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Abstract73

The mountain cryosphere and groundwater play pivotal roles in shaping the74

hydrological cycle, yet their connectivity remains incompletely understood. Cur-75

rent knowledge on meltwater recharge and consequent groundwater discharge76

processes is more developed for snow- than glacier-groundwater connectivity.77

Estimates of meltwater recharge vary considerably, which is likely not only a78

function of inherent catchment characteristics but also of the different spatio-79

temporal scales involved and the uncertainties in the methods used. This hinders80

a comprehensive understanding of the mountain water cycle. As glaciers retreat81

and snowpack diminishes, the relative importance of groundwater for moun-82

tain catchment storage is expected to increase. However, shifting and declining83

recharge from the cryosphere may decrease absolute groundwater-related stores84

and fluxes, with as-yet unknown effects on catchment-scale hydrological processes.85

We therefore stress the need to better quantify mountain cryosphere-groundwater86

connectivity to predict climate change impacts on mountain water supply, sup-87

porting sustainable water resource management of dependent social-ecological88

systems.89

1 Main90

Earth’s two largest freshwater reservoirs, outside the Greenland and Antarctic ice91

sheets, are mountain glaciers [1] and groundwater [2, 3]. Both reservoirs have crucial92

hydrological roles, providing water to billions of people around the world and buffering93

variable precipitation inputs to the terrestrial hydrological cycle [4–6]. Despite their94

vital importance for the world’s water supply, the magnitudes and spatio-temporal95

patterns of connectivity between mountain glaciers and groundwater are generally96

not well understood [7]. This lack of understanding also extends to the wider moun-97

tain cryosphere, including snow and permafrost, and hampers assessments of water98

availability and hydrological risks across the upstream-downstream continuum in the99

world’s mountain water towers. Addressing this knowledge gap is needed to sup-100

port adaptive water management in times of unprecedented loss of cryospheric water101

storage and increasing downstream water demand [8, 9].102

Glaciers and snow are a distinctive feature of the world’s mountain water towers103

[4, 10], covering respectively 2% and 40% of the global mountain area (30e6 km2)104

[11, 12]. Together they are essential water resources and they provide an important105

buffering role against hydro-meteorological variability, albeit on different timescales,106

releasing meltwater during drier or warmer periods of the year when water demand107

is highest. Due to the orographic enhancement of precipitation, as well as colder tem-108

peratures at high elevations that promote snow and ice accumulation and reduced109

evapotranspiration, mountains provide up to ten times as much water per unit area as110

3



adjacent lowland regions [13]. Permafrost, another part of the mountain cryosphere, is111

widespread, covering around 50% of the global mountain area [14]. Although ice-rich112

permafrost can be important for local water supplies [15], the overall contribution of113

permafrost to water resources is minor when compared to snow and ice [16]. Its rele-114

vance is therefore mostly given by the influence on subsurface flowpaths, rather than115

by its significance in terms of water storage (Box 1).116

Groundwater is present virtually everywhere below the Earth’s surface, where it117

is concentrated in aquifers, defined here as saturated geological formations that are118

capable of storing and transmitting water. In mountain regions, aquifer configura-119

tions, storage volumes and hydraulic properties are highly variable due to differences120

in climate, surface topography and subsurface permeability and porosity [17]. The121

world’s population strongly depends on groundwater for its water supply, including122

drinking water and irrigation (Box 2 and Box 3), either directly using springs and123

groundwater abstraction wells, or indirectly through the contribution of groundwater124

to surface water as river baseflow [18], which is also essential for ecosystems. Ground-125

water is a consistent and reliable source of water locally and regionally as it attenuates126

meteorological variations through its slow processes of recharge, subsurface storage127

and discharge. However, climate change is affecting recharge patterns, while over-128

abstraction is leading to groundwater depletion in many regions across the world [19].129

These processes are both threatening present and future groundwater availability and,130

consequently, our water supplies.131

Many cryo-hydrological processes pertaining to mountains (e.g., snowmelt and132

icemelt) are highly dependent on temperature, such that global warming strongly133

impacts mountain regions [20, 21]. Furthermore, ongoing climate change can be ampli-134

fied at higher elevations [22, 23], exacerbating impacts on cryo-hydrological processes.135

In recent decades, a worldwide acceleration of glacier mass loss has been observed136

[9, 24], while seasonal snow cover duration and snow depths are also generally decreas-137

ing [22, 25, 26]. Likewise, mountain permafrost extent is in decline, but with largely138

unknown consequences for mountain water availability [27] (see Box 3). Together,139

these ongoing changes cause alterations in the timing and volume of meltwater supply,140

threatening mountain water supply and reducing the cryosphere’s capacity to sus-141

tain streamflow during warmer and drier periods of the year, and in particular during142

droughts [28–30].143

The lack of knowledge on the connectivity between the mountain cryosphere and144

groundwater relates to two aspects. First, the importance of groundwater in (high)145

mountain areas has only recently attracted considerable attention in the scientific146

community [31–36]. Due to steep terrain and shallow soils, groundwater storage in147

high mountainous regions was long assumed to be minimal and short-lived [37, 38],148

and meltwater recharge processes negligible. However, several recent studies showed149

considerable groundwater storage [33, 36, 39–42] in mountain areas in different types150

of mountain aquifers, possibly also connected to distant lowland aquifers [43, 44].151

Second, mountain cryosphere and hydrology research has heavily focused on the visible152

changes such as glacier retreat, glacier volume loss [9], snow cover changes [25] and153

the consequent direct impacts on streamflow [45–48], without paying much attention154

to groundwater.155
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Our current understanding of cryosphere-groundwater interactions in mountains156

is limited by two main knowledge gaps: the limited understanding of 1) the frac-157

tions of glacier and snow meltwater that contribute to groundwater recharge, and158

2) the spatial and temporal scales across which these interactions affect downstream159

water supply and ecosystems. While the connection of the cryosphere and mountain160

groundwater is key for understanding mountain water supply, most previous synthesis161

papers addressed these two systems separately [37, 49, 50], or focused on one specific162

cryospheric element [7]. The magnitude of the glacier- and snow meltwater connectiv-163

ity with groundwater across scales thus critically requires further attention. We first164

introduce existing approaches that are used to understand and characterize largely165

invisible mountain groundwater processes. We follow by synthesizing and discussing166

current literature on glacier-, snowmelt recharge and the spatio-temporal scales of167

cryosphere groundwater connectivity (Sections 3-5) and conclude by identifying the168

specific knowledge gaps that need to be addressed (Section 6).169

2 Current approaches to investigate mountain170

cryosphere-groundwater connectivity171

To address the question of connectivity between the mountain cryosphere and ground-172

water, several properties of the mountain water system need to be quantified,173

including recharge magnitudes, groundwater volume, subsurface hydraulic properties174

and groundwater contributions to streamflow. In general, the high spatio-temporal175

variability, limited data, and the inability of directly measuring recharge and ground-176

water volumes, render this part of the mountain water cycle difficult to quantify.177

A combination of approaches, including multiple research disciplines, is therefore178

required. To frame the results on the connectivity across scales presented in the179

next sections, we summarize common measurement and modelling techniques and180

emphasize their uncertainties and current challenges. For further insights on mountain181

hydrogeology, readers are referred to recent reviews [7, 37, 50].182

The most direct groundwater measurements come from groundwater monitoring183

wells at various depths. Such wells can be sampled or can be instrumented for contin-184

uous measurements of hydraulic heads. However, in mountain regions, the network of185

wells is extremely sparse due to logistical constraints [37]. Streamflow measurements,186

which are more abundant, are therefore used to infer transit time distributions or187

information on the catchment-scale groundwater contribution to streamflow. The lat-188

ter are analysed by either separating the streamflow signal in a faster (sub)surface and189

a slow baseflow component, or by analysing the streamflow recession behaviour which190

provides information on the rate of catchment storage release to streamflow [51–54].191

