
Arctic terrestrial hydrology: A synthesis
of processes, regional effects,
and research challenges
A. Bring1,2,3, I. Fedorova4,5, Y. Dibike6,7, L. Hinzman8, J. Mård9, S. H. Mernild10,11, T. Prowse6,7,
O. Semenova5,12, S. L. Stuefer13, and M.-K. Woo14

1Institute for the Study of Earth, Oceans, and Space, University of New Hampshire, Durham, New Hampshire, USA,
2Department of Physical Geography, Stockholm University, Stockholm, Sweden, 3Bolin Centre for Climate Research,
Stockholm University, Stockholm, Sweden, 4Arctic and Antarctic Research Institute, St. Petersburg, Russia, 5Hydrology
Department, Institute of Earth Sciences, St. Petersburg State University, St. Petersburg, Russia, 6Environment Canada,
Victoria, British Columbia, Canada, 7Water and Climate Impacts Research Centre, University of Victoria, Victoria, British
Columbia, Canada, 8University of Alaska Fairbanks, Fairbanks, Alaska, USA, 9Program for Air, Water and Landscape Sciences,
Department of Earth Sciences, Uppsala University, Uppsala, Sweden, 10Antarctic and Subantarctic Program, Universidad de
Magallanes, Punta Arenas, Chile, 11Faculty of Engineering and Science, Sogn og Fjordane University College, Sogndal,
Norway, 12State Hydrological Institute, St. Petersburg, Russia, 13Department of Civil and Environmental Engineering,
College of Engineering and Mines, University of Alaska Fairbanks, Fairbanks, Alaska, USA, 14School of Geography and Earth
Sciences, McMaster University, Hamilton, Ontario, Canada

Abstract Terrestrial hydrology is central to the Arctic system and its freshwater circulation. Water transport
and water constituents vary, however, across a very diverse geography. In this paper, which is a component of
the Arctic Freshwater Synthesis, we review the central freshwater processes in the terrestrial Arctic drainage and
how they function and change across seven hydrophysiographical regions (Arctic tundra, boreal plains, shield,
mountains, grasslands, glaciers/ice caps, and wetlands). We also highlight links between terrestrial hydrology
and other components of the Arctic freshwater system. In terms of key processes, snow cover extent and
duration is generally decreasing on a pan-Arctic scale, but snow depth is likely to increase in the Arctic tundra.
Evapotranspiration will likely increase overall, but as it is coupled to shifts in landscape characteristics, regional
changes are uncertain and may vary over time. Streamflowwill generally increase with increasing precipitation,
but high and low flows may decrease in some regions. Continued permafrost thaw will trigger hydrological
change in multiple ways, particularly through increasing connectivity between groundwater and surface water
and changing water storage in lakes and soils, which will influence exchange of moisture with the atmosphere.
Other effects of hydrological change include increased risks to infrastructure and water resource planning,
ecosystem shifts, and growing flows of water, nutrients, sediment, and carbon to the ocean. Coordinated efforts
in monitoring, modeling, and processing studies at various scales are required to improve the understanding of
change, in particular at the interfaces between hydrology, atmosphere, ecology, resources, and oceans.

1. Introduction

Many of the environmental changes currently under way in the Arctic involve terrestrial freshwater. Central
examples include a decreasing extent and duration of snow cover [Callaghan et al., 2011; Vaughan et al.,
2013], increasing flow from large Siberian rivers [Peterson et al., 2002, 2006; McClelland et al., 2006;
Shiklomanov and Lammers, 2009; Overeem and Syvitski, 2010] and glaciers and ice sheets [Mernild and
Liston, 2012; Church et al., 2013], and changing partitioning between surface water and groundwater [L. C.
Smith et al., 2007; Walvoord and Striegl, 2007]. These changes illustrate that the Arctic Freshwater System
(AFS) also comprises feedbacks between the terrestrial hydrology and the ocean, atmosphere, ecosystems,
and natural resources [Hinzman et al., 2013; Raymond et al., 2013].

Over the past few decades, investigation efforts into the AFS have increased rapidly, and a large body of
research, as well as a number of synthesis reports, has made major contributions to our knowledge.
Nevertheless, our understanding of many of the changes remain incomplete, particularly with respect to
the effects on and feedbacks to the ocean, atmosphere, ecosystems, and natural resources and also with
respect to the dynamics with which the ongoing rapid changes will unfold across various regions of the
pan-Arctic hydrological drainage basin.
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This paper is a part of the Arctic Freshwater Synthesis (AFS), a review effort initiated by the Climate and
Cryosphere (CliC) project of the World Climate Research Program (WCRP), the International Arctic Science
Committee (IASC), and the Arctic Monitoring and Assessment Program (AMAP), to provide updated infor-
mation about the AFS. The AFS introduction paper [Prowse et al., 2015a] contains background and can be
consulted for a detailed discussion of the study domain, the pan-Arctic drainage basin. The AFS
also comprises four other component papers that focus on freshwater processes related to the
ocean [Carmack et al., 2016], atmosphere [Vihma et al., 2016], ecosystems [Wrona et al., 2016], and natural
resources [Instanes et al., 2016], respectively. A fifth AFS component paper addresses modeling issues
related to the AFS [Lique et al., 2016], and a summary paper [Prowse et al., 2015b AFS] concludes the
synthesis with key points and recommendations from the entire AFS.

In this AFS component paper, we provide a synthesis of terrestrial Arctic hydrology processes, their change
drivers, and the main research challenges associated with them. Furthermore, a main aim is to identify lin-
kages between terrestrial hydrology processes and other components of the AFS, and we therefore refer
to other AFS papers throughout. We also attempt to separate distinctive aspects of freshwater processes,
fluxes, and storages, and their changes, across representative hydrophysiographic regions of the AFS study
domain, the pan-Arctic drainage basin (Figure 1), something that has received less focus in previous investi-
gations (for brevity, the term Arctic is used in this paper to refer to the AFS domain).

Figure 1. Overview of regions. Schematicmap (polar stereographic projection) illustrating a number of major hydrophysio-
graphic regions in the terrestrial pan-Arctic drainage basin. The outer boundary of the basin is drawn to consider all areas
potentially contributing to Arctic Ocean freshwater inflow, when also including ocean freshwater transport through the
Bering Strait and the North Atlantic (indicated with arrows; see discussion on contributing area in Prowse et al. [2015a].
Although we emphasize that there is substantial variation within the regional boundaries outlined here, and many
details that are excluded in this map, these large regions highlight a set of overarching landscape types across the Arctic
drainage basin.
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The hydrophysiographic regions we use in this paper mostly correspond to the terrestrial ecoregions defined
by the World Wide Fund for Nature [Olson et al., 2001]. The ecoregions (Arctic tundra, boreal plains, grass-
lands, and glaciers/ice caps) are used throughout the AFS, and are discussed more in detail in Prowse et al.
[2015a]. However, due to the distinct hydrological and hydrogeological properties of mountains, shield
regions, and wetlands, we also include those three categories as additional hydrophysiographic regions in
this AFS component. The data sets used to define these regions are, for mountains, a study by Adam et al.
[2006], for shield regions, the Canadian Geological Survey [Kirkham et al., 1995], and for wetlands, the
Global Lakes and Wetlands Database [Lehner and Döll, 2004]. We stress that each of these regions extends
over a large area and therefore comprises quite diverse environments where local variations in hydrology
are likely to be substantial. However, despite inevitable ambiguity and internal diversity, each region has still
been identified as distinct in the aforementioned sources, and we use them here as overarching categories of
hydrophysiographical landscape types.

2. System Functioning and Key Processes

This section presents a short description of the main processes pertaining to the Arctic terrestrial freshwater
system, with focus on freshwater storages and fluxes. We discuss precipitation, evapotranspiration, surface
runoff and channel flows, permafrost and groundwater hydrology, and river and lake ice. Following the pro-
cesses, we highlight the central characteristics of a number of Arctic hydrophysiographical regions, also with
regard to freshwater, its main storages, and fluxes. These regions are outlined in Figure 1, and an overview of
regionally averaged temperatures and water fluxes based on gridded data is presented in Figure 2 (see also
further discussions in Lique et al. [2016], Prowse et al. [2015a], and Vihma et al. [2016].

Throughout the remainder of the paper, we progress from describing the system (section 2) to treating its
past and future changes (sections 3–4). We then review key linkages across components of the Arctic
freshwater system (section 5) and finally highlight research needs (section 6). As in this section, all of the
following sections 3–6 are separated into a first section where we discuss processes (with some regional
examples occasionally highlighted) and a second section where we review particular effects in each

Figure 2. Climatology of Arctic hydrophysiographical regions. Annual averages of grid-based (a) temperature, (b) precipi-
tation, (c) evapotranspiration, and, as a proxy for runoff, (d) precipitation minus evapotranspiration values, over the regions
defined in Figure 1 for the period 1979–2013. Regions are abbreviated as AT: Arctic tundra, BP: Boreal plains, S: Shields, M:
Mountains, and G: Grasslands. Error bars denote one standard deviation of annual means, and open circles denote maxi-
mum andminimum annual means during the period. All data are from the ERA-Interim reanalysis product and are available
at http://apps.ecmwf.int/datasets/data/interim-full-daily. Glaciers and ice sheets are not included here due to low density of
observations in these ecoregions.

Journal of Geophysical Research: Biogeosciences 10.1002/2015JG003131

BRING ET AL. ARCTIC TERRESTRIAL HYDROLOGY 3

http://apps.ecmwf.int/datasets/data/interim-full-daily


hydrophysiographical region. With this organization, we hope that a reader interested in specific processes or
regions is able to quickly find the right material in the paper.

2.1. Processes

Precipitation is the major flux into the terrestrial freshwater system (see Lique et al. [2016], Prowse et al.
[2015a], and Vihma et al. [2016] for overviews and quantitative estimates). A substantial proportion of
Arctic annual precipitation is falling and stored as snow, of heterogeneous spatial distribution [e.g., Liston
and Hiemstra, 2011;Mernild et al., 2014], and released to the river network in a relatively short window of time
during spring snowmelt. Regionally, precipitation stored as snow contributes to runoff also in summer
months. The phase of precipitation influences both annual and seasonal water balances at multiple spatial
scales. The intensity with which precipitation is delivered also impacts runoff generation, with the spring fre-
shet occasionally rivaled by summer thunderstorms for smaller basins [Kane et al., 2008].

Over most Arctic basins, themajority of precipitation returns to the atmosphere as evapotranspiration (ET). ET
links the water and energy cycles and couples the land to the atmosphere (evaporation over the Arctic Ocean
is treated in more detail in Vihma et al. [2016]). The Arctic annual ET water flux is generally smaller than annual
precipitation, except over a few southern inland areas [Serreze et al., 2006, Figure 1] and over lakes and wet-
lands, where summer ET may exceed summer, or even annual, precipitation [Marsh and Bigras, 1988;
Rovansek et al., 1996; Bowling and Lettenmaier, 2010]. As the transpiration depends on the vegetation canopy,
ET varies considerably even on local scales, as well as in time. The length of the snow cover and growing sea-
sons are critical controls on the ET water flux. In addition, landscape variations such as lake area change may
add up to considerable effects on ET and runoff [Hinzman et al., 2005; Karlsson et al., 2015]. Large-scale eva-
potranspiration values are difficult to estimate, but recent satellite-based assessments indicate pan-Arctic
averages of ~230mmyr!1 [Zhang et al., 2009], with values ranging from 136mmyr!1 in grasslands to
596mmyr!1 in evergreen broadleaf forests [Mu et al., 2009]. The ET data collected locally at eddy flux towers
have been widely used for parameterization of hydrologic models [Sun et al., 2008] and ET algorithms for
remote sensing products [Ruhoff et al., 2013]. Airborne eddy correlation measurements provide a useful
means of bridging the scale interval between flux towers and regional models [Sellers et al., 2012].

