layer and permafrost degradation (Cheng and Wu, 2007; Zhao et al., 2019). Determining the contribution of underground ice melting to streamflow is one of the major challenges when evaluating the hydrology regime shift on the QTP under climate change (Zhao et al., 2019). Given permafrost’s role as a major component of the cryosphere, its degradation is significantly altering the cold region hydrology regime (Cheng and Wu, 2007), which could result in a cascade effect on downstream water resources, a phenomenon that has already been reported in Arctic regions (Lafrenière and Lamoureux, 2019).
The interplay of the freeze–thaw process with cold region climatology, ecology, the carbon cycle, biogeochemistry, and infrastructure stability makes permafrost hydrology one of the hot topics of interdisciplinary studies, being of great interest to climatologists, ecologists, engineers, and decision-makers (Cheng et al., 2019). For example, the QTP, as the world’s highest plateau and one that covers a vast area, exerts significant effects on regional-scale water fluxes and energy balance (Ma et al., 2018), and even continental-scale climate (Lu et al., 2018). The spring freeze–thaw on the QTP has a close connection with the Asian summer monsoon, as well as summer precipitation in eastern China (Wang et al., 2020). Permafrost degradation on the QTP releases carbon stored in frozen soil, likely triggering large biogeochemical changes and resulting in positive feedback to global warming (Mu et al., 2019; Wang et al., 2020). Ecosystem resilience is also threatened by permafrost degradation, the thickening of the active layer, drying of surface soil moisture, and the resultant alterations of active layer hydrology (Wang et al., 2006). Catastrophic desertification due to surface water loss occurs as a consequence of ecological degradation. In the eastern and western Tibet Plateau, desert areas have been increasing by approximately 1.8% annually (Yang et al., 2010). For permafrost infrastructure (e.g., buildings, railways, and highways), permafrost degradation results in thermokarst collapse and lake expansion, posing threats to infrastructure stability and security (Yu et al., 2008). Hence, permafrost hydrology studies on the QTP have multidisciplinary interests and broad implications for both scientific research and practical applications.
Despite the vast area of permafrost on the QTP (Cheng and Jin, 2013), our understanding of its hydrology has to some extent lagged behind that of other cold region components, that is, glacier and snow hydrology, which is a significant knowledge gap that must be filled in order to project future water resource variations under climate change (Ding et al., 2020). From a global perspective, permafrost hydrology has been intensively studied in the pan-Arctic, for example, North America and Russia, which are characterized by high-latitude climates and generally low-gradient terrain consisting of plains and wetlands (Woo et al., 2008). The QTP has a limited number of permafrost hydrology in situ observation areas, such as Fenghuo Mountain in the upper Yangtze River region (Wang and Zhang, 2016), the Hulugou watershed in the upper Heihe River Basin (Ma et al., 2017; Chen et al., 2018), and the Shuangchagou watershed in the source area of the Yellow River (Yang et al., 2019). The QTP permafrost has unique characteristics compared with the pan-Arctic. For instance, topographical features, including aspect and elevation, are major factors affecting permafrost distribution on the QTP. Complex mountainous terrain, as a result of neotectonic movement, leads to large spatial heterogeneities of energy and water balance. Moreover, snowfall on the QTP is not as heavy as in the pan-Arctic, since most precipitation on the QTP occurs as rainfall during the summer. Thus, although several review articles have reported the latest research progress in permafrost hydrology (Woo et al., 2008; Walvoord and Kurylyk, 2016), it is still worthwhile to review permafrost hydrology on the QTP due to its high levels of spatial heterogeneity and complexity (Cheng and Wu, 2007). From the Web of Science database, we analyzed the number of publications from 2000 to 2019 containing the terms “permafrost hydrology” or “frozen soil hydrology” or “permafrost water” or “frozen soil water” at “Xizang” or “Tibet” or “Qinghai” or “Heihe” or “Hei River” (Figure 1). The significant increase of publications, especially after the year 2016, demonstrates that permafrost hydrology on the QTP is a rapidly evolving discipline receiving increased attention, as documented by over 1,000 peer-reviewed articles in English.
In this study, we first reviewed the current understanding of permafrost hydrology on the QTP, including the impact of the freeze–thaw process on water movement in soil, rainfall–runoff, baseflow recession, and evaporation, as well as the impact of snow and vegetation on the freeze–thaw process. Subsequently, we reviewed permafrost hydrology modeling studies, including freeze–thaw models, catchment-scale permafrost rainfall–runoff models, model validation, and future projections. We then discussed the challenges and opportunities, including data limitation and advanced observation technology, process comprehension, and model realism testing. In the end, a general summary is provided as a conclusion.