Many simplifying assumptions and knowledge of the local hydrogeological proper-192

ties are needed to quantitatively attribute these streamflow signals to groundwater193

processes [55].194

Hydrogeophysical methods such as electrical resistivity tomography, terrestrial195

gravimetry, environmental seismology or time-domain electromagnetic surveys can196

provide insights into subsurface structures, such as the lithology and the spatial dis-197

tribution of groundwater occurrence [56–60]. Drawbacks are the rather limited area198
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coverage (meters to a few kilometers) of such measurements and the challenge to relate199

them to hydraulic aquifer properties. At regional scales, remote sensing methods, such200

as used by the GRACE and GRACE-FO satellite missions, can provide information201

on monthly storage changes across large mountain ranges. The interpretation of these202

signals, however, is not straightforward as it is difficult to disentangle the contributions203

from glaciers, snow and groundwater storage [61–63].204

To identify groundwater origins, flow paths and residence times, hydrological205

tracers are commonly used. These combined characteristics indicate how quickly206

groundwater is replenished and how it contributes to streamflow, springs or pumped207

wells. Residence time, transit time and groundwater age all characterize how quickly208

water moves through the subsurface, albeit with slightly different definitions. These209

timing characteristics are a function of (and help to constrain) recharge and discharge210

rates, aquifer storage volume and hydraulic properties. The underlying principle of211

environmental tracers is that water parcels from different hydrological compartments212

(surface water, groundwater, lakes, snow, glaciers) carry distinct tracer signatures213

due to the different water origins, flowpaths and processes that they have undergone.214

Alternatively, artificial tracers, such as dyes, may be introduced and subsequently215

tracked through the system. However, compared to environmental tracers, their appli-216

cability is strongly spatially and temporally limited. Stable water isotopes, major ions217

and water temperature are most often used as environmental tracers for cryospheric218

water source partitioning [64–69]. However, due to strongly overlapping hydrochemical219

and isotopic compositions of snow and glacial melt [69], distinguishing their contri-220

butions to streamflow and groundwater is challenging. In addition, for snowmelt, it221

is challenging to obtain a representative sample of its isotopic composition due to222

1) the spatio-temporal variability of isotopes in precipitation itself and 2) the alter-223

ing of the snowpack’s isotopic composition via sublimation and internal gas and224

water exchange (isotopic fractionation) [69]. These challenges require caution when225

up-scaling measurements to larger scales [70]. For example, depending on whether226

snowfall, snowpack, or stream water during peak snowmelt season was used to define227

the snowmelt end-member signal, the snowmelt-sourced fractions of total recharge228

varied by more than 30% in a small mountainous boreal headwater catchment [71].229

Emerging tracer techniques such as the analysis of dissolved gases [71–73] and envi-230

ronmental DNA sequencing (eDNA) [35, 42, 74, 75] have begun to address some of231

these challenges. However, due to the difficult access and complex spatial heterogene-232

ity, tracer data from high-elevation mountain environments, where snow and glaciers233

are present, remain extremely limited.234

In addition to measurements, conceptual and numerical models are used to under-235

stand and predict subsurface hydrological processes and their relation to surface236

water, extending the spatio-temporal scales of the analyses. In the simplest and most237

commonly applied configuration, groundwater storage changes can be derived via238

a residual water balance analysis [36]. The robustness of this approach, however,239

strongly depends on the accuracy with which the other water balance components240

can be estimated. Measuring hydrological fluxes such as precipitation, evaporation241

and snow/glacier melt, with high accuracy and spatial resolution is a challenge in242

mountain regions due to strong horizontal and vertical gradients. Moreover, the total243
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groundwater storage cannot be identified through this approach [40, 71]. In so-called244

conceptual hydrological models, the role of groundwater storage is often strongly sim-245

plified by including a reservoir that represents the effect that delayed groundwater flow246

has on streamflow generation processes, without explicit consideration of groundwater-247

surface water interactions or the spatial distribution of groundwater processes [76].248

Groundwater models that focus on the simulation of saturated groundwater flow-249

paths, heads and groundwater tables in mountain regions exist, and are applied at250

various scales [77–79]. However, they require detailed data on subsurface hydraulic251

properties, which are generally lacking in mountainous terrain. Moreover, such ground-252

water or coupled groundwater-recharge models often do not consider meltwater-related253

recharge processes. Fully integrated cryosphere-surface-subsurface hydrological mod-254

els are most suited to quantify mountain cryosphere-groundwater connectivity, but255

currently often include only two out of the three key domains in detail. In mountain256

settings, the full potential of these models is still limited by insufficiently resolved,257

inaccurate, or missing meterological, cryospheric, and hydrogeological data [31, 80].258

Additionally, implementing such models at high spatial resolution over large domains259

is computationally expensive.260

3 Glacier-groundwater connectivity261

Glacier meltwater is often assumed to directly contribute to surface water, with min-262

imal losses to groundwater on its way downstream [45, 47, 48, 81, 82]. However, a263

portion of glacier meltwater is now known to infiltrate and recharge mountain aquifers.264

The importance of this contribution and the spatio-temporal scales on which it oper-265

ates remain highly uncertain [7]. This lack of knowledge raises the questions of how266

the glacier-groundwater connectivity affects the timing of glacier meltwater input to267

streamflow, and how the ongoing long-term decline of glacier meltwater will continue268

to affect mountain groundwater storage and discharge processes.269

A few studies have measured glacier melt recharge processes (Figures 1a & 1c).270

Results suggest two different catchment zones where glacier-melt recharge occurs: 1)271

direct recharge at the glacier-bed (sub-glacial) from basal melt or surface melt that272

reaches the bed, and 2) indirect recharge from glacier-fed rivers or lakes in the glacier273

forefield or further downstream, through infiltration of surface water to groundwater274

through the stream or lakebed [53, 83, 84].275

Sub-glacial recharge studies based on observations are limited and their results276

are likely highly dependent on the material and lithology at the glacier bed [85].277

For example, a sedimentary aquifer (20-50 m thick) below an Icelandic glacier was278

being recharged by glacier meltwater and groundwater was discharged to the main279

sub-glacial channel, suggesting a limited sub-surface flowpath spatial extent [86]. Spe-280

cific examples also exist for glacierized karstic areas, where several studies showed,281

depending on the flow conditions and drainage pathways, sub-glacial recharge to the282

underlying bedrock [87, 88]. In Switzerland, groundwater samples taken from a tun-283

nel in fractured granite below glacierized areas showed considerable glacier meltwater284

recharge through a major fault structure, contributing to deep groundwater flows [89].285
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Fig. 1 Locations of meltwater recharge to groundwater and consequent meltwater flowpaths through
the subsurface at different spatial scales. Available estimates of meltwater source contributions to
groundwater, and the importance of groundwater for streamflow are indicated next to the respective
panels (and further detailed in Table 1 of SI). An explanation of each flow path, including the number
of related studies (SI), is given by the corresponding number and text at the bottom. Many of these
flowpaths are not well quantified in the literature. Flowpaths were included at the corresponding
spatial scales (panels) for which studies were found. Abbreviations stand for: GW = groundwater,
SW = surface water, Q = streamflow, T = time scale, MFR = Mountain Front Recharge, MBR =
Mountain Block Recharge and n = number of studies discussing this flowpath.