Besides ET, river discharge is the other major water flux out of Arctic basins. Freshwater flow through the Arctic’s
principal rivers conveys water, heat, sediments, carbon, and nutrients to the coastal domain and to the Arctic
Ocean. Furthermore, along the river pathways, river flows, ice conditions, and runoff regimes control winter trans-
portation, infrastructure and resource extraction, and ecosystem dynamics. Most of the water is transported to
the Arctic Ocean during the spring snowmelt and in summer. The peak flow rates (May–June) can exceed the
mean annual flow rate as much as 40 times for the Yenisey and Lena Rivers; the corresponding ratio for the
Mackenzie River is much less, about 5 times [Aagaard and Carmack, 1989; Bowling et al., 2000]. Due to dam con-
struction, shifts of discharge strongly influence the seasonal flow for many Arctic rivers, including the Yenisey,
Lena, and Mackenzie [McClelland et al., 2004; Yang et al., 2014]. In general, the variability is dampened by regula-
tion, as spring and summer flow is held back and released in winter when flows are low. Effects on annual flows,
however, are limited for most of the rivers [McClelland et al., 2004; Yang et al., 2004b; Stuefer et al., 2011]. The lar-
gest Arctic rivers maintain channel flow year around including the winter flows under seasonal ice cover. Smaller
northern rivers, however, often freeze to the bottomwith no channel flow inwinter. A portion of winter discharge
is seasonally stored as river and lake ice and released in spring [Prowse et al., 2011]. Formation and growth of
aufeis during winter are typical for many northern rivers [Kane, 1981]. In total, rivers deliver around 4×103 km3

of freshwater annually to the Arctic Ocean [Serreze et al., 2006; Haine et al., 2015], although this figure is strongly
dependent on the total contributing area that is considered [Prowse et al., 2015a].

Apart from the water itself, river conveyance of heat influences inland ice and ecosystem dynamics, particu-
larly during transition seasons. The total delivery of water constituents such as nutrients, sediment, and car-
bon is less well known than that of the freshwater itself [Bring and Destouni, 2009], but recent estimates
indicate fluxes of total nitrogen amounting to 1.3 TgN yr!1 [Holmes et al., 2011], total phosphorus
73Gg P yr!1 [Holmes et al., 2011], sediment 324–884 Tg yr!1 [Hasholt et al., 2006], inorganic carbon 57
± 9.9 Tg C yr!1 [Tank et al., 2012], and dissolved organic carbon 34–38 Tg C yr!1 [Holmes et al., 2011]. The
water chemical composition is often strongly controlled by landscape and ecosystem processes [Koch
et al., 2013; Aiken et al., 2014] (seeWrona et al. [2016], for further discussion). Carbon from rivers is a key input
to near-coastal and ocean acidification, processes which are further discussed in Carmack et al. [2016].
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Water chemistry and water flows in Arctic basins are both often influenced by permafrost. Active layer
dynamics govern a wide range of surface and subsurface processes across permafrost landscapes and control
mechanisms of runoff generation. The topographic relief, which varies between mountains, slopes, and flat
terrain, is also strongly influencing soil moisture. Carey and Woo [2001], Quinton et al. [2005], and
Semenova et al. [2013] have shown the impact of topography, soil and vegetation on ground freeze-thaw, soil
moisture storage, surface and subsurface flow distribution, evaporation, and other processes. Due to the
large extent of the area underlain by permafrost, the active layer thickness (ALT) and behavior varies across
the Arctic, which influences soil moisture and storage. Themechanical stability of soil is also influenced by the
water and ice content of the active layer [see Instanes et al., 2016].

On shorter time scales, seasonal changes in surface ice are prominent characteristics of Arctic river systems.
During winter, lake and river ice grow to cover 1.7×106 km2, an area approximately equal to the Greenland
ice sheet. The peak volume of 1.6×103 km3 roughly matches the Northern Hemisphere snowpack on land
[Brooks et al., 2013]. This freshwater ice produces numerous effects on physical systems, ecosystem services,
and socioeconomic systems within Arctic freshwater storage and flow networks [Instanes et al., 2016; Wrona
et al., 2016], although the hydrologic controls of many effects originate well outside sub-Arctic latitudes, via
the headwaters of the large northward flowing rivers [Bennett and Prowse, 2010].

Most meteorological and climatological effects of variations in freshwater ice (e.g., coverage and duration)
are confined primarily to the local or regional scale (e.g., radiation and convective fluxes), with the greatest
effects produced by ice cover on large lakes [Rouse et al., 2005], although the process of river ice breakup
has also been shown to be important, especially on the spring climate of large river deltas [Prowse et al.,
2011]. However, effects on evapotranspiration, precipitation, and their feedbacks on hydrology may act on
much larger scales, even influencing water balance of large Arctic basins [Rouse et al., 2008]. The magnitude
and timing of hydrologic extremes such as low flows and floods are mostly controlled by the dynamics of
river ice freezeup and breakup [Beltaos and Prowse, 2009], although reservoir discharge and groundwater
base flow also control winter low flows [Woo and Thorne, 2014]. Spring breakup tends to be the dominant
hydrologic event across the full domain of large rivers and deltas, such as the Mackenzie and the Lena [de
Rham et al., 2008; Goulding et al., 2009; Fedorova et al., 2015], and also the main agent of sediment transport
and morphological change [Turcotte et al., 2011].

2.2. Hydrophysiographic Regions

Here we summarize hydrological characteristics across the seven hydrophysiographic regions shown in
Figure 1: Arctic tundra, boreal plains, shields, mountains, grasslands, glaciers and ice sheets, and wetlands.
We also highlight a number of ways in which the hydrological responses to environmental changes can be
expected to differ across the regions.

In the tundra, continuous permafrost, with an active layer that decreases from about 1.5m in the south to
0.5m or less in the north (Circumpolar Active Layer Monitoring data, available at http://www.gwu.edu/
~calm/data/north.html), strongly influences water fluxes and storage. With limited permeability of the frozen
soil (both seasonal and perennial) that restricts infiltration and water storage, groundwater storage and cir-
culation are largely confined to the seasonally thawed zone. Generally, watersheds with a high percentage
of permafrost coverage have low subsurface storage capacity for liquid water and thus a low winter base flow
(minimum flow) and a high spring or summer peak flow (maximum flow) [Woo, 1986; Kane, 1997; Yang et al.,
2002; L. C. Smith et al., 2007; Ye et al., 2009]. Evapotranspiration and precipitation are both very low, although
evapotranspiration can be highly variable in shrublands [Mu et al., 2009]. At its northernmost extreme, the
tundra is adjacent to the ocean, where groundwater and smaller streams transport relatively poorly quanti-
fied amounts of water, nutrients, sediment, and carbon to the ocean.

In boreal plains, the low gradients lead to slow surface and subsurface water movement and ample depres-
sion storage, which is associated with the extensive occurrence of wetlands [Ferone and Devito, 2004].
Permafrost becomes discontinuous in the south, which allows groundwater to circulate more freely in rela-
tion to the impervious frozen substrate in the southern boreal plains [K. B. Smith et al., 2007]. With increasing
solar radiation and vegetation cover, evapotranspiration flux increases southward [Mu et al., 2009]. Seasonal
storage of snow is less pronounced than in the tundra, and high flow events arising from rain become more
pronounced southward, next to the spring freshet [Su et al., 2005].
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In shield regions, the bedrockmatrix is essentially impermeable but may be riddled with joints and fractures that,
depending on their content, permit infiltration [Spence and Woo, 2002]. Thus, the runoff ratio can vary greatly on
small scales. The major structural fissures are eroded into soil-filled valleys with lakes and wetlands that form tor-
tuous drainage networks [Spence and Woo, 2003]. Groundwater yield is low relative to surface water, as perma-
frost and bedrock allow limited groundwater storage. Instead, surface storage in lakes and wetlands is central to
runoff generation, which follows the principle of fill and spill, whereby lakes and wetlands in valleys have to be
filled above the elevation of their outlet levels before flow commences [Woo and Mielko, 2007]. Otherwise, water
is held back in storage and discharge is interrupted, leading to cessation of flow downstream.

Mountainous regions are responsible for >60% of the annual flow of Mackenzie Basin [Woo and Thorne, 2003]
and are important freshwater sources also for larger basins in eastern Siberia and the Russian Far East. The
Lena River receives on average 40% of the annual flow from the mountainous regions of the Aldan and Upper
Lena Rivers [Berezovskaya et al., 2005]. The large altitudinal range of mountainous regions leads to a prominent
vertical zonation and an aspect-controlledmicroclimate. In high elevations, and at high latitudes also at lower ele-
vation, water is stored interannually in snowpack and glaciers, with gradual melt release prolonging the duration
of flow generation over the snow-free season. Orographic effects generally yield high precipitation, particularly in
coastal regions [Mernild et al., 2015]. Aspect plays an important role in the energy and water balances of slopes
and tributary basins. Snowmelt on south facing slopes can be amonth in advance of north facing slopes, and eva-
potranspiration is higher on south than north slopes. For example, for Wolf Creek, Yukon, evapotranspiration on a
north slope averaged 315mmyr!1 and on the opposite slope it reached 372mmyr!1 [Carey and Woo, 2001].

Some large Arctic rivers pass through prairies (e.g., the Saskatchewan River that joins the Nelson River) and
steppes (e.g., the Ob) in their upper courses. These low-relief areas allow air masses and their accompanying
disturbances to sweep uninterrupted over great distances. This leads to large climatic variability that impacts
terrestrial hydrology, principally with regard to floods and droughts. In addition to flooding from convectional
rainfall, mountain rivers also effectively deliver snowmelt floods to the plains. In summer, low precipitation and
high temperatures combine to effect large net water loss to evaporation. However, evaporation can be very
variable due to large fluctuations in climate and surface conditions [Armstrong et al., 2015]. Within this region,
some basins have no outlet and form hydrological enclaves, disconnected from the surrounding watershed.
During dry years, the low precipitation and decrease in snowpack lead to drying out of local wetlands [Fang
and Pomeroy, 2008], which then become disconnected from each other [Shaw et al., 2012].

Glaciers and ice sheets play a major role in the Arctic freshwater system through their impact on the
surface energy budget, the water cycle, and sea level [Vaughan et al., 2013]. Freshwater discharge from
the Greenland ice sheet and the Arctic terrestrial rivers, the latter substantially larger, has a critical
influence on Arctic Ocean circulation [see Carmack et al., 2016; Vihma et al., 2016; Lique et al., 2016]. For
smaller Arctic glaciers and ice caps, their role in freshwater storage and flux varies greatly throughout
the region. With the exception of the Yukon River basin, glaciers contribute only a small share of flow
for all the major Arctic rivers [Dyurgerov et al., 2010]. Regionally, however, they strongly affect both runoff
seasonality and water storage change, as freshwater flow is redistributed to the summer.

Wetlands are prominent through the Arctic, especially in the tundra, where they can function as large sys-
tems of lakes and wetlands, with water accumulating in depressions. There are different kinds of wetlands
in the Arctic, with a central distinction differentiating between peatlands and wetlands in the general sense.
In boreal western Siberia and Canada, peatlands aremore extensive, often with a water-storing peat layer 1 to
5m thick [Sheng et al., 2004], whereas wetlands in the tundra generally do not have thick peat layers. Along
watercourses, wetlands tend to reduce the variability in river flows, both storing water during high flows and
acting as reservoirs of runoff generation during dry summer periods. In the tundra, small lakes sometimes
form systems where large amounts of water may accumulate, with high propensity for thermokarst develop-
ment. When thawing, ice complexes in Yedoma soils form secondary thermokarst objects called alases
[Morgenstern et al., 2011]. Wetlands and peatlands have high adsorption and ion exchange capacity, which
may lead to accumulation of water-transported metals (including heavy metals) and carbon. Wetlands also
contribute to retention of pollutants and nutrients, although this depends on the share of river flow that
circulates through the wetland [Quin et al., 2015]. The ion composition and suspended material flows differ
during summer flows and high flows [Raymond et al., 2007; Frey and McClelland, 2009] (see also
Wrona et al. [2016], for further discussion).
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In addition to the regions described above, the riverine coastal domain [see Carmack et al., 2016] could be sepa-
rately considered as a region with unique hydrodynamic and biogeochemical properties, which may also grow
in importance as erosion progresses, permafrost thaws, and sea ice declines. Along the coast, erosion, tidal, and
surge processes, as well as water, heat, and geochemical fluxes, are under joint influence of riverine, marine, and
atmospheric processes and affect riparian ecosystems and mesoscale coastal landscapes. This emerging
research domain is discussed further in Carmack et al. [2016] and Prowse et al. [2015b].