PERMAFROST HYDROLOGY PROCESSES
Soil Water Movement
Whether in temperate or cold regions, water movement in soil is driven by water potential. The total potential at any point is the sum of the gravitational and matric (or pressure) potentials. In temperate regions, two phases of water movement in the soil porous medium need to be considered, that is, liquid water and vapor. Permafrost regions, however, exhibit more complex processes in both shallow and deep layers.
Unlike common vadose-zone soils, the existence of ice in the active layer alters the porous medium and water potential, resulting in the migration of liquid water and water vapor to the freezing front (Yu et al., 2018). At the beginning of the cold season, freezing starts at the surface and gradually moves downward. Interestingly, during this process, the soil moisture close to the freezing front moves upward, while the soil moisture close to the bottom of the supra-permafrost moves downward. An equilibrium interface (with zero-potential) may exist between the permafrost table and the freezing front. At a particular time, the bottom of the supra-permafrost begins to freeze upwards. This bidirectional freezing process and the large thermal conductivity of the frozen soil result in fast freezing (Jiao et al., 2014). In the warming season, the thawing process starts at the surface. During this process, soil moisture in the active layer moves downward, induced mostly by gravity. The thawing process usually takes four months, however, which is much slower than the freezing process (approximately 25 days) on the QTP. This is likely due to the lower amount of thermal conductivity of liquid water in topsoil, which prevents energy transfer to deep soil, thereby slowing the thawing process (Jiao et al., 2014).
In deep layers, the groundwater is controlled by the permafrost, and can be classified as three different types: supra-permafrost water, intra-permafrost water, and sub-permafrost water (Cheng and Jin, 2013). The supra-permafrost water in the seasonally thawed layer (the active layer) is sensitive to climate, and is thus significantly impacted by precipitation, temperature, snow, and vegetation (Cheng and Jin, 2013). This type of groundwater contributes most of the subsurface storm flow in warm seasons and to some degree regulates the surface runoff. Permafrost, a layer with extremely low permeability due to its low hydraulic conductivity, reduces percolation from surface water to groundwater. Thus, a shallow layer of unconfined groundwater exists in the bottom of the active layer during the thawing season; however, in the freezing season, the downward freezing acts as a water-resistant roof, resulting in a temporal layer of groundwater within the active layer. In the fast-warming permafrost regions, however, this layer might not disappear in the cold season and becomes inter-permafrost groundwater.
Sub-permafrost groundwater is defined as the water under the base of the permafrost layer (Cheng and Jin, 2013). This type of groundwater can be recharged by supra-permafrost water and surface water via non-permafrost conduits, and contributes baseflow recession or surface springs. Typically, widespread taliks—bodies or layers of unfrozen ground in permafrost regions—could form conduits when underlying permafrost disappears. Consequently, hydrogeological conditions, including groundwater flow directions, velocity, conductivity, and pathways, would be altered substantially. Particularly with climate warming, the expansion of the talik area and depth is likely increasing the hydrological connectivity between surface water (e.g., lakes and rivers) and groundwater, consequently shifting basin-scale hydrological regimes (Yang et al., 2019; O’Neill et al., 2020). Interestingly, after being “completely” frozen, unfrozen water still exists as intra-permafrost (ground ice) water, whose movement is mainly driven by temperature gradients (Cheng, 1983; Chang et al., 2015). There is a huge body of research concerning this unfrozen water because the water movement causes frost heaves, which are a significant challenge for infrastructure stability in permafrost regions (e.g., highways, railways, and pipelines). An understanding of intra-permafrost water in terms of hydrology is still generally lacking, however, indicated by the large uncertainty when estimating the release of permafrost and ground ice water to streamflow. In general, permafrost degradation can strongly influence water movement direction, velocity, storage capacity, and hydraulic conductivity.
Rainfall Runoff
Rainfall runoff is a key issue in hydrology, as it affects most permafrost regions on the QTP (Wang and Zhang, 2016). Permafrost rainfall–runoff is greatly influenced by the freeze–thaw cycle in the active, intra-permafrost, and sub-permafrost layers. The aquiclude effect of frozen soil reduces surface infiltration, increases soil moisture, and enhances surface runoff generation (Woo et al., 2008). It is well documented that permafrost increases peak flow, reduces recharge to groundwater, and amplifies streamflow seasonal variability (Ye et al., 2009).