For indirect glacier meltwater recharge, more observational studies exist, mostly at286

small spatial scales [53, 90, 91]. In an Icelandic glacier forefield, 25-50% of groundwater287

recharge was estimated to be sourced from glacier meltwater [90]. In a Swiss glacier288

forefield, limited active storage was observed due to recharge and discharge fluxes289

being approximately balanced [53]. However, catchment scale analyses of streamflow290

for the same area revealed that there must be another catchment groundwater storage291

component (40 mm) or water flux that is able to maintain winter baseflow. This292

storage was hypothesized to be related to either groundwater storage in a bedrock293

aquifer or to winter glacier basal melt contributions. Similarly, in the Yukon, Canada,294

both groundwater contributions and basal melt were suggested as sources of winter295

baseflow [92]. These studies exemplify a common challenge whereby catchment storage296

can be observed but not conclusively attributed to a single source (e.g., basal melt or297

groundwater).298
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Other observational studies have investigated glacier-groundwater links at larger299

spatial scales (Figure 1c), without specifying the zone where glacier melt recharge300

occurred. For example, for a glacier-fed river in Alaska, approximately half of the301

upstream annual streamflow (and ca. 20% of the summer streamflow) was lost over302

a 55 km river section, resulting in an estimated 200 mm/a of recharge to the under-303

lying aquifer consisting of unconsolidated alluvium deposits [34]. This estimate was304

found to be twice as large as the potential snowmelt recharge in the downstream305

lowland region. The study attributed half the long-term glacier net volume loss to306

groundwater recharge contribution, corresponding to roughly 25% of the total annual307

recharge. In the Northwest United States (US) glacier-influenced eDNA was found in308

spring waters at distances up to 10 km from glaciers in volcanic terrain and across309

topographic divides [35]. Studies from the Upper Indus Basin and Southwest China310

respectively indicate that 44-46% and 35% of groundwater originated from glacier311

melt [93–95]. Using satellite gravimetry over a 13-year period, (an unknown propor-312

tion of) glacier mass loss across the Canadian Rockies was assumed to be stored in313

downstream aquifers, due to a concomitant increase in basin water storage confirmed314

by increased baseflow in downstream rivers [61].315

Recent studies have also attempted to model, rather than observe, glacier-316

groundwater connectivity. Due to limited evidence of where glacier melt recharge317

occurs (direct or indirect), models have used a range of assumptions. At the glacier-318

specific scale, sub-glacial drainage models simulate the flow of water below glaciers,319

sometimes explicitly including its interaction with the underlying sedimentary ground-320

water aquifer [96, 97]. However, because the primary aim of such models is to321

investigate glacier sliding rather than their hydrogeological role, these models are322

rarely integrated into catchment-scale models and usually do not account for flow323

through bedrock aquifers as [96]. In glacio-hydrological models, glacier meltwater may324

flow through several conceptual reservoirs to simulate the delayed contribution of melt-325

water to streamflow. However, it is often unclear if these reservoirs represent only the326

firn and englacial processes or also sub-glacial groundwater processes [98–100].327

At larger catchment scales, this distinction of reservoirs becomes important as328

it determines the possible flowpaths, and the degree to which meltwater is delayed.329

At these larger scales, only a few models include glacier-groundwater connectivity330

[78, 83, 101], while in most cases only the snow-groundwater connectivity is consid-331

ered [81, 102]. Coupled groundwater-hydrological models of Andean catchments found332

that between 14% [103] and 9% [78] of total glacier melt recharged groundwater in333

surficial and fractured bedrock aquifers. From the groundwater perspective, these and334

similar studies found 2% [78], 10% [104], 13-17% [83] and 60% [105] of groundwater335

recharge comes from glacier meltwater, for catchments with 2% (Peru), 2% (China),336

60% (Iceland) and 46% (Tibetan Plateau, basal melt recharge only) glacier cover,337

respectively.338

Also at regional scales, groundwater-flow models have been coupled to meltwater339

recharge, but despite the presence of glaciers, the role of glacier meltwater recharge340

is not always quantified explicitly [33]. In general, however, the majority of modelling341

studies, especially at larger scales, use more simple groundwater parametrizations,342

such as a lumped or distributed groundwater reservoirs without lateral groundwater343
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flow due to the absence of detailed subsurface information. Such simplifications often344

force groundwater to discharge to streamflow at the outlet of the model domain [46, 78,345

91, 106] and hamper assessment of spatial patterns of groundwater discharge. Without346

explicitly modelling groundwater heads, the partitioning of glacier melt to recharge347

has to be parameterized. For example, for regional scale modelling of streamflow in348

High Mountain Asia, such a partitioning parameter for glacier melt was determined by349

model calibration against streamflow far downstream, and varied between 10% to 40%350

in the main river basins [101, 107, 108]. At the global scale, glaciers (and mountains351

more generally) are practically ignored as a source of recharge. Due to the coarse352

resolution of global groundwater models, which smooths the topography, mountain353

water tables are located at great depth and recharge processes and groundwater flow354

are thus considered negligible [19].355

Overall, information on glacier meltwater recharge to groundwater is extremely356

scattered, due to the complexity of the system, the different research fields and meth-357

ods involved, and the many assumptions that have to be made in the absence of358

sufficient data. Moreover, estimates are highly variable due to study-specific settings359

regarding hydro-geologic conditions and the proximity to glaciers.360

4 Snow-groundwater connectivity361

In many mountain settings, snowmelt produces a major pulse of recharge to groundwa-362

ter, which in turn helps to sustain streamflow in the dry or warm season [50, 109–114]363

(Figure 1b). Snowmelt-groundwater connectivity has generally received broader atten-364

tion compared to glacier-groundwater connectivity, with multiple field-based studies365

suggesting that, across mid-latitude mountain ranges, between 40% and 80% of366

groundwater recharge originates from snowmelt [71, 93, 113, 115–118] (Figure 1c).367

While some of these observed differences in snowmelt contributions to groundwater368

recharge are attributable to the different periods and climates investigated, hydro-369

geological properties and measurement uncertainties (see Section 2) also result in370

considerable variability in estimated recharge rates [36, 40, 119–121].371

This large contribution of snowmelt to groundwater (40-80%) is commonly372

explained by the concept of preferential recharge (Figure 1b). In comparison to liquid373

precipitation and per unit volume, a larger fraction of snowmelt could contribute to374

recharge [71]. For example, in the Western US, snowmelt was shown to contribute at375

least 40–70% of total groundwater recharge, despite only 25–50% of average annual376

precipitation occurring as snow [122]. Preferential snowmelt recharge is hypothesized377

to be a result of the short duration and large volume of snowmelt, coupled with low378

evaporation during the snowmelt period, promoting percolation to deeper layers and379

consistent groundwater recharge during the spring snowmelt period [110, 122, 123].380