3. Past Changes and Key Drivers

In this section, we review past changes to the main processes of the Arctic terrestrial freshwater system, with
focus on freshwater storages and fluxes. Following the processes, we also highlight past changes in the Arctic
hydrophysiographical regions outlined in Figure 1.

3.1. Processes

With regard to precipitation processes, we focus on snow cover changes (see Vihma et al. [2016] and Lique et al.
[2016] for other changes to precipitation). Syntheses of several ground and satellite observational data sets indi-
cates that Northern Hemisphere snow cover extent decreased by 2.2% per decade, averaged for March and
April, and by 14.8% per decade for June, over the period 1979–2012 [Brown and Robinson, 2011] (updated in
Vaughan et al. [2013]). Both positive and negative regional trends are distributed throughout the pan-Arctic,
however, including spatially distinct areas of increasing and decreasing snow water equivalent (SWE) or snow
season length [Callaghan et al., 2011]. In spite of strong regional variability—for example, increasing SWE in
northern Eurasia—snow is, by most measures, generally decreasing throughout the Arctic as shown by Liston
and Hiemstra [2011]. They used a physically based spatially distributed snow modeling system (SnowModel)
in conjunction with NASAModern-Era Retrospective Analysis for Research and Applications atmospheric reana-
lysis data to show that snow cover onset is later, the snow-free date in spring arrives earlier, and snow cover
duration has decreased over the period 1979–2009 [Liston and Hiemstra, 2011]. These changes in snowpack
are related to the earlier onset of the snowmelt runoff [Tan et al., 2011]. Despite the shorter duration of snow
cover, however, hydrological modeling experiments show that an increase in SWE, as observed in the northern
parts of the large Eurasian basins, may still lead to increased annual runoff [Troy et al., 2012]. Main drivers of
snow changes are air temperature increase and changing amounts and timing of precipitation. The modeled
sensitivity of snow to these drivers varies strongly across climates and regions [Brown andMote, 2009]. As winter
air temperature increases, observations of rain-on-snow events become more common in Arctic regions where
they were rarely seen before [Ye et al., 2008; Nowak and Hodson, 2013; see also Vihma et al., 2016; Instanes et al.,
2016; Wrona et al., 2016].

In terms of evapotranspiration, it is challenging to determine large-scale changes as observations are scarce.
Zhang et al. [2009] developed an ET algorithm driven by satellite remote sensing inputs to assess spatial
patterns and temporal trends in ET over the pan-Arctic basin 1983 to 2005 and found a mean trend of
+0.38mmyr!2 (p< 0.05). Negative ET trends occurred over 32% of the region, primarily in the boreal forests
of southern and central Canada. Rawlins et al. [2010] showed that model trends of annual ET are significantly
positive, with a multimodel mean trend (1950–1999) of +0.17mmyr!2 (p< 0.1). The differences between
the estimates suggest an amplification of ET increases over the recent decades. Increased ET is to be expected
with observedwarming due to the ability of the atmosphere to holdmoremoisture at higher temperatures, but
ET changes are also driven by landscape alterations, such as vegetation shifts, fires, and lake and reservoir
changes [Wrona et al., 2016]. For example, increases in shrubs and trees enhance evapotranspiration and
thereby the loss of water from the basin, which leads to drier surface conditions [Wrona et al., 2016].

A large-scale pattern of observed river discharge increases has been frequently reported for Arctic rivers
[Peterson et al., 2002, 2006; McClelland et al., 2006; Shiklomanov and Lammers, 2009; Dyurgerov et al., 2010;
Overeem and Syvitski, 2010; Holmes et al., 2013; Bring and Destouni, 2014], although decreases are also noted,
particularly for some North American rivers [Déry et al., 2005;McClelland et al., 2006]. However, over the last cou-
ple of decades, discharge in North American rivers reversed this trend and have increased as well [Déry et al.,
2009], aligning them with the more general pattern of increasing discharge. The total river flows, calculated
from averages of reanalysis and in situ data, have likely increased from 3900±390 km3 during 1980–2000 to
4200±420 km3 during 2000–2010 [Haine et al., 2015], with errors assumed to be about 10%. In addition to aver-
age flows, changes in low and high flows have also been reported. Spence et al. [2014] have shown that
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increased late autumn rains may cause the enhancement of winter flow and impact geochemical fluxes from
headwater catchments of the subarctic Canadian Shield. Shiklomanov et al. [2007] reported that increases
and decreases in station maximum daily flows were equally common, with very few significant trends in
summer months, which led them to question the generally expected future increase in floods. Increases in
station low flows, which are reported for several regions [L. C. Smith et al., 2007; St. Jacques and Sauchyn,
2009; Ehsanzadeh and Adamowski, 2010; Rennermalm et al., 2010; Karlsson et al., 2012; Walvoord et al., 2012;
Karlsson et al., 2015], are consistent with recession flow analyses [Lyon et al., 2009; Lyon and Destouni, 2010;
Brutsaert and Hiyama, 2012] and modeling of permafrost thaw [Bense et al., 2009, 2012; Frampton et al., 2011,
2013] that indicate an increasing contribution of groundwater to streamflow [Walvoord and Striegl, 2007].
Overall, a number of reanalysis, modeling, and observation-based studies show that increased atmospheric
moisture transport (AMT), due to higher temperatures and changing atmospheric circulation, is likely the prin-
cipal driver of long-term increases in flow [Zhang et al., 2008, 2013; Rawlins et al., 2009; Troy et al., 2012] (see dis-
cussion of atmospheric changes in Vihma et al. [2016]). Model-observation studies have also shown that winter
precipitation stored as snow is a central component of the AMT contribution [Troy et al., 2012; Zhang et al.,
2013]. In contrast, ground ice melt and evaporation from increasingly ice-free ocean water have not been
responsible for any greater contribution to historical flow increases [McClelland et al., 2004; Pavelsky and
Smith, 2006; Zhang et al., 2013], although an exact quantification remains elusive.

Permafrost thaw has changed the hydrological regime in some basins, particularly through altered surface and
subsurface interactions. For example, Connon et al. [2014] report observed increases of annual runoff in the
lower Liard Valley (NWT, Canada) by between 112 and 160mm over the period of 1996–2012, mainly due to
increase of plateau runoff contributing areas and a change in the relative proportions of the major land cover
types, such as peat plateaus, channel fens, and flat bogs. These values are large relative to average annual runoff
values of between 147 and 216mm for the period. Changes to temperature and precipitation have also inter-
acted to produce changes in evapotranspiration, runoff, peak seasonal snow accumulation, and snow season
length in permafrost basins. Short-term changes in air temperature, ice cover, and soil moisture do not trigger
systematic hydrological shifts in permafrost, although they provide a memory that manifests itself during the
next warm season, as shown in a model-observation study [Park et al., 2013]. Long-term changes in climate,
however, alter the landscape structure and its runoff formation, principally through an increased ALT, as indi-
cated by both observations and modeling [Quinton et al., 2011; Frampton et al., 2013]. In Eurasia, the ALT has
generally increased due to thicker snowpacks and high summer soil moisture [Park et al., 2013]. In the
Mackenzie and Yukon basin, on the other hand, combined effects of less insulation caused by thinner snow
depth and drier soil during summer have partly offset warming effects on the ALT [Park et al., 2013], although
these results are based on modeling and further research is needed to confirm them.

Ice cover observations on Northern Hemisphere lakes indicate a shortening duration, with the time of
breakup generally changing more rapidly than the freezeup [Benson et al., 2011]. Trends over 1855–2004
were steeper than over 1905–2004, but the most rapid changes occurred in the most recent 30 year period,
with freezeup 1.6 d/decade later, breakup 1.9 d/decade earlier, and ice duration 4.3 d/decade shorter.
Although ice cover tends to be more sensitive to air temperature variations at lower than at higher latitudes
[Livingstone et al., 2010], remote sensing observations indicate that ice cover loss seems to be more rapid in
very high latitude lakes [Latifovic and Pouliot, 2007]. High-latitude lakes lost ice cover at 1.75 d yr!1 during the
1970–2004 period of most rapid depletion, which is more than 4.5 times the rate of lakes in southern Canada.
It is unclear whether this reflects the more recent and greater high-latitude warming or potential differences
in observational techniques [Prowse and Brown, 2010]. Potential effects of reduced lake ice cover on feed-
backs to the atmosphere are further discussed in Vihma et al. [2016].

In terms of river ice observations, Beltaos and Prowse [2009] noted an almost universal trend toward earlier
breakup dates but considerable spatial variability in those for freezeup. Changes are often more pronounced
during the last few decades of the twentieth century. Overall, twentieth century warming has lead to a 10 to
15 day advance in breakup and delay in freezeup, respectively [see also Lique et al., 2016]. This is in agreement
with with earlier estimates [Magnuson et al., 2000], but the relationship is complicated by changes in snow
accumulation and spring runoff [Beltaos and Prowse, 2009].

The discharge from large Arctic rivers (examples from Eurasian rivers shown in Figure 3) integrates all features
and change drivers from the hydrophysiographic regions that make up their catchments [Holmes et al., 2013].
The seasonal character of discharge, which for many large Arctic rives is affected by dams [McClelland et al.,
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2004; Yang et al., 2014], shows quite high flow during all of the summer period and very low flows in winter
(Figure 3a). Interannual variability is high, and the total water flow in a wet water year can be twice the flow in
a dry year (Figure 3b). As noted above, there are examples of both increases and decreases in river discharge
to the Arctic Ocean (Figure 3c), but for the Arctic as a whole, flow has increased both from Eurasia and North
America when considering the longest possible time periods (NOAA Arctic report card 2011, available at
www.arctic.noaa.gov/reportcard [Holmes et al., 2013]).

3.2. Hydrophysiographic Regions

In this section, past changes and key drivers are summarized for each hydrophysiographic region (Figure 1).
Annual river flows observed in the tundra region have generally increased, but there are exceptions [Zhang
et al., 2009; Overeem and Syvitski, 2010]. Increasing temperatures, and to a large degree, precipitation, are the
main drivers of change in Arctic tundra hydrology [see Vihma et al., 2016; Lique et al., 2016]. The warming effect
in sheltered locations has created polar oases in the otherwise barren high Arctic [Edlund and Alt, 1989], and
remote sensing shows that recentwarming has led to increased development of thermokarst lakes in ice-rich per-
mafrost environments [Smith et al., 2005]. Consecutive positive observed anomalies of snow depth and rainfall
have likely contributed to the widespread warming of near-surface permafrost in the central Lena River basin
[Iijima et al., 2010]. Satellite estimates of evapotranspiration in the tundra show increases by 2.7–2.8mm/decade
over 1983–2005, but this figure is small in relation to annual values and only significant at p=0.1 for North
America, and not significant for Eurasia [Zhang et al., 2009; see also Vihma et al., 2016].

Shrub expansion has occurred throughout the Arctic tundra during the past 50 years [Sturm et al., 2001, 2005;
Tape et al., 2006, 2012], modifying the microclimate of the landscape and altering erosion and biogeochem-
ical fluxes. The underlying mechanisms of shrubification are largely attributed to increasing air and soil tem-
perature, but factors related to local hydrological changes such as precipitation, soil moisture, and snowpack
also influence shrub growth [Wrona et al., 2016].

While there is evidence of northward advance of the tree line across the boreal plains, with increase in tree den-
sity and canopy size of individual trees [Danby and Hik, 2007], other parts of the boreal forest are experiencing
degradation of their discontinuous permafrost substrate, which has reduced the occurrence of tall-growing vege-
tation [Quinton et al., 2011]. Large-scale satellite-based estimates indicate that evapotranspiration has increased
in Eurasian forests (6.94mm/decade, p< 0.05) but that it may have decreased in North American ones
(!3.06mm/decade, no significance) [Zhang et al., 2009]. River flows have generally increased in the boreal plains
and shield regions, but decreases are reported for some Canadian rivers [Zhang et al., 2009; Déry et al., 2011].