Runoff generation in the permafrost region is controlled by multiple factors on the QTP, including soil temperature, thaw depth, precipitation frequency and amount, and antecedent soil moisture (Gao T. G. et al., 2018). The impacts of permafrost on runoff exhibit strong seasonality and are closely connected to soil temperature. It was found that the runoff coefficient is larger in spring and autumn and smaller in summer (Wang et al., 2009). This is very likely due to the seasonal variation of the thawed active layer, which has larger storage capacity and less runoff in summer and smaller storage capacity in the spring and autumn. It is interesting that permafrost hydrology only differs from that of temperate regions during the frozen season, when both precipitation and runoff are very limited on the QTP (Wang and Zhang, 2016). During the summer monsoon period, however, when dominant runoff occurs, there is no obvious difference between permafrost rainfall–runoff and that in temperate regions, given the completely thawed active layer (Wang and Zhang, 2016). The Fenghuo Mountain observatory revealed that 55–60 cm is the likely threshold thawing depth. Above this threshold depth, the thawing depth exerts a negligible impact on runoff (Wang and Zhang, 2016).
Baseflow Process
Since most rainfall–runoff processes occur beneath the surface, they generally cannot be directly measured. Hydrography itself provides a valuable and integrated signal for hydrological processes on the catchment scale. An increase of winter flow has been reported in a large number of cold regions (Liu et al., 2007). Recession flow analysis has been widely used to grasp the hydrological impacts of permafrost degradation and to derive the thawing rate of permafrost in cold regions (Lyon et al., 2009; Qin et al., 2020). Ye et al. (2009) proposed the Qmax/Qmin ratio (maximum monthly runoff divided by minimum monthly runoff) as an indicator to quantify the impact of permafrost on hydrography recession. This index has been widely used in QTP permafrost hydrology analysis, including in the headwaters of the Yellow River (Wu P. et al., 2020) and across the QTP (Liu et al., 2020; Song et al., 2020). These researchers found that there was a significant positive relationship between the Qmax/Qmin ratio and basin permafrost coverage. Most studies have found that under the influence of climate change on the QTP, Qmax/Qmin has decreased due to the decreased Qmax during the thawing summer season caused by the increase of infiltration and percolation, while the Qmin in winter has increased due to the increased groundwater recession. In other words, thawing permafrost leads to more water being routed through subsurface pathways, decreased peak flow, and increased groundwater recession. Interestingly, although an obvious basin-scale hydrological regime shift has been detected, there has been no direct evidence at the local scale reporting that the increase of taliks in permafrost have formed and enhanced the recharge to groundwater and baseflow. More intriguingly, a long-term study on the northern QTP revealed that the thawing permafrost has reduced winter runoff, for example, in the Three-River Headwaters Region and the upper Heihe River (Gao et al., 2016). The increase of deep percolation in these discontinuous permafrost regions (e.g., the upper Heihe River) could explain the decreasing trend of winter baseflow (Gao et al., 2016). In summary, hydrography recession provides a powerful indicator for understanding the impacts of permafrost on basin-scale hydrology, although the conflicting observations in different regions and scales still require further investigation.
Evaporation
Evaporation, including canopy interception, soil evaporation, water evaporation, and vegetation transpiration, is an important component in catchment water balance. Despite its importance, evaporation has not been as thoroughly explored as other hydrological processes on the QTP. The lysimeter provides accurate plot-scale evaporation data, while advanced micro-climatology observation, for example, eddy covariance, provides state-of-the-art measurements of evaporation on the field scale, and remote sensing can reveal the spatial patterns of evaporation distribution. In catchment hydrology, however, it is still common for evaporation to be derived simply from the water balance, as the residual of precipitation, runoff, and the delta of storage. The energy balance–based remote sensing approach provides an important alternative for estimating the spatial distribution and temporal variation of evaporation, although still with large uncertainty (Chen et al., 2019).