Additionally, a thicker seasonal snowpack insulates the subsurface, preventing the381

soil from freezing and promoting infiltration at the onset of snowmelt compared to382

a thin or intermittent snowpack, which moreover does not generate enough melt to383

reach soil field capacity and generate groundwater recharge [124]. However, it is often384

unclear if this process is explained by differences in summer and winter precipita-385

tion recharge efficiency, or by rainfall versus snowmelt recharge efficiency [125]. For386
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example, high-intensity short-duration summer convective storms, summing up to a387

third of the annual precipitation, were shown to provide less than 10% of the recharge388

compared to cold season precipitation (occurring as an unspecified mix of snow and389

rain) [126]. This showcases a remaining research gap in snow-groundwater connectiv-390

ity, namely, could winter rainfall recharge groundwater as efficiently as snowmelt in391

mountain regions? If preferential recharge from snowmelt indeed occurs, in a warm-392

ing world with more precipitation occurring as rainfall rather than snowfall, recharge393

could decrease despite constant amounts of precipitation [123]. An additional concern394

relates to a shift in timing of recharge from spring snowmelt to winter rainfall and how395

this might affect the timing of groundwater discharge to streams in systems with sea-396

sonal storage capacity, particularly relevant to support streamflow during the summer397

months and low flows [109, 127, 128]398

Besides a shift in the precipitation phase, a warming climate may also cause399

increased evapotranspiration rates due to higher atmospheric moisture demand,400

extended growing seasons, and vegetation expansion into deglaciated terrain and401

upward shifts in eco-zones. These hydroclimatic changes are all expected to affect the402

quantity and timing of snowmelt recharge [129–132]. So far, such a shift in groundwa-403

ter recharge has not been generally observed in mountain regions. An exception is a404

study in a snow-dominated region, Fennoscandia, [133] where a significant decrease in405

groundwater levels was observed due to the northwards migration of the temperate cli-406

mate zone. Such decreases in groundwater levels, likely related to changes in recharge,407

will in turn influence the volume and timing of snowmelt-sourced groundwater reaching408

streams [134, 135].409

Many studies addressing the topic of snow-groundwater connectivity have either410

been conducted in arid climates or in regions with cool, wet winters and dry, warm411

summers. These studies have focused on environments with seasonal snowpack and in412

vegetated mountain ranges, below or near the tree line. In other environments, where413

the snowpack is intermittent, where snowfall and snowmelt occur simultaneously dur-414

ing the wet season, or when little precipitation occurs during the cold season, the415

mechanisms behind snow recharge, the potential for preferential snowmelt recharge,416

and predicted changes remain less explored [123]. Similarly, snow-recharge mecha-417

nisms remain understudied in rocky, coarse surficial deposits and hillslopes above the418

vegetation elevation limit [136–138] (Figure 1b).419

Quantifying recharge from snowmelt is further complicated by the difficulty in420

obtaining accurate snow storage volume. While remote sensing products are increas-421

ingly able to capture small-scale patterns and spatial variability in snow depths422

[139, 140], the uncertainty associated with obtaining snow-water equivalent is still a423

challenge [141]. Similarly, while hydrological models can be used to estimate snow424

water equivalent, capturing the complex precipitation patterns and redistribution pro-425

cesses in mountain terrain remains difficult [142–145]. Moreover, it is still unclear at426

what scale snow processes need to be resolved to capture snowmelt recharge.427
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5 Reconciling cryosphere-groundwater connectivity428

across scales429

In parallel to improving our physical understanding of cryosphere-groundwater con-430

nectivity, its relevance for mountain water availability must be assessed. This requires431

an additional understanding of mountain aquifers and their (dis)connections to other432

parts of the hydrological system across scales. These connections determine where,433

when and at what rate cryosphere-sourced groundwater re-emerges through springs,434

discharges to surface water bodies, or can be pumped from groundwater wells at lower435

elevations. At small scales (catchments <10 km2), there is a growing understanding436

of how unconsolidated surficial deposits store and release meltwater, contributing to437

short-term catchment storage (Figure 1a). Recent studies in the Canadian Rockies438

[40, 146–149], the Alps [150], the Peruvian Andes [64, 151, 152]), and other regions439

[37, 153], have shown that moraine, talus, alluvium and also saprolite can store and440

transmit considerable amounts of groundwater. Groundwater in surficial deposits can441

be disconnected (a perched aquifer) or connected (an unconfined or confined aquifer)442

to the deeper fractured rock groundwater system and/or the stream network. Shal-443

low flow paths through talus slopes and moraines generally have transit times on444

the order of days to months [53, 149]. Meanwhile, the presence of permafrost and/or445

frozen ground can impact infiltration capacity, flow paths, seasonal storage capac-446

ity and transit times in these coarse deposits (see Box 1). As glaciers continue to447

retreat, unconsolidated sediments are exposed which may alter the subsurface storage448

capacity and recharge processes in the pro-glacial zone, with unknown hydrological449

consequences.450

As catchment size increases (10-100 km2), the dominant aquifer properties, types451

and flowpaths can change. Local-scale measurements of hydraulic conductivity may452

not be representative at such scales, due to subsurface heterogeneity and inclusion453

of macropores, bedrock fractures, geologic structures, etc.[154]. Moving downstream,454

flowpaths through alluvial deposits and bedrock may become more important than455

through talus and moraine (Figure 1b and c). Alluvial aquifers in mountains can have456

residence times from months up to a few years [155, 156] while bedrock can have a457

large range of residence times from several months to many years. For example, a458

study in the Colorado Rocky Mountains found baseflow ages between 3 and 12 years459

for a relatively small (24 km2), snow-dominated headwater catchment [157]. Several460

studies also noted larger relative contributions of older (e.g., decades to millennia),461

deeper groundwater, but not necessarily originating from the cryosphere, to stream-462

flow as the spatial scale increases [32, 42, 158, 159]. At the same time, the proportion463

of streamflow sourced from direct glacier- and snowmelt decreases with increasing spa-464

tial scale, as opposed to the proportions of rainfall and groundwater, because the area465

fraction covered by glaciers and snow decreases [45, 64]. A similar relation is expected466

to be true for the proportion of mountain groundwater and baseflow that is sourced467

from glacier/snow melt. However there is limited evidence of how meltwater-sourced468

groundwater evolves from up- to downstream, as groundwater sources (rain, snow469

and ice) are often not distinguished [160–162]. Additionally, anthropogenic interven-470

tions (e.g., hydropower operations, groundwater pumping, etc.) become more prevalent471
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moving downstream, and can significantly affect our ability to monitor and model472

groundwater recharge and streamflow generation [163].473

At larger scales (e.g., catchments of 100-10000 km2), mountain block recharge and474

mountain front recharge, together called Mountain System Recharge (MSR), can pro-475

vide important water resources far (e.g., 10-100 km) downstream [44]. Mountain block476

recharge is used to describe situations in which groundwater recharged in mountains477

flows underground into adjacent lowland valley aquifers (Figure 1d). For mountain478

front recharge, instead, water from mountain streams infiltrates into the ground where479

the mountain zone transitions to lower elevated areas and alluvial plains, also recharg-480

ing the lowland valley aquifer. Reconciling the small-scale meltwater recharge processes481

with such larger-scale understanding of MSR remains difficult [164]. This is partly482

because large-scale models generally cannot resolve small features like moraines and483

talus slopes and their ability to delay meltwater. Furthermore, the observational and484

modelling techniques used for small-scale hydrological studies are often distinctively485

different from those used for MSR studies. Estimates suggest that 5-50% of groundwa-486

ter in central valley fill aquifers originates as MSR, with the higher proportions being487

observed in arid climates [43]. However, the portion of this recharge originating from488

glacier and snow melt is generally unknown and there are very few studies which assess489

how cryosphere change impacts MSR. In one such study, a numerical groundwater490

model is used to conclude that lowland aquifers located >80 km downstream of the491

Canadian Rocky Mountain range are unlikely to be impacted by glacier retreat since492

the simulated flow time exceeds tens of thousands of years [79]. However, this study493

does not account for mountain front recharge. The conclusions drawn also contrast494

with recent gravimetry research in this area previously discussed [61], illustrating the495

knowledge gap. Reconciling small- and large-scale mountain hydrogeology is compli-496

cated by the very different timescales involved. Indeed, glacier coverage may have been497

very different in the past, when mountain system recharge entered the subsurface.498