In shield regions, extensive hydropower development [see Instanes et al., 2016] has also modified the flow of
many rivers, lowering summer flows and increasing winter flows [Déry et al., 2011]. Information on undeve-
loped rivers, with flow patterns unaltered by dam construction, is relatively scarce in the Arctic shield regions.
For the Tana River in northern Norway and Finland, long-term station records do not reveal any significant
trends in streamflow but indicate increases in both annual precipitation and annual precipitation variability
[Dankers, 2003]. In contrast, streamflow variability has decreased in unregulated rivers on the Canadian Shield
that drain into Hudson Bay [Déry et al., 2011].

In some mountainous regions, thawing of alpine permafrost has modified the pathway, timing, and amount of
runoff. Using measured data and reinforced by modeling based on Frampton et al. [2013], Sjöberg et al. [2013]
found that accompanying observed permafrost degradation in northern Sweden, there are higher recession
flows and increased winter discharge sustained by groundwater in most alpine basins they studied, although
these signals were not consistent across landscapes and, for minimum flows, not correlated strongly with per-
mafrost extent. Mountainous regions also contain intermontane basins. Compared with their surrounding
heights, these basins have lower elevations and gentler topography and show earlier response to climatic
change. In the Yukon Flats in Alaska, there are indications from remote sensing that expanded shallow supra-
permafrost or intrapermafrost taliks are linked to the expansion and shrinking of lakes [Jepsen et al., 2013].

On the low-latitude grasslands in the upstream portion of the largest Arctic river basins, reservoirs of different
sizes have been constructed for irrigation, increasing evaporation. Groundwater has also been exploited to
water crops. In the upper Ob, water flows have decreased in summer and increased in winter, as a result of
increasing water abstraction for agriculture and industry and flow regulation from dams [Yang et al.,
2004a]. Similar effects have been observed in the upper Yenisey basin [Yang et al., 2004b].
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Of the several thousands of glaciers that are located in the pan-Arctic, only ~25–30 have ongoing operational
mass balance programs to quantify glacier mass balance conditions and change [World Glacier Monitoring
Service, 2013] (www.wgms.ch). Analyses of glacier area fluctuations, based on historical accounts, aerial
photography, and satellite images, are more numerous. Since the early 1990s, the increasing glacier [e.g.,
Kaser et al., 2006; Cogley, 2012; Vaughan et al., 2013; Mernild et al., 2014] and Greenland ice sheet (GrIS) net
mass loss and surface runoff have followed atmospheric warming [e.g., Hanna et al., 2008; Box and Colgan,
2013; Church et al., 2013; see also Carmack et al., 2016; Lique et al., 2016]. Mass loss from the GrIS has increased
rapidly, with recent estimates of 375 ± 24 km3 yr!1 for 2011–2014 [Helm et al., 2014] (based on estimations
from CryoSat-2) and 575 ± 95 km3 yr!1 for September 2011 to September 2012 (NOAA Arctic report card
2012, available at www.arctic.noaa.gov/reportcard and based on Gravity Recovery and Climate Experiment,
a satellite mission used to detect changes in water mass). For Greenland in its entirety, runoff was recently
estimated to 481± 85 km3 yr!1 for 1960–2010 [Mernild and Liston, 2012] (based on modeling). On the pan-
Arctic scale, the cumulative glacier net mass balance has been negative for all glacier regions for the period
1979–2009 [Mernild et al., 2014], and overall contributions to sea level change are positive (see glacier change
summary in Table 1). For some smaller basins, mass balance change constitutes a substantial share of river
runoff. For example, about 35% of runoff from theMittivakkat Glacier basin in southeast Greenland originates
from net mass balance loss [Liston and Mernild, 2012].

Studies of past changes to wetlands indicate both increases and decreases in areal extent. Generally, the
changes in number and area of wetland lakes and ponds depend on the local permafrost and hydrological
conditions. Lakes have mostly decreased in size and number in areas where discontinuous and sporadic per-
mafrost thaw is in progress [Andresen and Lougheed, 2015]. In these areas, flow paths and water tables are
becoming deeper, and lakes may also drain as the permafrost substrate is breached. However, other factors,

Figure 3. Examples of discharge patterns from large Eurasian Arctic rivers. (a) Monthly average discharge for the combined Eurasian Arctic drainage. (b) Differences
in discharge between an average, a dry, and a wet year for the Lena River. (c) The long-term annual river discharge for the six largest Eurasian Arctic rivers from 1936
to 2002. Due to the declining accuracy of gauge readings in Russia [McClelland et al., 2015], we only include data until 2002 in Figure 3. Even considering gauge
uncertainty in the period since then, flows distinctively reached a record high in 2007 [Rawlins et al., 2009; Shiklomanov and Lammers, 2009], and the years from 2000
to at least 2009 have been wetter than the average for the period 1950–2009 [Walsh et al., 2011]. All river data are available from the Global Runoff Data Centre
(http://www.bafg.de) and the R-ArcticNET database (http://www.r-arcticnet.sr.unh.edu).
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such as changes in temperature and evapotranspiration, are also driving forces [Karlsson et al., 2015]. In con-
trast, increases, decreases, or no change in lake size and number are reported from areas in continuous per-
mafrost [Jones et al., 2011; Andresen and Lougheed, 2015].

4. Projected Changes and Key Drivers

In this section, we review main projected changes to the central processes of the Arctic terrestrial freshwater
system, with focus on freshwater storages and fluxes. Following the processes, we also highlight projected
hydrological changes across the Arctic hydrophysiographical regions outlined in Figure 1.

4.1. Processes

In Table 2, we synthesize reported projections for hydrological processes across the hydrophysiographical
regions. Projected changes in seasonal snowfall and snow water equivalent are spatially variable and depend
on local climate conditions. In very cold regions, increased winter precipitation will lead to a deeper snow
cover (and higher SWE), while in warmer regions, higher temperatures will lead to the opposite [Räisänen,
2008; see also Lique et al., 2016]. However, other snow-related variables, such as snow cover extent (SCE),
exhibit a more direct relationship with air temperature.

Brutel-Vuilmet et al. [2013] found a strong negative correlation between Northern Hemisphere spring SCE and
the corresponding mean surface air temperature, and by 2080–2099, the average reduction of seasonal SCE
varies from 7.2 ± 3.8% for RCP2.6 to 24.7 ± 7.4% for RCP8.5, relative to a 1986–2005 reference period. Other
modeling studies have also showed increases in snowfall and SWE associated with the projected increase
in cold season precipitation in northeastern Eurasia and northern Canada, while they decreased in more
southerly places in which warming effects dominated [Räisänen, 2008; Deser et al., 2010; Krasting et al.,
2013]. In these studies, the !10°C and !20°C winter air temperature isotherm lines represent transition
boundaries for snowfall [Deser et al., 2010; Krasting et al., 2013] and SWE [Räisänen, 2008], respectively.

There is growing evidence for an increase in precipitation extremes, with relative increases generally exceed-
ing those for annual mean precipitation under the projected 21st century global warming [Kharin et al., 2013;
Sillmann et al., 2013; Vihma et al., 2016]. A statistically significant signal of increasing summer season precipi-
tation across the Arctic as a whole is likely to emerge from the variability when global temperature rise sur-
passes 1.4°C, which is likely to occur around 2040 [Mahlstein et al., 2012]. Signals in extreme precipitation,
however, as well as regional signals, may emerge earlier or later, and because models underestimate past
changes, the time of emergence for the entire Arctic is likely too conservative [Mahlstein et al., 2012].

A diagnostic study of future evapotranspiration changes projected in CMIP5 climatemodels under the RCP45 sce-
nario by Laîné et al. [2014] shows a change on the order of 0.05mmd!1 in winter and 0.25mmd!1 in summer
over a 100year period for the terrestrial pan-Arctic (1980–2000 versus 2080–2100) [see also Lique et al., 2016;

Table 1. Regional Examples of Glacier Area Changes and Sea Level Contributions in the Pan-Arctic Drainage Basin

Glacial Area Changes

Region Time Period Change in Area Reference

Yukon Territory 1958/1960–2006/2008 !22% Barrand and Sharp [2010]
British Columbia 1985–2005 !11% Bolch et al. [2010]
Interior northern Baffin Island 1958–2005 !55% Anderson et al. [2008]
Southeast Baffin Island 1920–2000 !13% Paul and Svoboda [2010]
Southeast Greenland 1986–2011 !27% Mernild et al. [2012]
Northern Polar Urals 1953/1960–2000 !22% Shahgedanova et al. [2012]
Suntar Khayata Region, North Asia 1945–2002/2003 !19% Ananicheva et al. [2006]
Koryak Upland near Kamchatka Peninsula 1950s–2003 !67% Ananicheva and Kapustin [2010]

Sea Level Contributions

Region Time Period Contribution to Sea Level Equivalent (SLE) in mmyr!1 Reference

Alaska 1999–2009 0.13 ± 0.05 Mernild et al. [2014]
Arctic Canada (North) 1999–2009 0.10 ± 0.01 Mernild et al. [2014]
Greenland (nonice sheet) 1999–2009 0.09 ± 0.01 Mernild et al. [2014]
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Table 2. Projected Changes to Hydrological Processes Across Arctic Hydrophysiographical Regions

Process Hydrophysiographical Region Projected Changes Specific Effects/Comments

Precipitation Arctic tundra Generally increasing annual precipitation
(highest increase in winter and fall)

Increase in snow water equivalent, earlier
snowmelt, decrease in seasonal snow cover
period, warming of permafrost, and increase

in coastal erosion
Boreal plains Generally increasing annual precipitation

(highest increase in winter and fall),
with some regional decreases

in summer precipitation

Increase in soil moisture and runoff,
midwinter snowmelt events and more

frequent rain on snow events, possible soil
moisture decrease (drying) in summer,
decrease in maximum snow water

equivalent, and decrease in seasonal snow
cover extent in May/June

Mountains Generally increasing annual precipitation
(highest increase in winter and fall),

with some regional decreases
in summer precipitation

Increase in soil moisture and runoff and
decrease in seasonal snow cover extent

in May/June

Shields Generally increasing annual precipitation
(highest increase in winter and fall),

with some regional decreases
in summer precipitation

Increase in soil moisture and runoff,
midwinter snowmelt events and more

frequent rain on snow events, and possible
soil moisture decrease (drying) in summer

Ice sheets, ice caps,
and glaciers

Increasing annual precipitation Increase in snowpack/accumulation

Wetlands Increasing annual precipitation (highest
increase in winter and fall)

Midwinter snowmelt events and more frequent
rain on snow events and decrease in seasonal

snow cover extent in May/June
Grasslands Small increase in annual precipitation

(with decreases in summer precipitation)
Decreases in summer precipitation with
possible increase in summer drought events

Evapotranspiration Arctic tundra Increasing annual evapotranspiration (more
in summer than winter)

Vegetation and ecosystem changes

Boreal plains Increasing annual evapotranspiration (more
in summer than winter)

Possible drying (decrease in soil moisture)
in summer

Mountains Increasing annual evapotranspiration (more
in summer than winter)

Possible drying (decrease in soil moisture)
in summer

Shields Increasing annual evapotranspiration (more
in summer than winter)

Possible drying (decrease in soil moisture)
in summer

Ice sheets, ice caps,
and glaciers

Increasing annual evapotranspiration and
sublimation

Increasing surface mass loss

Wetlands Increasing annual evapotranspiration
(more in summer than winter)

Possible decrease in wetland area

Grasslands Increasing annual evapotranspiration
(possible decrease in summer)

Possible decrease in summer evaporation
due to decrease in summer precipitation

Runoff and
river flux

Arctic tundra General increase in mean, high, and low
flows and limited areas of decrease in high

and low flows

Possible high and low flow decreases in
western Siberia

Boreal plains General increase in mean flows but limited
areas of decrease and variable changes in

high and low flows

Possible high and low flow decreases
in western Siberia, southern Canada

Mountains Consistent increase in mean flows, high and
low flows generally increasing

Possible low flow decreases in western
Siberia, southern Canada

Shields Smaller increase in mean flows and variable
changes in high and low flows

Possible low flow decreases in southern
Canada and Scandinavia

Ice sheets, ice caps,
and glaciers

Increase in runoff as glacier mass loss
increases, followed by eventual runoff

decrease as glacier shrinkage counteracts
the increased melting

Initially increasing surface ablation/mass loss,
thereafter a drop in surface ablation

following glacier shrinkage

Wetlands General increase in mean flows and variable
changes in high and low flows

Possible high and low flow decreases in
western Siberia and western Canada

Grasslands Variable change in mean, low, and high flows Increases more likely in Asia and decreases
more likely in North America

Permafrost and
groundwater hydrology

Arctic tundra Increases in active layer depth and
additional degradation of permafrost
will provide greater reservoirs for

Soil moisture increasing on plateaus.
Vegetation changes will increase
evapotranspiration. Succession of
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Table 2. (continued)

Process Hydrophysiographical Region Projected Changes Specific Effects/Comments

subsurface storage of groundwater and
near-surface soil moisture. General

increase in low flows due to
strengthened connections between
surface water and groundwater and

increase in runoff and erosion.

wetting and drying of landscapes.
Suprapermafrost groundwater will

increase, providing a limited reservoir for
later season flow to streams and rivers.