Generally, the existence of permafrost reduces the long-term average evaporation. Yang et al. (2003) discovered that freezing prevented soil moisture from evaporating on the plot scale. On the catchment scale, it was found that the runoff coefficient in permafrost regions was larger than in other regions due to the limited evaporation and larger amount of precipitation (Kang et al., 2002; Wang et al., 2009). Interestingly, when we investigated evaporation at finer temporal scales (e.g., daily), the impact of permafrost became more complex. It was found that at the beginning of the melting season, the shallow active layer leads to large supra-permafrost soil moisture, a shallow saturation zone, and a rapid increase in evaporation. This evaporation was reduced when the saturated zone moved downward due to the deepening of the active layer. A decrease of evaporation in August and September was found in the continuous permafrost region, with short-term variations coupled to precipitation events (Zhang et al., 2003; Wu et al., 2011; Wang G. X. et al., 2020). For climate change, Wang et al. (2020) proposed a new method to represent energy consumption due to ice phase changes and improved the nonlinear complementary relationship. They discovered that reductions in permafrost under a warming climate likely lead to accelerating evaporation over the QTP. Evaporation studies on the QTP remain one of the bottlenecks in hydrology and land surface research and still require more advanced measuring and modeling efforts.
Impacts of Snow and Vegetation on the Freeze–Thaw Process
Snow conditions have a significant impact on the development of soil frost. Snow cover with high albedo affects the ground thermal regime, reducing both incoming solar radiation and ground temperature. Snow as an isolation layer also prevents heat transfer between the atmosphere and soil. Thus, in winter, thick snow cover increases the soil surface temperature and reduces the depth of frozen soil. Paired-plot experiments have demonstrated that when snow cover is removed, soil freezing is deeper than in the undisturbed snow cover plot (Iwata et al., 2010; Chang et al., 2014). On the QTP, however, when the snow depth is greater than 15 cm, snow-induced thermal insulation is very limited (Zhao et al., 2018). The overall impact of snow cover on permafrost hydrology depends on the timing, duration, accumulation, and melting of snow cover (Zhou et al., 2013). There are more characteristics that influence the snow cover–permafrost relationship, such as topography, vegetation cover, and micrometeorological conditions (Zhang, 2005).
As with snow cover, vegetation helps to preserve the underlying permafrost and impacts the depth of the active layer, thereby affecting hydrology (Wang et al., 2006; Luo et al., 2018). It has been found that in well-vegetated areas, permafrost degradation was less than in locations with little vegetation (Li et al., 2015). Areas with little vegetation cover exhibited greater annual variability of soil temperature and were likely to be more sensitive to changes in air temperature. Low vegetation cover was also linked to higher thermal diffusivity and thermal conductivity in the soil. The maintenance of dense vegetation cover on alpine meadows was found to reduce the impact of seasonal heat cycling on the permafrost, possibly minimize the impact of climate change, and help to preserve the microenvironment of the soil (Wang G. X. et al., 2010). Additionally, the organic layer on top of the soil as well as the peat layer within the soil act as isolation layers that prevent heat transfer (Yi et al., 2007; Zhou et al., 2013).
PERMAFROST HYDROLOGICAL MODELS
There has been a revival in the development of permafrost hydrological models simulating coupled heat and water transfer (Walvoord and Kurylyk, 2016). Permafrost hydrology models are more complicated than models of temperate climate regions in terms of at least three aspects: 1) the very special solid–liquid–vapor relationship, including energy balance and phase transform, which cannot be modeled by traditional hydrology methods; 2) mountainous regions of the QTP have complex terrain and microclimates, causing significant spatial heterogeneity of almost all hydrological factors; and 3) hydrological factors in cold mountains are impacted by energy, with different phases of precipitation, radiation, and terrain shadowing. All of these factors exhibit complex daily and diurnal variations, and require detailed spatial and temporal measurements in order to sufficiently represent/capture this large variability. A key factor for water fluxes and heat transport in permafrost regions is that water undergoes a phase transition between solid ice and liquid water as the subsurface temperature fluctuates around the freezing point seasonally (Ge et al., 2011).
Freeze–Thaw Models
Physically based freeze–thaw models are based on energy and mass balance as well as heat transfer equations. Although most freeze–thaw models have governing equations that are quite similar, they differ in terms of simplification due to assumptions, numerical discretization, and diagnostic variables (Walvoord and Kurylyk, 2016). Numerous models of varying complexity have been developed to simulate freeze–thaw processes on the QTP (Table 1). For example, the Simultaneous Transfer of Energy Momentum and Mass in Unsaturated Soil (STEMMUS) land surface model was coupled with a freeze–thaw process, a combination known as the STEMMUS-FT, by incorporating unfrozen water content, hydraulic conductivity, and heat capacity/conductivity (Yu et al., 2018). This research has revealed that during the freeze–thaw process, not only is liquid water transferred to the freezing front but also vapor fluxes. Xiao et al. (2013) improved the Common Land Model (CoLM) by refining the permafrost algorithm and achieved an improved simulation for reproducing soil liquid water content at the Tanggula station. Yang K. et al. (2013) compared the performances of the simultaneous heat and water (SHAW) model and the coupled heat and mass transfer model (CoupModel) in simulating the transfer processes of energy and water at the Hulugou study site. They found that both models were better at simulating soil temperature than soil water content. It is worth noting that most numerical models are computationally expensive and scale dependent due to the large spatial heterogeneity of the study field.