Questions related to mountain water resources therefore span a range of spatio-499

temporal scales (Figure 2) and it is imperative that each question is addressed at the500

scale of interest using appropriate methods. For example, hydrochemistry, hydrometric501

and glacier surface monitoring are best suited to small spatial- and temporal-scale502

questions while global hydrogeologic datasets, satellite-derived snow water equivalent503

or gravimetry data and larger networks of groundwater observation wells are needed504

for larger-scale questions. However, smaller-scale studies may also benefit from the505

constantly increasing capabilities of remotely-sensed datasets [9, 12, 165–167].506

Developing conceptual understanding and predictive models that apply coher-507

ently across scales is a major challenge given the complexity and scale-dependent508

characteristics of mountain environments. Efforts have been made to build or cou-509

ple numerical models that simulate cryospheric processes (e.g., snow and ice), surface510

flows (streamflow, overland flow) and 3D, variably-saturated groundwater flow (e.g.,511

[31, 78, 80, 168, 169]). These integrated models potentially enable the combination512

of observations that span various scales, thus allowing for synthesis and prediction.513

While such models cannot presently be applied at high resolution across mountain514

ranges due to data and computational limitations, they could be further developed in515

well-monitored catchments and their applicability may also increase as computational516
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capacity increases. Their numerous, internally-consistent spatio-temporal outputs517

(including groundwater storage, groundwater levels, evapotranspiration, streamflow)518

could then be related to environmental covariates (e.g., geology, elevation, glacier519

cover, climate, etc.), and enable predictions of those quantities elsewhere, potentially520

by exploiting machine learning model architectures [170]. Many of these integrated521

models also simulate solute transport, opening the door for water chemistry field data522

to be used to evaluate model performance [171].523

Effectively addressing questions of future mountain water supply requires the524

translation of our collective observational data, models and understanding, obtained525

through dedicated studies at rather small scales, across much more extensive mountain526

regions, including the connections between mountain and downstream aquifers.527

6 Implications of the changing mountain cryosphere528

and its groundwater connectivity for water supply529

Visible changes in the cryosphere and their relation to meltwater availability are530

increasingly being quantified, but the respective impacts on groundwater and subse-531

quent streamflow generation remain largely unknown. Understanding the importance532

of subsurface flowpaths and the role of groundwater in mountain regions is critical to533

untangle both the fate of meltwater in the hydrological cycle and the sensitivity of534

groundwater to a changing meltwater supply due to climate change.535

Recent research indicates a clear capacity for groundwater storage in mountain536

regions and underlines its importance for mountain water supply (Figure 1 and SI537

Table 1). Since meltwater from snow and glaciers largely contributes to the water538

supply of mountain regions, particularly at seasonal timescales, meltwater recharge539

processes cannot be neglected. Whilst snow recharge processes are often considered540

in our conceptual understanding of the mountain water cycle, the quantification of541

glacier melt contributions to recharge remains elusive. Although the volume of glacier542

melt may be smaller than the volume of snowmelt due a smaller coverage of glaciers543

compared to the seasonal snowpack, its distinct later-summer/mid dry-season contri-544

bution potentially increases the importance of glaciers as a source of recharge. On top545

of that, much of the meltwater-groundwater literature focuses on snow in lower moun-546

tain regions, leaving a knowledge gap for groundwater recharge at higher elevations.547

Estimates of the groundwater recharge that is sourced from glacier and snow melt548

vary widely (between 2-60% for glaciers and between 40-80% for snow), but indicate549

that both subsurface flowpaths of meltwater and the consequent delay in flow need to550

be part of our conceptual understanding of the mountain water cycle.551

To unravel the role of mountain groundwater for water supply and its sensitivity to552

climate change, we need to expand our understanding of the relevance of high-elevation553

recharge processes and the subsequent subsurface flowpaths. A holistic approach is554

needed, integrating different research fields and methods (meteorology, glaciology,555

snow and catchment hydrology, hydrogeology, geology, ecohydrology, socio-hydrology556

and remote sensing) to assess the importance of mountain groundwater at catchment557

and larger scales. A multitude of processes need to be quantified and we stress three of558

them. First, the partitioning of glacier melt and snowmelt into groundwater recharge559
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Fig. 2 Key research questions (dashed bows) and applied water-management questions (solid bows)
related to spatial (vertical axis) and temporal (horizontal axis) scales of cryosphere-groundwater con-
nectivity in mountain regions. Note that some research questions have implications over centennial
time scales too, but this timescale is rarely addressed in water management, and therefore not men-
tioned explicitly. GW: groundwater; MFR: Mountain Front Recharge.

and runoff needs to be understood in relation to different climates, different geolo-560

gies and terrain characteristics. This will aid to assess how much of the meltwater561

contributes directly to downstream streamflow and will enable a parametrization of562

meltwater recharge processes in hydrological models. A particular challenge here is563

the presence of multiple recharge zones, both directly at the glacier/snow subsurface564

interface and further downstream through surface-groundwater interactions. Second,565

the meltwater contributions to groundwater recharge need to be investigated in rela-566

tion to non-cryosphere recharge sources to better understand the preferential recharge567

mechanisms of ice and snow. This, together with information on storage capacity and568

response times, could indicate how sensitive groundwater and springs are to changing569
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meltwater sources and consequent altered timing of recharge. Most studies reviewed570

here have characterized this element of source contribution to groundwater in con-571

ceptual, or relative terms but more absolute quantitative results are required. Third,572

a quantification of mountain groundwater contributions to streamflow is needed to573

examine the relevance of the aforementioned processes in terms of water supply on574

average and particularly during dry periods. Besides the quantification of these pro-575

cesses, key knowledge gaps relate to the spatial and temporal scales at which these576

processes operate. This requires an understanding of how mountain aquifers are con-577

nected to the surface water network and a characterization of the subsurface in terms578

of hydraulic conductivity, permeability and aquifer extent, which together determine579

storage volumes and groundwater discharge processes.580

Ways forward to quantify these processes include 1) developing new tracer meth-581

ods that can identify meltwater flowpaths at various spatial scales and distinguish582

between snow and glacier melt contributions, 2) improving observations of mountain583

water balance terms at high spatial and temporal resolutions to constrain potential584

recharge estimates and determining groundwater storage changes, 3) designing model585

experiments and using existing streamflow data to determine residence times of moun-586

tain groundwater storages, 4) compiling a global dataset of mountain groundwater587

wells to understand mountain groundwater dynamics at large scales and examine its588

relations with melt processes, and 5) developing methods to scale and transfer findings589

to unobserved locations and regions, for example, by making use of hybrid modelling590

- combining machine learning and physical models.591

Overall, we stress that ignoring mountain cryosphere-groundwater connectivity592

may have crucial implications for our current understanding of the mountain water593

cycle, and in particular for assessing future changes. From the cryosphere and stream-594

flow perspective, meltwater contribution could be underestimated when only looking595

at quick responding streamflow dynamics [90, 103]. The meltwater-groundwater con-596

nectivity delays the meltwater supply, potentially extending the role of meltwater for597

downstream regions in space and time. Especially during droughts, it is crucial to598

understand where and when water is stored and released for an effective management599

of water resources. In light of climate change, with retreating glaciers and diminishing600

snowpack, the part of the streamflow affected by changing glacier- and snowmelt is601

incorrectly attributed when assuming that all estimated meltwater directly contributes602

to surface water. Moreover, the relative role of mountain groundwater in catchment603

storage will increase when ice and snow storages are disappearing. The hydrological604

consequences are as yet unknown. On the one hand, reduced meltwater recharge may605

lead to an overall decline in total recharge, shift in timing of recharge processes and606

altered groundwater-surface water interactions [172, 173], while on the other hand,607

glacier retreat, uncovering coarse deposits, and thawing permafrost may change the608

subsurface storage capacity [174]. A comprehensive understanding of these changes in609

future mountain water supply is critical for effectively managing water resources for610

increasingly groundwater-dependent social-ecological systems in our mountain water611

towers and downstream regions.612
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Box 1: Mountain permafrost