Boreal plains Complete disappearance of permafrost
in marginal areas of sporadic occurrence.
General increase in low flows due to
strengthened connections between
surface water and groundwater.

Where groundwater table is below the
surface water, infiltration may leave the
surface drier. In areas of groundwater
upwelling, increased connectivity may

support wetland development.
Mountains Limited change in groundwater dynamics

but possible increases in low flows for
valley and wetland regions in areas of

degrading permafrost

In regions of discontinuous permafrost, springs
tend to be found on slopes where percolating
water first encounters permafrost and water is

forced to the surface. Location of springs
may shift.

Shields Limited change in groundwater dynamics.
In regions of increasing summer aridity,
possible increasing seasonal loss of

connectivity between lakes, wetlands,
and rivers.

Zones of recharge and discharge over thick
shields are mostly tied to fractures and will

generally remain unchanged.

Ice sheets, ice caps,
and glaciers

Limited change in groundwater dynamics;
however, increase in groundwater storage

is possible.

Possible increase in groundwater storage
if the increased rate of ice melt is greater
than the rate of groundwater discharge.
If groundwater reservoir already saturated

(as is typical), ice melt will emerge as overland
flow with no change in groundwater.

Wetlands Increasing inflow to wetlands/peatlands and
small lakes which may cause them to
expand. Variable change in moisture

content of wetland and peatland areas.
Changes to water and energy balance.

Draining of thermokarst lakes.

As permafrost degrades, infiltration
to groundwater will increase and surface
runoff will decrease. These changes will

increase groundwater
storage and flow, yielding greater discharge
to wetlands in polar regions. Flushing of
preserved contaminants. Secondary

thermokarst lakes forming.
Grasslands Groundwater will be deep enough to

permit little upward connectivity.
Groundwater/surface water interactions

dominated by infiltration.

As permafrost degrades and surface water is
no longer held near the surface, the

groundwater table will recede to depths
greater than boreal tree species can
reach, increasing the occurrence of

ecosystems appropriate for grasslands.
River and lake ice Arctic tundra River and lake ice will continue to form

every winter. May be thinner in rivers
that start to maintain continuous flow
through the winter. Lake ice may be
thinner as winter snowfall increases.

With greater snowpack and insulation from
the cold, ice thickness will decrease.

Boreal plains Ice thickness in ponds likely to decrease
in total thickness. Ice cover in rivers and

streams likely to become thinner with more
frequent occurrences of midwinter

open water.

Ice thickness likely to decrease due to longer
periods of groundwater input, greater
total input, and increased snow depths.

Mountains Ice on mountain lakes likely to decrease
in thickness and duration. Ice changes
on streams dependent upon terrain

and source.

Air temperatures and snow depth will
decrease end of winter lake ice thickness,
but terrain controls on mountain streams
ice will likely not change. Winter icings
(or aufeis) could increase markedly if
sources of groundwater flow later into

the winter.
Shields Ice on lakes in shield region is likely to

decrease in thickness and duration. Ice
on rivers and streams will decrease in

Thicker snowpack, milder temperatures,
and greater input of potentially warmer

groundwater will contribute to decreased ice.
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Vihma et al., 2016]. Based on suite of nine general circulation model (GCM) simulations from CMIP3 over the
terrestrial pan-Arctic, Rawlins et al. [2010] showed that over the 100 year period from 1950 to 2049, annual
evapotranspiration trends range from 0.24mmyr!2 to as much as 0.92mmyr!2, with the multimodel
mean trend at 0.65mmyr!2. In general, results suggest acceleration in evapotranspiration over the latter
half of the present century.

GCMs generally indicate higher water flows in the future [Kattsov et al., 2005, 2007; Holland et al., 2007; Rawlins
et al., 2010] (see also detailed discussion about climate models in Lique et al. [2016]). Analyses using a macroscale
hydrological model with forcing data fromGCMs showprojected increases in discharge of up to 31%by the 2080s
[Arnell, 2005]. Simulations with a global hydrological model indicate consistent increases of 25–50% across forcing
data from three GCMs over the most of the pan-Arctic, except in the lower Ob and Hudson Bay drainages where
some decreases are projected [van Vliet et al., 2013]. Similar results were obtained with a larger set of GCM forcing
data in a study by Koirala et al. [2014]. Model consistency is generally higher for increases than decreases in the
Arctic. In contrast to historical flows discussed in section 3.1 above, simulations indicate that future flows will be
increasingly driven by evaporation increases from retreating ice cover in the Arctic [Bintanja and Selten, 2014]
(see also discussion in Vihma et al. [2016]). Projections for high and low flows (expressed as 95th and 10th percen-
tiles of daily values) diverge, with increases of 25–50% consistently projected for eastern Siberia and high Arctic
North America and decreases of 0–25%mostly projected for western Siberia, lower latitude North American drai-
nage, and for high flows, also Scandinavia [van Vliet et al., 2013]. However, as the climate forcing is themost impor-
tant control on the hydrological model output [Arnell, 2005], and as climate models do generally not represent
permafrost dynamics adequately [Koven et al., 2013; Slater and Lawrence, 2013], further studies would be needed
to confirm these results—for example, results of Koirala et al. [2014] indicate a greater occurrence of increases in
low flows. Furthermore, controls on minimum flows are complex and scale dependent [Rennermalm et al., 2012],
so the low flow results are likely not true for basins of all sizes in the described regions. In general, however, a ten-
dency of increasing river flows is likely, which will raise the transport rates of nutrients, sediment, and carbon in
Arctic rivers. Older carbon will also be increasingly mobilized [Aiken et al., 2014]. In addition, north-south gradients
of flow availability may change, increasing pressure on water resources in southern basins (see further discussion
in Instanes et al. [2016] and Vihma et al. [2016]).

Irrespective of emission scenario, Arctic permafrost area is projected to decline at a semilinear rate until the
2040s, when decline decelerates in lower emission scenarios. In a high-emission scenario, decline continues
at approximately the same rate until 2100 [Slater and Lawrence, 2013; see also Lique et al., 2016]. The ongoing
permafrost thaw triggers hydrological regime changes in many ways. With a thickening active layer, some
areas that currently store water will change into ones that produce runoff, but trends are different for various
landscapes. Furthermore, warming can affect soils in opposing directions, depending on the hydrologic gra-
dient: additional meltwater may cause soil humidification, but it could also be the initial step toward soil dry-
ing due to erosion and streamflow intensification. Wetting is more likely in lowlands and plateaus and drying
more likely on steeper slopes, where erosion may also increase. Apart from warming, precipitation also influ-
ences permafrost, with high prewinter rainfall and snowfall accelerating soil warming through greater latent
heat of freezing and greater snow insulation [Iijima et al., 2010]. The temperature of rain is also important, and
as rain becomes more frequent, its higher heat content in comparison with snowwill influence the melting of

Table 2. (continued)

Process Hydrophysiographical Region Projected Changes Specific Effects/Comments

thickness with more frequent midwinter
open water.

Ice sheets, ice caps,
and glaciers

NA

Wetlands Ice on lakes in wetlands is likely to decrease
in thickness and duration. Ice on rivers and
streams will decrease in thickness with
more frequent midwinter open water.

Thicker snowpack, milder temperatures,
and greater input of potentially warmer

groundwater will contribute to decreased ice.

Grasslands Ice on lakes in grasslands is likely to
decrease in thickness and duration. Ice on
rivers and streams will decrease in thickness
with more frequent midwinter open water.

Thicker snowpack, milder temperatures,
and greater input of potentially warmer

groundwater will contribute to decreased ice.
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snow and the active layer thickness.Walvoord et al. [2012] showed that diminishing permafrost increases the
spatial extent of groundwater discharge in lowlands and decreases the proportion of suprapermafrost (shal-
low) groundwater contribution to total base flow.

Lake ice cover will decrease, according to a recent modeling study, in both thickness (!10 to !50 cm) and
duration (!15 to !50 days) during 2040–2079 compared to 1960–1999 [Dibike et al., 2011]. The largest
changes are projected for the Pacific coastal regions of North America, northeastern Canada, eastern
Europe, Scandinavia, and northern Russia. The snow depth on lake ice is projected to change by !20 to
+10 cm and the amount of white ice (i.e., ice forming from wet snow on top of ice) by !20 to +5 cm. In
the high latitudes, white ice may form more easily in the future due to increasing snowfall and thinner ice
cover [see discussion of changing lake ice effects in Instanes et al., 2016; Vihma et al., 2016; and Wrona
et al., 2016].

A future reduction in thermal gradients along northward flowing and ice-covered Arctic rivers has been sug-
gested to decrease spring flooding because of lessening in the severity of ice jamming [Prowse et al., 2010].
On the other hand, snow water equivalent in spring is projected to increase at very high latitudes, particularly
in areas with winter temperatures below !30°C [Adam et al., 2009]. The net result of these two factors (mag-
nitude of spring snowwater equivalent and severity of ice jams) remains to be quantified but will vary by river
basin according to spatial and temporal variability in future precipitation accumulation and snowmelt
regimes around the circumpolar north, including in the headwaters of the large basins located in more south-
erly latitudes [Prowse et al., 2011]. The effects of changes in river ice breakup regimes on freshwater ecosys-
tems and northern infrastructure are reviewed in Wrona et al. [2016] and Instanes et al. [2016], respectively.

4.2. Hydrophysiographic Regions

Across the tundra, climate warming will generally deepen the active layer and induce a loss of ground ice.
Depending on the ice content, places with ice-rich permafrost will undergo subsidence, which leads to thermo-
karst and small lake formation that affect surface storage and evaporation [Smith et al., 2005; Jorgenson et al.,
2008]. A thickened active layer will accommodate more groundwater at the expense of surface runoff, and
the magnitude of spring floods may decrease. Time is an important factor, as landscapes will transition from
initial wetting due to subsidence to later drying from more complete permafrost degradation and talik forma-
tion, depending on the local hydraulic gradient. Snow depths are generally projected to increase due to increas-
ing winter precipitation [Callaghan et al., 2011; see also Vihma et al., 2016]. The southern margins of Arctic
tundra will continue to undergo change to shrubs [Sturm et al., 2001], with attendant effects on snow catch,
melt, evaporation, and herbivores’ access to food, shelter and migration, and shifts in ecosystems. In addition,
overland transportation, e.g., snow and ice roads, may be affectedwith increasing hindrance from shrub growth
and shorter snow cover period.