TABLE 1 | A selection of hydrological models, relevant references, model characteristics, and key findings in relevant references.
[image: Table 1]In addition to physically based models, temperature-index freeze–thaw conceptual models provide fast solutions with costing less computation. The Stefan equation (Xie and Gough, 2013), for example, uses the ground surface thawing (freezing) index (°C) to estimate the depth from the ground surface to the thawing (freezing) front. Zhang and Wu (2012) utilized the Stefan equation to project the change of the active layer thickness on the QTP. It is worth noting that both heat transfer models and temperature-index models are mostly 1-D vertical simulations. Meanwhile, the importance of 1-D vertical flux in catchment-scale hydrology is still not clear. Most if not all models are still too simple to describe the complex phase transition of water for the heterogeneous soil, vegetation, roots, and topographical conditions on the QTP. Thus, it is not surprising that it is still highly uncertain if involving the freeze–thaw process will increase model performance at the catchment scale, which will be discussed in Permafrost Surface Runoff Models at the Catchment Scale.
Permafrost Surface Runoff Models at the Catchment Scale
Most permafrost runoff modeling studies on the QTP have been based on existing catchment hydrological models coupled with different freeze–thaw modules. The freeze–thaw modules were integrated into existing physically based hydrological models by adjusting the calculations of three sets of parameters/variables: unfrozen water content, hydraulic conductivity, and heat capacity/conductivity. Chen et al. (2008), for example, designed a distributed water-heat coupled (DWHC) model and employed a simple numerical solution to the continuous water and heat equation. The DWHC model was tested in the upper Heihe River Basin. Based on the DWHC, Chen et al. (2018) further included glaciers, snow cover, and heat transfer of soil, extended their simulation to a distributed cryospheric basin hydrological model (CBHM), and used it to evaluate the effects of cryospheric changes on streamflow in the upper Heihe River Basin. Wang et al. (2010) developed a distributed hydrological model, that is, the energy budget–based distributed hydrological model (WEB-DHM), which incorporated frozen soil processes. Zhang et al. (2013) coupled the one-dimensional SHAW model with a geomorphologically based distributed hydrological model (GBHM) (Yang et al., 1998) to create the SHAWDHM model. Gao et al. (2018) extended the GBHM with cryosphere hydrological processes, developed the distributed geomorphology-based eco-hydrological model (GBEHM), and tested it in the upper Heihe River region. Zhou J. et al. (2014) employed a modular platform—the Cold Regions Hydrological Model (CRHM) (Pomeroy et al., 2007)—as a flexible toolkit to develop tailor-made models for a snowmelt-dominated high alpine basin and a soil freeze–thaw–dominated steppe basin. They found that the uncalibrated CRHM demonstrated encouraging accuracy when reproducing cold region hydrological processes, indicating its potential capability for prediction in ungauged cold basins. Sun et al. (2020) used the water balance simulation model (WaSiM) to simulate the hydrological responses to permafrost degradation in the headwaters of the Yellow River (HWYR) in High Asia and found that permafrost degradation decreased autumn runoff and increased winter/spring runoff. Cuo et al. (2015) employed the variable infiltration capacity (VIC) model with a frozen soil model to simulate soil moisture, soil temperature, soil ice content, evaporation, and runoff at 13 permafrost sites on the QTP. They discovered that precipitation plays a dominant role in surface hydrology enhancement, while frozen soil degradation is the secondary factor.
Only a few studies have been designed to couple the freeze–thaw process with existing conceptual hydrological models. Wang G. X. et al. (2017), for instance, proposed a new approach that introduced a soil temperature-based water saturation function and modified the soil water storage curve with a soil temperature threshold. By changing the water saturation function, the new model allowed us to simulate the storage capacity change after the soil had frozen, as well as the decrease of groundwater discharge caused by active layer freezing.