Permafrost is defined as ground which has an annual average temperature below
0◦C for at least two years. The impacts of permafrost degradation on water
resources in mountainous regions are not well known [49, 175], as most per-
mafrost research focuses on high latitudes [176], with very different vegetation,
soil, geology, and topography. The limited research available on permafrost in
mountainous regions has a strong focus on rock glaciers, which represent only
a small component of mountain permafrost [27]. The three-dimensional nature
of permafrost leads to large knowledge gaps and uncertainties regarding its
age, distribution and volume [14]. In the Swiss Alps, one of the best-studied
regions in terms of mountain cryosphere, mountain permafrost is widespread,
with an estimated total volume equivalent to ∼1/4 of the volume of all Swiss
glaciers [175].
Thawing mountain permafrost has two important hydrological consequences:
1) ground ice melt, acting as a source of (ground)water, and 2) changes in
flow paths and water storage as permafrost degrades. Only a few quantitative
estimates of ground ice melt contributions to the water cycles exist, mostly
concerning the melt of rock glaciers [15, 177]. While such meltwater amounts
are small they can be relevant in dry regions and are expected to increase
importance in the future [16]. The influence of permafrost on water flow paths
is better understood. Permafrost presence can limit deeper groundwater flow
and reduce subsurface storage [178]. From Arctic permafrost research, it is
known that a warming climate can increase the hydraulic conductivity of per-
mafrost through the formation of so-called taliks, i.e. unfrozen sections of
ground within the permafrost. Such taliks can also lead to increased groundwa-
ter recharge and baseflow [178] and may be applicable to mountain perfmafrost
groundwater hydrology too. Another effect is a decrease in flood peaks with dis-
appearing alpine permafrost [179], due to increased storage [180]. Based upon
a limited number the continued thaw of permafrost has likely relevant implica-
tions for groundwater hydrology, including changes in volume, residence times,
contributions to streamflow, and water quality.
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Box 2: Groundwater security, risks and adapata-
tion strategies of mountain communities

For centuries, groundwater management has played a pivotal role in the sub-
sistence of mountain communities [181]. Ancestral groundwater-based supply
systems can be found across mountain regions including, for example, puqios
(spring source with galleries) in the Western Andes of Peru and Chile, spring
boxes (seepage and collection system) in the Himalaya, nymphaeum (ground-
water well with canals) in the Alps, and qanats (groundwater well with
galleries) across the Middle East and Asia [182]. Still, nowadays, many moun-
tain communities rely on groundwater springs as their major water source
[181]. Changes in the source of meltwater springs may decrease water security
of mountain communities. Declining groundwater levels can take an additional
dimension in traditional mountain communities, as it can imply a loss of cul-
tural and spiritual values [182]. In parts of the Andes and the Himalaya, for
instance, high-mountain landscape features – including glaciers and other com-
ponents of the water cycle – are perceived as living beings within a divine
and cosmological order. Disruption of this structure, such as glacier retreat
and reduction of snow cover, can affect the spiritual connection between these
communities and surrounding mountains [183, 184]. Adaptation efforts to
counteract the increasing risk of falling groundwater levels comprise a vari-
ety of sustainable groundwater management strategies, including both water
abstraction measures and interventions to increase groundwater recharge. For
the latter, nature-based solutions, sometimes combined with ancestral water
management techniques, play an increasingly important role. Examples in
the tropical Andes and throughout the Himalayas include wetland irrigation
[185], reactivation of old infiltration canals [186], construction of rustic micro-
reservoirs [187], as well as other water sowing and harvesting techniques [182].
When addressing adaptation strategies to the changing mountain groundwater
system, it is imperative to include a wider social-ecological perspective which
considers human vulnerabilities and risks, and integrates shared local and/or
traditional knowledge with scientific evidence [188].
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Box 3: Mountain water quality

Meltwater contributions to groundwater recharge, storage and discharge are
often considered through the lens of water quantity, as opposed to water quality,
even if the latter is critically important for water security. Meltwater generally
provides a clean supply of groundwater recharge, but the subsurface through
which it travels can have varying influences. In cases where the subsurface acts
as a filter, which is typically the case in alluvial sand and gravel aquifers, sub-
surface flowpaths can improve water quality. However, when meltwater travels
through fractured bedrock containing naturally occurring contaminants, the
subsurface may also enrich meltwater with solutes and unwanted constituents,
such as nitrate and potentially toxic elements [189–191]. How, and where, this
possibly contaminated meltwater is exported to streams and springs depends
on the water table elevation and specific flow path [192], and may change with
shifting recharge dynamics. Over the last two decades, there have been grow-
ing concerns about the impacts of legacy contaminants deposition on glaciers
via the atmosphere [193, 194], but little is known about how these contami-
nants might percolate to the groundwater, potentially contaminating local and
downstream aquifers. Glacier retreat also affects water physical-chemical char-
acteristics such as temperature and turbidity, critical for endemic biotics, and
the ability to dilute watershed pollutants during the low flow season [29]. How
these water quality concerns propagate to the subsurface or are influenced by
changing meltwater subsurface flowpaths is not well understood. In addition,
permafrost thaw can degrade water quality by mobilizing toxic elements, per-
sistent organic pollutants and nutrients including carbon and nitrogen, leading
to their release into surface and groundwater [191, 195–198].
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[7] Vincent, A., Violette, S. & Aalgeirsdóttir, G. Groundwater in catchments headed649

by temperate glaciers: A review. Earth-Science Reviews 188, 59–76 (2019).650

[8] Viviroli, D., Kummu, M., Meybeck, M., Kallio, M. &Wada, Y. Increasing depen-651

dence of lowland populations on mountain water resources. Nature Sustainability652

3, 917–928 (2020).653

[9] Hugonnet, R. et al. Accelerated global glacier mass loss in the early twenty-first654

century. Nature 592, 726–731 (2021).655

[10] Yao, T. et al. The imbalance of the Asian water tower. Nature Reviews Earth656

& Environment 3, 618–632 (2022).657

[11] Wrzesien, M. L., Pavelsky, T. M., Durand, M. T., Dozier, J. & Lundquist, J. D.658

Characterizing biases in mountain snow accumulation from global data sets.659

Water Resources Research 55, 9873–9891 (2019).660

[12] Pfeffer, W. et al. The Randolph Glacier Inventory: a globally complete inventory661

of glaciers. Journal of Glaciology 60, 537–552 (2014).662
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[34] Liljedahl, A., Gädeke, A., O’Neel, S., Gatesman, T. & Douglas, T. Glacierized719

headwater streams as aquifer recharge corridors, subarctic Alaska. Geophysical720