In the boreal plains, warmingwill also deepen the active layers in permafrost regions, and lateral attrition will take
place along the edges of permafrost bodies. In some areas, drying of lakes and wetlands will lead to a browning
of forests, a decline in tree growth, and a reduction in latent heat flux, although effects of scale and hydraulic gra-
dient will also influence this process. There is evidence of recent browning of the boreal forests in Central Alaska,
which may be related to increased drought stress, though the infestation of insects can also be a factor [Parent
and Verbyla, 2010; Verbyla, 2011]. On the other hand, deepening andmoistening of the active layer may also cre-
ate perennially waterlogged conditions that suppress forest development, something that has been observed in
the Lena River delta [Iijima et al., 2014]. Increasing connectivity between surfacewater and groundwatermay sup-
port wetland development in areas of groundwater upwelling. Additional implications of increased connectivity
include impacts on erosion, sediment, and nutrient release, processes that in turn affect downstream deltas
[Rachold et al., 1996, 2000; Syvitski et al., 2005; Frey andMcClelland, 2009; Rowland et al., 2010] and form new ripar-
ian hydrological regimes. Snowmelt timing change will affect plant growth patterns and through them also eva-
potranspiration and soil moisture. Permafrost degradation may regionally be accelerated by anthropogenic
reductions or removal of insulating peat layers. In the southern parts of the boreal plains, human water demand
is likely to increase both for natural resource extraction, such as tar sands development and fracking, and agricul-
tural and industrial use [see Instanes et al., 2016]. Fires are likely to increase in frequency [Stocks et al., 1998;
Flannigan et al., 2005; Hu et al., 2015]. Possible hydrological effects, either from fires or managed clear-cutting,
include higher snow accumulation and subsequent higher volumes of spring meltwater, but such effects are
not consistently observed [Ellis et al., 2013; Semenova et al., 2015].
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Bedrock terrain can shed snowmeltwater effectively, and the reduced summer rainfall will leave the shields
with diminishedmoisture available for evaporation. However, climate warming can lead to higher evapotran-
spiration and eutrophication. Depending on the proportion of exposed bedrock and the coverage of boreal
vegetation, the rates are spatially variable. With an increase in aridity in parts of the sub-Arctic, a loss of con-
nectivity between the lakes, wetlands, and rivers will be exacerbated in some regions. This has significant
implications for the seasonal reduction or loss of flow, with attendant effects on water quality and ecology.
Zones of groundwater recharge and discharge, however, dependmostly on the fracture networks in the bed-
rock and will not change.

In the mountains, the existence of permafrost in subalpine zones reduces storage and enhances runoff genera-
tion, but the shrinkage of alpine permafrost can alter this situation. Climate warming and a shift in the rain-snow
regime will affect the streamflow regime. A reduction of permafrost in mountain basins will affect components
of the water balance of river basins. It has long been recognized that small basins with a low percentage of per-
mafrost produce lower rainfall peaks but higher recession flows than basins underlain by larger amounts of per-
mafrost [Slaughter et al., 1983]. In a changing climate, amplified warming with elevation [Mountain Research
Initiative EDW Working Group, 2015] may reinforce changes in Arctic mountain environments.

For grasslands in Canada, one study of a small watershed showed no projected change in annual evapotran-
spiration and water yield from 1971–2000 to 2041–2070 but a decrease in storage [Zhang et al., 2011].
However, seasonal changes were not consistent, with uncertainties stemming from the choice of climate
model. In general, future warming and continuing growth of water abstractions will act to exacerbate water
shortage in the grasslands used for agriculture.

Glaciers in the pan-Arctic will mostly continue to thin and retreat, even without additional warming, as they
are generally not in balance with the current climate. Regional differences and uncertainties are large, with
mean glacier losses between 66 ± 51% and 11± 28% required to return to equilibrium [Mernild et al., 2014].
A continued lengthening of the ice melt period and possibly warmer summers will raise the elevation of
the equilibrium line of glaciers and increase the rate of mass loss. For the pan-Arctic, in general, water fluxes
from glaciers will therefore first increase over the near term but will decline as the size of glaciers continue to
diminish [Arctic Monitoring and Assessment Program, 2012].

In wetlands, a deepening of the active layer may initially lead to increased storage capacity for additional
water and to the formation of small lakes. In the long term, however, continued permafrost degradation
may lead to drying out of some wetlands, depending on permafrost conditions and hydraulic gradient.
Runoff patterns will change erosion rates and possibly give rise to flushing of stored contaminants. The chan-
ging water balance of wetlands and peatlands will also influence the energy balance and the hydrochemical
characteristics of catchments.

5. Cross-System Effects

Many of the changes outlined in sections 3 and 4 have effects that go beyond terrestrial hydrology to also
influence other components of the Arctic freshwater system. In this section, we describe a number of such
links, some of which are also schematically highlighted in Figure 4. We stress that Figure 4 is not intended
to thoroughly describe these links, which are complex and often bidirectional, but rather to present an over-
arching view of some points of cross-system interactions. Companion figures that highlight overarching links
in a similar way for other components of the AFS are available in Carmack et al. [2016], Instanes et al. [2016],
Vihma et al. [2016], andWrona et al. [2016]. Some examples of more detailed and elaborate system diagrams
related to freshwater in the Arctic can be found in Francis et al. [2009] and Karlsson et al. [2011].

5.1. Processes

The broad increase in winter precipitation over the terrestrial Arctic (with regional summer decreases) may
have contributed to the overall increase in the aggregate discharge into the Arctic Ocean [Troy et al.,
2012]. At the same time, modeling simulations indicate that a small decrease in summer precipitation along
with increased potential for evapotranspiration due to the warming climate has resulted in reduced summer
soil moisture in various regions of the terrestrial Arctic [Dirmeyer et al., 2013], with cascading effects for struc-
ture and function of ecosystems [see Wrona et al., 2016]. The insulating effect of increased snowpack result-
ing from increased winter precipitation in the high Arctic may result in permafrost warming and increase in
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active layer thickness, also with effects on ecosystems and resources [see Instanes et al., 2016]. Moreover, the
decrease in the proportion of snowfall (versus rainfall) in the low Arctic and the corresponding increase in
snowfall in the high Arctic, as well as the decrease in snow cover duration, affect the seasonality of runoff
and magnitude of peak flows in Arctic draining rivers, which also has effects on ecosystems, atmospheric
feedbacks, and resources.

Evapotranspiration is the largest vertical freshwater flux out of the Arctic drainage basins and therefore themain
link from river basins to the atmosphere [see also Vihma et al., 2016]. Through local evapotranspiration-
precipitation recycling, it also constitutes a link back to surface waters, a component thatmay change with both
water reservoir construction and irrigation [van der Ent et al., 2010; Jarsjö et al., 2012; see also Instanes et al., 2016]
and soil moisture change [Hinzman et al., 2013]. The latter process is also associated with ecosystem changes
[Wrona et al., 2016]. Shifts in vegetation type may increase evapotranspiration by 1–13% until the 2050s across
the pan-Arctic [Pearson et al., 2013]. Even without vegetation shifts, increases in evapotranspiration through
increasing lake areas may contribute to some observed discrepancies between atmospheric and land surface
trends [Karlsson et al., 2015].

River flows strongly affect ecosystems [Wrona et al., 2016] and resources [Instanes et al., 2016], in addition to
their flux to the Arctic Ocean, which has implications for thermohaline circulation and marine ecosystems

Figure 4. Links between terrestrial hydrology and other components of the Arctic freshwater system. Links are colored depend-
ing on whether they are primarily pertaining to permafrost degradation (orange), decrease in snow and ice cover (blue), more
surface water flow (purple), or drier or wetter soils (gray). This graphic is neither meant to be comprehensive nor detailed but is
intended to illustrate, at a very overarching level, the multifaceted nature of change in the Arctic freshwater system.
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[see Carmack et al., 2016]. Deltas, lakes, and wetlands are partly fed by runoff, which will govern water levels
and impact aquatic and terrestrial life. Hydropower is fundamentally dependent on the supply of freshwater
through rivers but also gives rise to considerable seasonal shifts in discharge. The variability of flow, as well as
high and low flows, affects both ecosystems [Wrona et al., 2016] and resources [Instanes et al., 2016], including
the use of liquid freshwater as drinking water for the Arctic population [White et al., 2007; Alessa et al., 2008;
Nilsson et al., 2013; Bring et al., 2015b].

Large-scale atmospheric patterns also influence flow. More intense, positive phases of the Pacific Decadal
Oscillation have been shown in observations to be a factor in above-average winter precipitation in the
Alaska coast range but below average in interior Alaska, Canada, and eastern Siberia, and subsequently,
decreased river discharge in northern Canada [Mantua and Hare, 2002; Déry and Wood, 2005].

Changes in permafrost hydrology are coupled to effects on soil moisture, evapotranspiration, flow pathways,
and storage, both in groundwater and surface water, and in ground ice. Where permafrost changes are wide-
spread across the landscape, hydrological effects include modified exchanges of moisture with the atmo-
sphere, lake changes that affect ecosystems, changes in stability and flow patterns that affect resources,
and biogeochemical fluxes and erosion that affect the ocean.

A reduction in river and lake ice will influence transportation opportunities in cold and remote regions [see
Instanes et al., 2016]. Given that ice-covered freshwater bodies comprise a significant portion of the high-
latitude, sub-Arctic and tundra landscape, they need to be considered in climate modeling of this region
[Prowse et al., 2011; Lique et al., 2016; Vihma et al., 2016].

5.2. Hydrophysiographic Regions

The Arctic tundra has a direct connection to the riverine coastal domain that encircles the Arctic Ocean. Many
small to medium size rivers that originate in the tundra flow directly to the ocean, but the flow magnitude of
most of them remains unknown. In the high Arctic, ongoing resource development concentrated along the
coast [Andreeva, 1998] may give rise to large local effects on hydrology. Over tundra areas, in general, the
exchange with the atmosphere through the boundary layer energy balance is strongly affected by snow
and the surface albedo of wet or dry tundra.

In boreal and shield regions, hydropower development has also been extensive, and several large rivers in the
Canadian Shield have been dammed or their flows altered by diversion [Déry et al., 2005]. The Nelson River
yields 94 km3 of flow each year, a large portion of which used to previously flow through the Churchill
River to the Hudson Bay. After 1980, the hydropower projects of the Nelson were surpassed by a reservoir
scheme on La Grande River in Québec, which underwent diversion and now discharges 100 km3 yr!1, com-
pared to its original natural flow of 67 km3 yr!1. Other projects, like some in Norway and Northern Ontario
that are less massive in scale, similarly affect river flow, with associated effects of water use on the hydrologic
regime, water temperature, and ecology.

Mountains exert strong influence on atmospheric circulation and precipitation, both over synoptic and local
scales. Many mountain streams are intensely modified by hydropower regulation, which in turn influences
downstream ecosystems and seasonal water balances. Other effects on resources include a changing snow
cover duration, which will influence recreational activities such as skiing, and also avalanches that pose
hazards to transportation and settlements. Furthermore, heavy rainfall can cause landslides that affect traffic
and infrastructure in the Norwegian and Cordilleran mountains.

Similar to shield and boreal regions, river systems in grasslands have in many places been subject to exten-
sive modification and diversions [Yang et al., 2004a, 2004b; Schindler and Donahue, 2006; Stuefer et al., 2011],
which influence both water exchanges with the atmosphere, final transport to the ocean, and local ecosys-
tems and resources. In Canadian grasslands, paleoclimatic evidence suggests that the relatively moist condi-
tions that prevailed during the twentieth century are unusual [Sauchyn et al., 2002] and that the now heavily
modified water systemsmay become subject to severe water shortages in summer if the prolonged droughts
of preindustrial times were to return in combination with elevated pressures from climate change [Schindler
and Donahue, 2006].

Themass loss of Arctic glaciers and the GrIS are presently the largest contributors to ocean storage and global
sea level rise. In addition, changes in the GrIS outflow have potential ramifications for ocean thermohaline
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circulation around Greenland [Rahmstorf et al., 2005, 2015; see also Carmack et al., 2016]. Glaciers are impor-
tant suppliers of freshwater to mountainous basins, and their shrinkage will require changed planning of
hydropower operations in the long run [see Instanes et al., 2016]. Locally, long-term streamflow and flooding
increases may be amplified in glacierized basins [Dahlke et al., 2012]. Spreading and thickening of aufeis
[Kane, 1981] may be intensified due to increase of underground water storage and release, in turn caused
by permafrost thaw.