It is worth noting that most permafrost hydrology modeling studies on the QTP have made the a priori assumption that permafrost exerts a clear and significant effect on runoff. It is still a prevailing practice to harness a ready-to-use model, and most research efforts have been spent on forcing data preparation and parameter calibration. Intriguingly, a strong influence of permafrost on basin-scale hydrology has not always been verified in other cold regions (Shanley and Chalmers, 1999; Lindstrom et al., 2002). Conflicting conclusions obtained by modeling studies suggest that there is a need for more hypothesis-testing modeling investigations in order to accept or reject the influence of permafrost on hydrological processes at diverse scales on the QTP. Moreover, most modeling studies have been focused on 1D vertical fluxes and solving water-energy balance differential equations, while neglecting horizontal landscape heterogeneities and mountainous terrain, both of which are important factors connecting point-scale permafrost observations and basin-scale hydrograph data.
Permafrost Groundwater Models
The effects of the seasonal freeze–thaw and subsurface hydrogeological structures on groundwater recharge and discharge are critical factors in permafrost hydrology. Permafrost groundwater models provide powerful tools to quantitatively describe subsurface hydrological processes and predict future warming based on groundwater processes. Evans et al. (2015) used a three-dimensional, finite element, hydrogeological model (the saturated-unsaturated transport model, i.e., SUTRA) to evaluate the effects of climate change on groundwater movement in permafrost on the QTP. The SUTRA model simulations indicated that groundwater provides significant contributions to streams in the form of baseflow and that the majority of groundwater flow is from the shallow aquifer above the permafrost. Huang et al. (2019) used the FEFLOW hydrogeological software program to simulate supra-permafrost groundwater discharge in different land surface temperature conditions on the central QTP. They found that topography, particularly aspect, plays an essential role in temperature, permeability, and groundwater discharge.
It is worth noting that most modeling studies have still focused on the freeze–thaw process, which has an important impact on plot-scale infiltration and groundwater recharge. Additional processes, however, for example, the thawing of underground ice, open taliks, and hydraulic connectivity, are also closely linked with permafrost runoff, but have not yet been given sufficient attention in modeling. The complex hydrogeological structures in permafrost regions pose great challenges for model development. The complexities go beyond the heterogeneous soil texture, plant roots, animal caves and wormholes, depth to rock, and permeability of bedrock, which widely exist in temperate climate regions. Permafrost hydrogeology has its own specific characteristics, for example, the complex geological characteristics of supra-permafrost, intra-permafrost, sub-permafrost, and ground ice, as well as their complex dynamics and interactions. The complex boundary conditions of the permafrost groundwater system include the water and energy budget, the impacts of snow and vegetation in the upper boundary, and the depth to rock and permeability of bedrock in the lower boundary, all of which make permafrost groundwater modeling substantially more complex than in other regions. Although a few perceptual models have been proposed to describe the permafrost-related groundwater system (Hu et al., 2019; Yang et al., 2019), physically based numerical models that can quantify these complex groundwater systems are still generally lacking.
Model Validation and Future Projection
Multivariable validation is important when testing model realism for permafrost hydrology. Variables, such as hydrograph measurements, frozen soil depth, soil temperature, snow cover, and streamflow, can all be used to validate model performance. Hydrograph information is the most widely used variable to validate catchment-scale hydrology, while soil temperature, soil water content, and frozen soil depth have generally been the variables chosen for plot-scale validation (Chen, 2008; Zhang et al., 2013; Evans et al., 2018; Yu et al., 2018; Sun et al., 2020). Zeng et al. (2016) blended satellite observations, model simulations, and in situ measurements to quantify soil moisture on the QTP. They discovered that there was a need to constrain the model-simulated soil moisture estimates with the in situ measurements prior to their further applications in scaling soil moisture satellite products. Chen et al. (2017) coupled observed snow maps to calibrate and validate a cold region hydrological model. They demonstrated the trade-off effect of snow cover area and snow water equivalent in the upper Brahmaputra River Basin. We believe that model validation with multi-source data at multiple scales is important for testing model realism.
Although it is widely recognized that permafrost degradation will result in hydrological changes on the QTP (Ge et al., 2011; Kong and Wang, 2017; Wang et al., 2018), the future relationships between permafrost degradation and the changes of streams, rivers, and lakes are still being debated. The lack of understanding concerning the mechanism behind permafrost degradation, as well as models to simulate it, remains the biggest obstacle for future projection. Take the estimation of underground ice melting as an example. The melting of ground ice increases recharge from surface water to groundwater, while the melting of ground ice itself is an important source of water that contributes to surface runoff (Yang et al., 2019). The amount of water released from ground ice is still largely uncertain in future projections, however, due to the lack of mechanism comprehension and currently available models.