Research Letters 44, 6876–6885 (2017).721

[35] Miller, J. B., Frisbee, M. D., Hamilton, T. L. & Murugapiran, S. K. Recharge722

from glacial meltwater is critical for alpine springs and their microbiomes.723

Environmental Research Letters 16, 064012 (2021).724

[36] Cochand, M., Christe, P., Ornstein, P. & Hunkeler, D. Groundwater storage725

in high alpine catchments and its contribution to streamflow. Water Resources726

Research 55, 2613–2630 (2019).727

[37] Somers, L. D. & McKenzie, J. M. A review of groundwater in high mountain728

environments. Wiley Interdisciplinary Reviews: Water 7, e1475 (2020).729

[38] Alley, W. M., Healy, R. W., LaBaugh, J. W. & Reilly, T. E. Flow and storage730

in groundwater systems. Science 296, 1985–1990 (2002).731

[39] Staudinger, M. et al. Catchment water storage variation with elevation.732

Hydrological Processes 31, 2000–2015 (2017).733

22



[40] Hood, J. L. & Hayashi, M. Characterization of snowmelt flux and groundwater734

storage in an alpine headwater basin. Journal of Hydrology 521, 482–497 (2015).735

[41] Andermann, C. et al. Impact of transient groundwater storage on the discharge736

of Himalayan rivers. Nature Geoscience 5, 127–132 (2012).737

[42] Schilling, O. S. et al. Revisiting Mt. Fuji’s groundwater origins with helium,738

vanadium and eDNA tracers. Nature Water 1, 60–73 (2023).739

[43] Markovich, K. H., Manning, A. H., Condon, L. E. & McIntosh, J. C. Mountain-740

block recharge: A review of current understanding. Water Resources Research741

55, 8278–8304 (2019).742

[44] Wilson, J. L. & Guan, H. Mountain-block hydrology and mountain-front743

recharge. Groundwater recharge in a desert environment: The Southwestern744

United States 9, 113–137 (2004).745

[45] van Tiel, M. et al. Melting alpine water towers aggravate downstream low flows:746

A stress-test storyline approach. Earth’s Future 11, e2022EF003408 (2023).747

[46] Aubry-Wake, C., Pradhananga, D. & Pomeroy, J. W. Hydrological process748

controls on streamflow variability in a glacierized headwater basin. Hydrological749

Processes 36, e14731 (2022).750

[47] Huss, M. & Hock, R. Global-scale hydrological response to future glacier mass751

loss. Nature Climate Change 8, 135–140 (2018).752

[48] Immerzeel, W., Pellicciotti, F. & Bierkens, M. Rising river flows throughout the753

twenty-first century in two Himalayan glacierized watersheds. Nature Geoscience754

6, 742–745 (2013).755

[49] Beniston, M. et al. The European mountain cryosphere: a review of its current756

state, trends, and future challenges. The Cryosphere 12, 759–794 (2018).757

[50] Hayashi, M. Alpine hydrogeology: The critical role of groundwater in sourcing758

the headwaters of the world. Groundwater 58, 498–510 (2020).759

[51] Partington, D. et al. Evaluation of outputs from automated baseflow sep-760

aration methods against simulated baseflow from a physically based, surface761

water-groundwater flow model. Journal of Hydrology 458-459, 28–39 (2012).762

[52] Stoelzle, M., Schuetz, T., Weiler, M., Stahl, K. & Tallaksen, L. M. Beyond binary763

baseflow separation: a delayed-flow index for multiple streamflow contributions.764

Hydrology and Earth System Sciences 24, 849–867 (2020).765

[53] Müller, T., Lane, S. & Schaefli, B. Towards a hydrogeomorphological under-766

standing of proglacial catchments: an assessment of groundwater storage and767

release in an Alpine catchment. Hydrology and Earth System Sciences 26,768

23



6029–6054 (2022).769

[54] Benettin, P. et al. Transit time estimation in catchments: Recent developments770

and future directions. Water Resources Research 58, e2022WR033096 (2022).771
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age components of the relict Schöneben Rock Glacier, Niedere Tauern Range,1045

Eastern Alps (Austria). Hydrogeology Journal 24, 937–953 (2016).1046

[151] Gordon, R. P. et al. Sources and pathways of stream generation in tropical1047

proglacial valleys of the Cordillera Blanca, Peru. Journal of Hydrology 522,1048

31



628–644 (2015).1049

[152] Somers, L. D. et al. Quantifying groundwater–surface water interactions in a1050

proglacial valley, cordillera blanca, peru. Hydrological Processes 30, 2915–29291051

(2016).1052

[153] Calmels, D. et al. Contribution of deep groundwater to the weathering budget in1053

a rapidly eroding mountain belt, Taiwan. Earth and Planetary Science Letters1054

303, 48–58 (2011).1055

[154] Piña, A., Donado, L. D. & Blessent, D. Analysis of the scale-dependence of the1056

hydraulic conductivity in complex fractured media. Journal of Hydrology 569,1057

556–572 (2019).1058

[155] Szmigielski, J. T. et al. Hydrogeology of a montane headwater groundwater sys-1059

tem downgradient of a coal-mine waste rock dump: Elk Valley, British Columbia,1060

Canada. Hydrogeology Journal 26, 2341–2356 (2018).1061

[156] Popp, A. L. et al. A framework for untangling transient groundwater mixing1062

and travel times. Water Resources Research (2021).1063

[157] Carroll, R. W. H., Manning, A. H., Niswonger, R., Marchetti, D. & Williams,1064

K. H. Baseflow Age Distributions and Depth of Active Groundwater Flow in1065

a Snow-Dominated Mountain Headwater Basin. Water Resources Research 56,1066

e2020WR028161.1067

[158] Ameli, A., Gabrielli, C., Morgenstern, U. & McDonnell, J. Groundwater subsidy1068

from headwaters to their parent water watershed: A combined field-modeling1069

approach. Water Resources Research 54, 5110–5125 (2018).1070

[159] Thiros, N. E., Siirila-Woodburn, E. R., Dennedy-Frank, P. J., Williams, K. H. &1071

Gardner, W. P. Constraining bedrock groundwater residence times in a moun-1072

tain system with environmental tracer observations and bayesian uncertainty1073

quantification. Water Resources Research 59, e2022WR033282.1074

[160] Chang, Q. et al. Using Isotopic and Geochemical Tracers to Determine the1075

Contribution of Glacier-Snow Meltwater to Streamflow in a Partly Glacierized1076

Alpine-Gorge Catchment in Northeastern Qinghai-Tibet Plateau. Journal of1077

Geophysical Research: Atmospheres 123, 10,037–10,056 (2018).1078

[161] Wilson, A. M., Williams, M. W., Kayastha, R. B. & Racoviteanu, A. Use of a1079

hydrologic mixing model to examine the roles of meltwater, precipitation and1080

groundwater in the Langtang River basin, Nepal. Annals of Glaciology 57,1081

155–168 (2016).1082

[162] Cowie, R. M. et al. Sources of streamflow along a headwater catchment1083

elevational gradient. Journal of Hydrology 549, 163–178 (2017).1084

32



[163] Basilio Hazas, M. et al. Drought Conditions Enhance Groundwater Table Fluc-1085

tuations Caused by Hydropower Plant Management. Water Resources Research1086

58 (2022).1087

[164] Kozhagulova, A. et al. Geological Controls on the Geothermal System and1088

Hydrogeochemistry of the Deep Low-Salinity Upper Cretaceous Aquifers in the1089

Zharkent (Eastern Ily) Basin, south-eastern Kazakhstan. Frontiers in Earth1090

Science 11, 1212064.1091

[165] Gascoin, S., Grizonnet, M., Bouchet, M., Salgues, G. & Hagolle, O. Theia1092

snow collection: High-resolution operational snow cover maps from sentinel-21093

and landsat-8 data. Earth System Science Data 11, 493–514 (2019).1094

[166] Potapov, P. et al. The global 2000-2020 land cover and land use change dataset1095

derived from the landsat archive: first results. Frontiers in Remote Sensing 3,1096