Arctic wetland systems may act as accumulators of water, where it is increasingly subject to evapotranspira-
tion. They also constitute important water storage reservoirs that regionally are strong controls on runoff for-
mation. Most Arctic wetlands are generally species-rich ecosystems, with marshes and deltas as particularly
boundary-crossing regions between terrestrial hydrological regimes and oceans. In this regard, the four lar-
gest Arctic rivers have markedly different interfaces with the Arctic Ocean. On the Lena and the
Mackenzie, the river flows into the ocean through very large deltas, dominated by the river water. In contrast,
the Yenisey and Ob Rivers enter the ocean throughmarine-dominated estuaries, where tidal flows and surges
exert strong influence on local environments.

In estuaries, which are elongated and open for tides, the hydraulic regime is more dynamic than in the deltas.
Sedimentation in estuaries occurs under salt-fresh water contact and biogeochemical transformation
[Gordeev et al., 1999; Gordeev, 2006; Fedorova et al., 2015]. The marine saltwater intrusion rises higher along
the river in estuaries than in deltas and also consists of a more distinct salt-fresh water geochemical barrier.
The freshwater plume extending into the ocean from river mouths can therefore be said to be reversed
during times in estuaries. In deltas, however, the accumulation of material can be 8–10 times higher than
in estuaries. For example, the turbidity in the top of the Lena River delta is 40mg L!1 on average but falls
to 3–5mg L!1 at the coastal line [Fedorova et al., 2015].

6. Major Knowledge Gaps and Future Research Directions
6.1. Processes

Arctic terrestrial precipitation trends are inherently difficult to detect given snowfall measurement challenges
resulting from gauge undercatch of solid precipitation, sparsely distributed observations, low precipitation
amounts, and rare long-term records [Serreze and Hurst, 2000; Adam and Lettenmaier, 2003; Yang et al., 2005].
Furthermore, the large natural variability of precipitation implies that a trend may take time to emerge. The
compounding effects of elevation on precipitation in topographically complex regions of the Arctic, where
the distribution of observing stations is biased toward low elevations and coastal regions, are also a factor
[Kane and Stuefer, 2015]. As solid precipitation remains challenging to measure, in situ and remote sensing
observations of snow cover on the ground are widely used as a precipitation metric instead of traditional pre-
cipitation gauge measurements [Stuefer et al., 2013]. Improving representation of precipitation and snow cover
processes specific to the high latitudes, both by better remote sensing technology and more skillful models
from a land surface perspective, remains an important research direction that would enhance our ability to
understand and model Arctic freshwater [see Lique et al., 2016] and its role in the larger Earth system.

Evapotranspiration measurements in the terrestrial Arctic are mostly from field programs of short duration
covering specific regions [Langer et al., 2011;Mueller et al., 2011; see also Vihma et al., 2016]. Because of these
data gaps, analysis of evapotranspiration over the terrestrial Arctic often involves information from land sur-
face models and remote sensing data, as well as global reanalysis and climate model outputs [Rawlins et al.,
2010]. However, the progress in exploiting remote sensing techniques for measuring high-latitude precipita-
tion and evapotranspiration is very slow and requires increased efforts from the hydrological community
[Lettenmaier et al., 2015]. The complexity of modeling evapotranspiration arises from heterogeneity in land
surface and a large set of parameters to consider, including soil properties, characteristics of vegetation,
and availability of moisture. Studies that examine changes in land surface variables and fluxes [e.g.,
Destouni et al., 2013; Dirmeyer et al., 2013; Jaramillo and Destouni, 2014; Törnqvist et al., 2014; van der Velde
et al., 2014; Bring et al., 2015a], but focus on the terrestrial Arctic, may improve our picture of the land-
atmosphere interactions with respect to soil moisture and evapotranspiration. In general, there is a great
need for more accurate representation of land surface effects, such as vegetation, lakes, and human interven-
tions, in climate models [Harding et al., 2014; Bring et al., 2015a].
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Knowledge of runoff variability in the Arctic is limited by river observations, which cover about 70% of the
total contributing area [Lammers et al., 2001; Shiklomanov et al., 2002, 2006; Bring and Destouni, 2013], and
whose availability and reliability are even more lacking when considering water chemistry and sediment
[Holmes et al., 2000, 2012; Prowse et al., 2005; McClelland et al., 2008, 2015; Bring and Destouni, 2009].
Notwithstanding these limitations, our understanding of how discharge changes in response to land surface
and permafrost changes is not complete. Observed divergence in precipitation and discharge trends across
basins [e.g., Berezovskaya et al., 2004; Bring and Destouni, 2011] indicate that changes in surface and subsur-
face water interactions, and their feedback on water balance and evapotranspiration [Bosson et al., 2013],
need to be better understood and quantified, although in some cases such discrepancies are due to data
uncertainty. Climate model agreement on runoff changes is also particularly limited for Arctic basins [Bring
and Destouni, 2011; Törnqvist et al., 2014]. Along the coast, information shortages combine to yield great
uncertainty both in surface flows, which are poorly monitored for many smaller rivers, and the interaction
between groundwater, surface water, permafrost, and seawater [Bobba et al., 2012; see also Carmack et al.,
2016]. To address these knowledge gaps in river fluxes, some proposed strategies to improve monitoring
may help [e.g., Karlsson et al., 2011; Azcárate et al., 2013; McClelland et al., 2015], as will a continuation of
the Sustaining Arctic Observation Networks process. The potential of remote sensing methods, as a comple-
ment to ground observations, will likely increase with new instruments (e.g., the NASA Surface Water and
Ocean Topography mission and the EU Sentinel missions), and some promising results so far [e.g., Smith
and Pavelsky, 2008; Biancamaria et al., 2011; Gleason and Smith, 2014] indicate that the Arctic hydrology com-
munity should investigate these opportunities further. Another remaining knowledge gap is how to ensure
efficient long-term monitoring of Arctic rivers under changing climate conditions, something that should
be addressed by combining climate projections and network optimization methods. Furthermore, updates
are now required to the rating curves for major Arctic gauges, without which a much desired coordinated
monitoring of water temperature, chemistry, and suspended matter will be hampered [McClelland et al.,
2015]. Hydrology-ecology interactions should be investigated through field monitoring and new methods
using isotopes and remote sensing. Multidisciplinary investigations at the drainage basin scale should be
encouraged as they have the potential to increase understanding of interaction between hydrology and
atmosphere, oceans, ecology, and resources [see also Wrona et al., 2016].

Main knowledge gaps in permafrost hydrology include the understanding of underground and surface water
interaction (for example, inflow and outflow from riverbed taliks), the mechanisms of infiltration and flow for-
mation in frozen and thawing ground in different landscapes, evaporation processes, atmosphere-land
surface-subsurface energy interaction, and the patterns of precipitation distribution at catchment scales
(including snow redistribution and intensive rain events in mountainous conditions). Scale discrepancies
between field studies and catchments, and between hydrological models of various scales and climate data,
are a challenge. Runoff formation governed by active layer thaw-freeze processes varies spatially at slope
scale, and modeling and parameter estimation, even for large basins, require consideration of this.
Advances in modeling these processes, ideally in collaboration with the soil carbon community, would be
a key step toward understanding how wetting and drying of permafrost landscapes will influence soil carbon
release to the atmosphere during the present century [Schuur et al., 2015]. Observational data uncertainty,
especially for extreme conditions, remains an obstacle to advances in understanding. However, existing
catchment study data are sometimes underutilized. Additional parameters for small and large models can
be assessed based on field measurements and improved equipment. To capitalize on these underexploited
opportunities, integrating data and studies across the Arctic should be a priority.

6.2. Hydrophysiographic Regions

An overarching and pressing research question across all regions of the Arctic is how to separate anthropogenic
from natural disturbances. Human impacts are not easily quantified as the type and intensity of activities are dif-
ficult to predict, and their effects on hydrology are to a degree uncertain, particularly on a larger systems level.
The potential for newmethods that distinguish change drivers, previously applied globally to separate landscape
and atmospheric components [Jaramillo and Destouni, 2014], should be investigated also for the Arctic region.

Anthropogenic activities are particularly likely to increase in the coastal tundra zone [Andreeva, 1998]. However,
the land-ocean boundary commonly falls in between central monitoring and observation strategies that prior-
itize information goals based on either a terrestrial or a marine perspective [Strandmark et al., 2015]. An explicit
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focus on the hydrological interactions between land and sea across all of the coastal interface, and not just
through rivers, would help overbridge disciplinary boundaries and expand knowledge on a relatively understu-
died part of the Arctic freshwater system. Also, our understanding of marsh hydrology, including hydrody-
namics and hydroecology of the Arctic coastal zone, is limited [Overduin et al., 2014], as well as our
knowledge of submarine groundwater discharge and the forming of salt-fresh aquifers in coastal zones
[Bobba et al., 2012]. Groundwater models of varying complexity [e.g., Danielescu et al., 2009; Mazi et al., 2013],
potentially coupled to hydrological and oceanographic models, should be applied to Arctic conditions to
increase understanding of the coastal zone.

Large parts of the boreal zone are underlain by discontinuous permafrost, and these areas are also prone to
development in the near future. The anthropogenic impact on the hydrological cycle from forest clearing and
fires is not fully understood. More information is needed on the present status of groundwater circulation and
storage in discontinuous permafrost terrain in order to understand impacts on heat and water fluxes and rea-
sonably project future conditions. Emerging and improved remote sensing techniques will enhance the
opportunity for surveillance of surface wetness on a regional scale [e.g., Leconte et al., 2008]. Future studies
of mountain hydrology are also needed to determine if those areas will continue to provide as large a share
of river flow to the Arctic Ocean as today.

Projections of future precipitation changes constitute a key hydrological uncertainty in grasslands [Zhang
et al., 2011]. In addition, the previously noted uncertainty in future drought patterns [Schindler and
Donahue, 2006] will strongly influence grassland hydrology. To improve knowledge and improve adaptation
efforts, improved downscaling of drought-related variables, as well as further exploration of teleconnection
patterns that govern droughts [Schindler and Donahue, 2006], is necessary. In grasslands, the extensive
human modifications of the water cycle should also be considered in both model projections of future
changes [Bring et al., 2015a] and in the evaluation of past changes [Jaramillo and Destouni, 2015].

In terms of glaciers and ice sheets, dominant unknowns and uncertainties in modeling and understanding of ice
sheet mass balance and runoff response are percolation, retention, and freezing of melt and rain water by snow
[e.g., Box, 2013; Vernon et al., 2013]. Extensive surface melt has been recently documented over the GrIS, unpre-
cedented in the observational record (NOAA Arctic report card 2012 available at www.arctic.noaa.gov/report-
card) [Nghiem et al., 2012; Hanna et al., 2014]. Meltwater can be trapped within the firn, and so the magnitude
and delay of runoff remain unknown. Conventional thought has been that practically all air space in the snow
must be filled before meltwater can exit the ice sheets as runoff. Yet recent snow and ice core measurements
provide the first evidence of the formation of impermeable ice layers, enabling an abrupt increase in ice sheet
runoff [Vernon et al., 2013]. Other recent results indicate that ice sheet outflow may be overestimated in climate
models due to omission of subglacial processes [Smith et al., 2015]. Development of percolation/retention
schemes and evaluation of nonlinearities in ice sheet meltwater runoff should therefore lead to more accurate
projections of GrIS runoff.

To increase our understanding of wetland dynamics, there is a need for improved riverbed morphological para-
metrization for hydraulic models, especially for large Arctic rivers. Such data would also improve the ability to
model river fluxes, in general, and not just wetlands. In particular, there is a need to monitor the seasonal
and interannual changes in wetlands, as near-surface moisture conditions strongly affect evaporation and
can influence the development of precipitation and even summer weather. Evapotranspiration measurements
are critical to understand water fluxes, and organization of such measurements across different wetland and
peatland types is required. There is also a need for method improvements, including models, remote sensing,
and isotopic techniques [Tetzlaff et al., 2015].