CHALLENGES AND OPPORTUNITIES
Much fundamental progress has recently been made in the understanding of hydrological processes and the modeling of permafrost hydrology on the QTP (Cheng and Jin, 2013). Critical limitations in hydrologic data coverage, subsurface characterization, process-level understanding, and integrated modeling approaches still exist, however. These challenges also pose great opportunities for further exploration of permafrost hydrological processes.
Data Limitation and Advanced Observation Technology
A lack of data and inferior data quality remain two of the biggest challenges for QTP permafrost hydrology. The QTP covers a vast land area of 2.5 million km2, but is very sparsely populated and has a limited measurement network (Yang et al., 2014). The QTP has an extremely high elevation, features a harsh climate, and lacks adequate oxygen, all of which together result in severe logistical hurdles. The formidable and even dangerous accessibility makes studying permafrost hydrology here more difficult than in other regions, resulting in poor data quality and frequent data gaps (Woo et al., 2008). Although a few local-scale long-term observations provide reliable first-hand datasets, the data issue in the permafrost region cannot be overcome in a short period of time. Tackling the data issue requires constant financial support, the dedication and enthusiasm of scientists, and the continuous investment of time and effort by researchers.
Remote sensing is a promising technique for monitoring large-scale permafrost hydrology and the land surface energy budget at various spatial and temporal resolutions in an economical way. Remote sensing techniques, including optical-thermal wavelength, passive microwave, and active microwave, have been widely implemented to fill in the data gaps on the QTP. Numerous hydrological components can be monitored by satellite remote sensing, including precipitation (Sun et al., 2018), soil moisture (Zheng et al., 2017), vegetation (Liu et al., 2017), topography and snow cover area (Che et al., 2014; Huang et al., 2017; Han et al., 2019; You et al., 2020), glacier mass balance (Brun et al., 2017), river width and water depth (Huang et al., 2018), lake variations (Wu and Zhu, 2008; Zhang et al., 2017), river flow (Huang et al., 2020), and storage variations (Xiang et al., 2016). Microwave remote sensing, for example, synthetic aperture radar, provides information on the timing, duration, and regional progression of the near-surface soil freeze–thaw status (Zhang et al., 2009). Unlike other cryosphere components, however, many permafrost hydrological processes have subsurface features, which cannot be directly detected by remote sensing.
Geophysical detection technology allows us to measure various permafrost features at plot/field scales. For example, liquid water in frozen soil can be measured by time-domain reflectometry (TDR) and ground-penetrating radar can detect the depths of the active layer and permafrost ice layer (Wu et al., 2005; Pan et al., 2017). Gamma-ray attenuation (GRA) provides useful information for determining total water content. Combining TDR and GRA allows for the simultaneous measurement of liquid and total water content in frozen soil, and the subsequent derivation of the ice content (Zhou et al., 2014). Electromagnetic induction, electrical resistivity tomography, and seismic refraction have all shown promise for capturing the active layer thickness with good spatial coverage. These geological detection technologies have the potential to improve our understanding of permafrost degradation in climate change, evaluating the amount of melting water from permafrost, and inferring subsurface hydrological connectivity.
Water isotope and geochemical data provide important integrated and orthogonal information for catchment-scale hydrology (Liu et al., 2013). Isotope fractionation is associated with water phase transition, which provides essential auxiliary data for understanding the origin and fate of the water cycle (Kong et al., 2019). For hydrological processes, water-stable isotope data allow us to estimate the source, storage, pathway, and age of different water bodies. Wan et al. (2019) used water-stable isotope data (2H, 18O) to assess the thermokarst lake water balance in the headwaters of the Yellow River and proposed a perceptual model to illustrate the evolution of thermokarst lakes under permafrost degradation. Water-stable isotope studies have revealed that, as with unfrozen catchments, pre-event “old” water also plays an important role in runoff generation (Zhou et al., 2015; Ma et al., 2017), challenging the long-held belief that permafrost is an aquiclude layer. Yang et al. (2019), however, used isotope data from the headwaters of the Yellow River and drew the conclusion that rainfall (“new” water) was the most important source of streamflow and permafrost melting was another important source of streamflow. In the future, we expect to further explore isotope data in order to quantify additional processes, including evaporation, snow sublimation, snow melting, and mixing among water bodies.
Overall, remote sensing technology has advantages when exploring land surface processes and hydrology at the regional scale. Geophysical investigations definitely have the potential to identify the subsurface hydrological processes and groundwater conditions. Last, isotopic tracers exhibit great strength in illuminating runoff generation, process-based mechanism interpretation, and quantifying the study of hydrograph separation. Combining and integrating the various technologies and methods is suggested in order to further enhance our understanding of permafrost hydrological processes at diverse scales.