856903 (2014).1097

[167] Thornton, J. et al. Toward a definition of essential mountain climate variables.1098

One Earth 4, 805–827 (2021).1099

[168] Cochand, F., Therrien, R. & Lemieux, J.-M. Integrated hydrological modeling1100

of climate change impacts in a snow-influenced catchment. Groundwater 57,1101

3–20 (2019).1102

[169] Brookfield, A. et al. Recent advances in integrated hydrologic models: Integra-1103

tion of new domains. Journal of Hydrology 620, 129515 (2023).1104

[170] Xu, T. & Liang, F. Machine learning for hydrologic sciences: An introductory1105

overview. Wiley Interdisciplinary Reviews: Water 8, e1533 (2021).1106

[171] Stadnyk, T. A. & Holmes, T. L. On the value of isotope-enabled hydrological1107

model calibration. Hydrological Sciences Journal 65, 1525–1538 (2020).1108

[172] Triplett, A. & Condon, L. E. Climate-warming-driven changes in the cryosphere1109

and their impact on groundwater–surface-water interactions in the Heihe River1110

basin. Hydrology and Earth System Sciences 27, 2763–2785 (2023).1111

[173] Somers, L. D. et al. Quantifying groundwater–surface water interactions in a1112

proglacial valley, Cordillera Blanca, Peru. Hydrological Processes 30, 2915–29291113

(2016).1114

[174] Aubry-Wake, C. & Pomeroy, J. W. Predicting hydrological change in an alpine1115

glacierized basin and its sensitivity to landscape evolution and meteorological1116

forcings. Water Resources Research 59, e2022WR033363 (2023).1117

[175] Noetzli, J. & Phillips, M. Mountain permafrost hydrology. Tech. Rep., Comis-1118

sioned by the Federal Office for the Environment (FOEN), Bern, Switzerland1119

33



(2019).1120

[176] McKenzie, J. M. et al. Invited perspective: What lies beneath a changing Arctic?1121

The Cryosphere 15, 479–484 (2021).1122

[177] Pruessner, L., Huss, M., Phillips, M. & Farinotti, D. Temperature evolution and1123

runoff contribution of three rock glaciers in Switzerland under future climate1124

forcing. Permafrost and Periglacial Processes 33, 310–322 (2022).1125

[178] Walvoord, M. A. & Kurylyk, B. L. Hydrologic Impacts of Thawing Permafrost-A1126

Review. Vadose Zone Journal 15, vzj2016.01.0010 (2016).1127

[179] Rogger, M. et al. Impact of mountain permafrost on flow path and runoff1128

response in a high alpine catchment. Water Resources Research 53, 1288–13081129

(2017).1130

[180] Evans, S. G., Ge, S. & Liang, S. Analysis of groundwater flow in mountainous,1131

headwater catchments with permafrost. Water Resources Research 51, 9564–1132

9576 (2015).1133

[181] Adler, C. et al. Cross-chapter paper 5: Mountains. Climate Change 2022:1134

Impacts, Adaptation and Vulnerability - Working Group II contribution to the1135

Sixth Assessment Report of the Intergovernmental Panel on Climate Change1136

2273–2318 (2022).1137

[182] UNESCO. Groundwater: Making the invisible visible. The United Nations World1138

Water Development Report 2022: 225 (2022). URL https://www.unwater.org/1139

publications/un-world-water-development-report-2022.1140

[183] Tschakert, P., Ellis, N. R., Anderson, C., Kelly, A. & Obeng, J. One thousand1141

ways to experience loss: A systematic analysis of climate-related intangible harm1142

from around the world. Global Environmental Change 55, 58–72 (2019).1143

[184] Allison, E. A. The spiritual significance of glaciers in an age of climate change.1144

Wiley Interdisciplinary Reviews: Climate Change 6, 493–508 (2015).1145

[185] Ross, A. C. et al. Seasonal water storage and release dynamics of bofedal1146

wetlands in the Central Andes. Hydrological Processes 37, e14940 (2023).1147

[186] Ochoa-Tocachi, B. et al. Potential contributions of pre-inca infiltration infras-1148

tructure to Andean water security. Nature Sustainability 2, 584–593 (2019).1149

[187] Drenkhan, H. C. G. L., F. & Haeberli, W. Managing risks and future options1150

from new lakes in the deglaciating Andes of Peru: The example of the Vilcanota-1151

Urubamba basin. Science of the Total Environment 665, 465–483 (2019).1152

[188] Drenkhan, F. et al. Looking beyond glaciers to understand mountain water1153

security. Nature Sustainability 6, 130–138 (2023).1154

34

https://www.unwater.org/publications/un-world-water-development-report-2022
https://www.unwater.org/publications/un-world-water-development-report-2022
https://www.unwater.org/publications/un-world-water-development-report-2022


[189] Bondu, R., Cloutier, V., Rosa, E. & Benzaazoua, M. A Review and Evaluation1155

of the Impacts of Climate Change on Geogenic Arsenic in Groundwater from1156

Fractured Bedrock Aquifers. Water, Air, & Soil Pollution 227, 296 (2016).1157

[190] Yapiyev, V. et al. The hydrochemistry and water quality of glacierized catch-1158

ments in Central Asia: A review of the current status and anticipated change.1159

Journal of Hydrology: Regional Studies 38, 100960 (2021).1160

[191] Colombo, N. et al. Impacts of permafrost degradation on inorganic chemistry1161

of surface fresh water. Global and Planetary change 162, 69–83 (2018).1162

[192] Manning, A. H., Verplanck, P. L., Caine, J. S. & Todd, A. S. Links between cli-1163

mate change, water-table depth, and water chemistry in a mineralized mountain1164

watershed. Applied Geochemistry 37, 64–78 (2013).1165

[193] Beard, D. B. et al. Anthropogenic contaminants in glacial environments i: Inputs1166

and accumulation. Progress in Physical Geography: Earth and Environment 46,1167

630–648 (2022).1168

[194] Grannas, A. M. et al. The role of the global cryosphere in the fate of organic1169

contaminants. Atmospheric Chemistry and Physics 13, 3271–3305 (2013).1170

[195] Jones, D. B., Harrison, S., Anderson, K. & Whalley, W. B. Rock glaciers and1171

mountain hydrology: A review. Earth Science Reviews 193, 66–90 (2019).1172

[196] Walvoord, M. A. & Striegl, R. G. Increased groundwater to stream discharge1173

from permafrost thawing in the Yukon River basin: Potential impacts on lateral1174

export of carbon and nitrogen. Geophysical Research Letters 34 (2007).1175

[197] Williams, M. W., Knauf, M., Caine, N., Liu, F. & Verplanck, P. Geochemistry1176

and source waters of rock glacier outflow, Colorado Front Range. Permafrost1177

and Periglacial Processes 17, 13–33 (2006).1178

[198] Williams, M. W., Knauf, M., Cory, R., Caine, N. & Liu, F. Nitrate content1179

and potential microbial signature of rock glacier outflow, Colorado Front Range.1180

Earth Surface Processes and Landforms 32, 1032–1047 (2007).1181

35


	Main
	Current approaches to investigate mountain cryosphere-groundwater connectivity
	Glacier-groundwater connectivity
	Snow-groundwater connectivity
	Reconciling cryosphere-groundwater connectivity across scales
	Implications of the changing mountain cryosphere and its groundwater connectivity for water supply