Improving Process Understanding and Model Realism
Field studies on the QTP continue to catalog and characterize mounting complexities and heterogeneities of permafrost hydrological processes at various scales. This is highly beneficial for accumulating first-hand data and documenting facts in order to enhance our understanding of small-scale processes. Based on field observations and experiments, many descriptive perceptual models have been proposed to describe these spatial and temporal heterogeneities. Compared with the enormous field heterogeneities, however, most modeling studies on QTP permafrost are still too parsimonious in terms of process representation, although many models utilize complex numerical solutions with expensive computations to calculate heat transfer and water movement. Most of these modeling practices could be categorized as bottom-up frameworks, meaning that the modelers assumed that small-scale physics were also appropriate at the modeling catchment scale (Sivapalan et al., 2003; McDonnell et al., 2007). Top-down modeling practices (Shanley and Chalmers, 1999; Lindstrom et al., 2002), however, found negligible influences of the freeze–thaw process on runoff at the basin scale. These seemingly counterintuitive results illustrate that permafrost likely displays a kind of self-organized pattern at the basin scale, which allows us to create simulations using surprisingly simple models. Alternatively, there are probably more dominant processes that determine permafrost hydrology than the topsoil freeze–thaw process.
Water-stable isotope data have provided valuable insights into how water and solutes are partitioned and stored, as well as their pathways, knowledge that significantly benefits model validation (Lindstrom et al., 2002; Kirchner, 2006). Ala-aho et al. (2017) extended the Spatially distributed Tracer-Aided Rainfall–Runoff (STARR) model to snow-influenced catchments and coupled the isotope fraction of snow sublimation and melting. Smith et al. (2019) adapted a tracer-aided ecohydrological model, the EcH2O-iso, for cold regions with the explicit conceptualization of dynamic soil freeze–thaw processes. These modeling frameworks have the potential to be used in QTP studies. Incorporating these new data requires us to construct more flexible and modular frameworks, which will allow us to develop tailor-made models based on specific basin characteristics, rather than using a single fixed model to fit all basins by simply calibrating parameters (Fenicia et al., 2011; Zhou et al., 2013).
Hydrology modeling is not only a science but also an art that requires modelers’ creativity, inspiration, and ingenuity, as well as their experience and skill (Savenije, 2009). All models are simplifications of the real world. Hence, it is unrealistic and unnecessary to include all heterogeneous processes observed in the field in permafrost hydrology models. The appropriate level of simplification is the key for achieving model realism, which is also scale and objective dependent. In many cases, distinguishing which processes should be involved and which should be disregarded is more important than the precision of solving numerical equations. Stepwise modeling and top-down flexible modeling frameworks allow us to develop models with a particular level of complexity in order to simulate hydrological processes, while simultaneously avoiding over-parameterization (Sivapalan et al., 2003; Gao et al., 2014a; Gao et al., 2014b). The concept of “hydrological connectivity” might be beneficial for linking local-scale observations and catchment-scale modeling, as Woo et al. (2008) suggested, and for implementation in numerous temperate basins (Gao et al., 2019).
SUMMARY
We conclude that 1) permafrost hydrology studies on the QTP are attracting broad interest, including that of hydrologists, ecologists, climatologists, and water resource managers; 2) the number of publications on QTP permafrost hydrology is mounting. Several in situ observation stations have been established to gather long-term measurements. Given the vast area of the QTP, however, permafrost hydrology research in this region remains far from adequate; 3) permafrost comprehensively impacts all hydrological processes on the QTP, including soil water movement, rainfall–runoff, baseflow, and evaporation; 4) permafrost hydrological modeling is a powerful tool for quantifying the spatiotemporal variations of QTP hydrological processes, and for projecting future changes. It still remains worthwhile, however, to test the importance of permafrost on basin-scale hydrology, and to incorporate landscape and topographical data in order to sufficiently represent horizontal heterogeneities; 5) data limitation will continue to exist for a long time, although in situ measurements, remote sensing data, isotope data, and geological detection methods are quickly improving; and 6) determining the balance point between model simplicity and catchment complexity is likely one of the most important scientific challenges yet to be solved in permafrost hydrological modeling on the QTP. Overall, the systematic and quantitative understanding of permafrost hydrology will benefit water resource management, flood mitigation, nature conservation, and adaption to climate change on the QTP and in its vast downstream regions.
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