7. Conclusion

Terrestrial freshwater pathways have a central role in water, material (ions), and energy exchanges between com-
ponents of the Arctic freshwater system. They connect the atmosphere and ocean over large distances, alongwhich
ecosystems and resources are affected by varying geographical characteristics of the terrestrial freshwater systems.

Across the terrestrial Arctic, snow cover is generally decreasing, but patterns are complex in terms of duration
and extent, and the snowwater equivalent. Evapotranspiration is coupled to landscape and permafrost changes
in different ways across the Arctic, with wetting and drying occurring in succession, depending on the
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permafrost conditions. However, some regions may undergo systematic shifts in one direction or the other.
Annual river flux patterns show a long-term increase at the pan-Arctic scale, and patterns of higher discharge
also seem to apply more universally across regions in recent decades. Reports of permafrost warming are
numerous, and an expected effect of increasing river base flows has been reported for several regions. River
and lake ice cover have decreased in duration, with the most rapid reductions observed from the late
twentieth century.

Water flux and storage change in complex ways across Arctic regions. Permafrost degradation will occur both
in the tundra and boreal zone, with complete permafrost degradation occurring along the margins of the
permafrost zone in the taiga. Evapotranspiration and precipitation are likely to increase in all regions,
although summer precipitation may decrease in the southern parts of the Arctic. River flows will likely
increase on average across all regions, but high and low flows may decrease in parts of the Arctic boreal
plains, shields, and grasslands regions, mostly where local decreases in average flows are also projected.

To improve our understanding of changes to the freshwater system in the Arctic, a number of knowledge
gaps are of particular importance. We are still lacking a comprehensive picture of evapotranspiration across
Arctic regions and how it will interact with climate and landscape changes. These changes are coupled to pre-
cipitation, river flows, and groundwater flows, which underlines that it remains a challenge to estimate full
water budgets for most Arctic river basins. For coastal regions, the interaction of flow along various poorly
constrained pathways implies that these regions are essentially uncharted. As some parts of the Arctic
increasingly become subject to settlement and natural resource extraction, it will become more important
to separate anthropogenic effects from underlying environmental changes.

To address these challenges, future research should include more widespread use of multimodel ensembles to
enable better separation of model-internal variability from change. Novel approaches to overcome data limita-
tions will be needed, as they are not likely to diminish appreciably without large-scale funding increases.
Concerted efforts at studying water, solute, and energy fluxes on various scales will remain important to detect,
understand, and project water system changes. Despite a growing potential of remote sensing, it remains cri-
tical to at least maintain the current ground-based capacity to observe Arctic terrestrial hydrology.

References
Aagaard, K., and E. C. Carmack (1989), The role of sea ice and other fresh water in the Arctic circulation, J. Geophys. Res., 94, 14,485–14,498,

doi:10.1029/JC094iC10p14485.
Adam, J. C., and D. P. Lettenmaier (2003), Adjustment of global gridded precipitation for systematic bias, J. Geophys. Res., 108(D9), 4257,

doi:10.1029/2002JD002499.
Adam, J. C., E. A. Clark, D. P. Lettenmaier, and E. F. Wood (2006), Correction of global precipitation products for orographic effects, J. Clim.,

19(1), 15–38.
Adam, J. C., A. F. Hamlet, and D. P. Lettenmaier (2009), Implications of global climate change for snowmelt hydrology in the twenty-first

century, Hydrol. Processes, 23(7), 962–972.
Aiken, G. R., R. G. M. Spencer, R. G. Striegl, P. F. Schuster, and P. A. Raymond (2014), Influences of glacier melt and permafrost thaw on the age

of dissolved organic carbon in the Yukon River basin, Global Biogeochem. Cycles, 28, 525–537, doi:10.1002/2013GB004764.
Alessa, L., A. Kliskey, R. Lammers, C. Arp, D. White, L. Hinzman, and R. Busey (2008), The Arctic water resource vulnerability index: An inte-

grated assessment tool for community resilience and vulnerability with respect to freshwater, Environ. Manage., 42(3), 523–541,
doi:10.1007/s00267-008-9152-0.

Arctic Monitoring and Assessment Program (2012), Arctic Climate Issues 2011: Changes in Arctic Snow, Water, Ice and Permafrost. SWIPA 2011
Overview Report, Arctic Monitoring and Assessment Programme (AMAP), Oslo.

Ananicheva, M. D., and G. Kapustin (2010), Change of glacier state in mountain regions of the Russian Sub-Arctic: Assessment by satellite
imagery and aerial photography in the USSR Glacier Inventory-Russian contribution into the IPY. 2007–2008, Cryosphere, 3, 19–26.

Ananicheva, M. D., G. A. Kapustin, and M. M. Koreysha (2006), Glacier changes in Suntar-Khayata mountains and Chersky Range from the
Glacier Inventory of the USSR and satellite images 2001–2003, Data Glaciol. Stud. Moscow, 101, 163–169.

Anderson, R. K., G. H. Miller, J. P. Briner, N. A. Lifton, and S. B. DeVogel (2008), A millennial perspective on Arctic warming from 14C in quartz
and plants emerging from beneath ice caps, Geophys. Res. Lett., 35, L01502, doi:10.1029/2007GL032057.

Andreeva, E. N. (1998), The Russian Arctic coastal zone management problems: Past lessons and new realities, Ocean Coastal Manage.,
41(2-3), 237–256, doi:10.1016/S0964-5691(98)00067-2.

Andresen, C. G., and V. L. Lougheed (2015), Disappearing Arctic tundra ponds: Fine-scale analysis of surface hydrology in drained thaw lake
basins over a 65 year period (1948–2013), J. Geophys. Res. Biogeosci., 120, 466–479, doi:10.1002/2014JG002778.

Armstrong, R. N., J. W. Pomeroy, and L. W. Martz (2015), Variability in evaporation across the Canadian Prairie region during drought and non-
drought periods, J. Hydrol., 521, 182–195.

Arnell, N. W. (2005), Implications of climate change for freshwater inflows to the Arctic Ocean, J. Geophys. Res., 110, D07105, doi:10.1029/
2004JD005348.

Azcárate, J., B. Balfors, A. Bring, and G. Destouni (2013), Strategic environmental assessment and monitoring: Arctic key gaps and bridging
pathways, Environ. Res. Lett., 8(4), 044033, doi:10.1088/1748-9326/8/4/044033.

Journal of Geophysical Research: Biogeosciences 10.1002/2015JG003131

BRING ET AL. ARCTIC TERRESTRIAL HYDROLOGY 22

Acknowledgments
The Arctic Freshwater Synthesis has
been sponsored by the World Climate
Research Programme’s Climate and the
Cryosphere project (WCRP-CliC), the
International Arctic Science Committee
(IASC), and the Arctic Monitoring and
Assessment Program (AMAP).
Additional support has been provided
by the Norwegian Ministries of
Environment and of Foreign Affairs, the
Swedish Secretariat for Environmental
Earth System Sciences (SSEESS), and the
Swedish Polar Research Secretariat. We
gratefully acknowledge the project
coordination and meeting support of
Jenny Baeseman and Gwenaelle Hamon
at the CliC International Project Office
and thank Brandi Newton and Hayley
Linton for providing data analysis for
Figure 2. A. Bring acknowledges support
from the Swedish Research Council VR
(project 2013-7448). O. Semenova
acknowledges support from the Russian
Foundation for Basic Research (project
15-35-21146). All data for this paper are
cited and referred to in the reference
list. The data used to produce Figure 2
are available from the ERA-Interim data
sets [Dee et al., 2011] (http://apps.
ecmwf.int/datasets/data/interim-full-
daily), and the data to produce Figure 3
are available from the Global Runoff
Data Centre (http://www.bafg.de) and
the R-ArcticNET database (http://www.r-
arcticnet.sr.unh.edu).

http://dx.doi.org/10.1029/JC094iC10p14485
http://dx.doi.org/10.1029/2002JD002499
http://dx.doi.org/10.1002/2013GB004764
http://dx.doi.org/10.1007/s00267-008-9152-0
http://dx.doi.org/10.1029/2007GL032057
http://dx.doi.org/10.1016/S0964-5691(98)00067-2
http://dx.doi.org/10.1002/2014JG002778
http://dx.doi.org/10.1029/2004JD005348
http://dx.doi.org/10.1029/2004JD005348
http://dx.doi.org/10.1088/1748-9326/8/4/044033
http://apps.ecmwf.int/datasets/data/interim-full-daily
http://apps.ecmwf.int/datasets/data/interim-full-daily
http://apps.ecmwf.int/datasets/data/interim-full-daily
http://www.bafg.de
http://www.r-arcticnet.sr.unh.edu
http://www.r-arcticnet.sr.unh.edu


Barrand, N. E., and M. J. Sharp (2010), Sustained rapid shrinkage of Yukon glaciers since the 1957–1958 International Geophysical Year,
Geophys. Res. Lett., 37, L07501, doi:10.1029/2009GL042030.

Beltaos, S., and T. Prowse (2009), River-ice hydrology in a shrinking cryosphere, Hydrol. Processes, 23(1), 122–144.
Bennett, K. E., and T. D. Prowse (2010), Northern Hemisphere geography of ice-covered rivers, Hydrol. Processes, 24(2), 235–240.
Bense, V. F., G. Ferguson, and H. Kooi (2009), Evolution of shallow groundwater flow systems in areas of degrading permafrost, Geophys. Res.

Lett., 36, L22401, doi:10.1029/2009GL039225.
Bense, V. F., H. Kooi, G. Ferguson, and T. Read (2012), Permafrost degradation as a control on hydrogeological regime shifts in a warming

climate, J. Geophys. Res., 117, F03036, doi:10.1029/2011JF002143.
Benson, B. J., J. J. Magnuson, O. P. Jensen, V. M. Card, G. Hodgkins, J. Korhonen, D. M. Livingstone, K. M. Stewart, G. A. Weyhenmeyer, and

N. G. Granin (2011), Extreme events, trends, and variability in Northern Hemisphere lake-ice phenology (1855–2005), Clim. Change, 112(2),
299–323, doi:10.1007/s10584-011-0212-8.

Berezovskaya, S., D. Yang, and D. L. Kane (2004), Compatibility analysis of precipitation and runoff trends over the large Siberian watersheds,
Geophys. Res. Lett., 31, L21502, doi:10.1029/2004GL021277.

Berezovskaya, S., D. Yang, and L. Hinzman (2005), Long-term annual water balance analysis of the Lena River, Global Planet. Change, 48,
84–95, doi:10.1016/j.gloplacha.2004.12.006.

Biancamaria, S., M. Durand, K. M. Andreadis, P. D. Bates, A. Boone, N. M. Mognard, E. Rodríguez, D. E. Alsdorf, D. P. Lettenmaier, and E. A. Clark (2011),
Assimilation of virtual wide swath altimetry to improve Arctic rivermodeling, Remote Sens. Environ., 115(2), 373–381, doi:10.1016/j.rse.2010.09.008.

Bintanja, R., and F. M. Selten (2014), Future increases in Arctic precipitation linked to local evaporation and sea-ice retreat, Nature, 509(7501),
479–482, doi:10.1038/nature13259.

Bobba, A. G., P. A. Chambers, and F. J. Wrona (2012), Submarine groundwater discharge (SGWD): An unseen yet potentially important coastal
phenomenon in Canada, Nat. Hazards, 60(3), 991–1012, doi:10.1007/s11069-011-9884-7.

Bolch, T., B. Menounos, and R. Wheate (2010), Landsat-based inventory of glaciers in western Canada, 1985–2005, Remote Sens. Environ.,
114(1), 127–137.

Bosson, E., J.-O. Selroos, M. Stigsson, L.-G. Gustafsson, and G. Destouni (2013), Exchange and pathways of deep and shallow groundwater in
different climate and permafrost conditions using the Forsmark site, Sweden, as an example catchment, Hydrogeol. J., 21(1), 225–237.

Bowling, L. C., and D. P. Lettenmaier (2010), Modeling the effects of lakes and wetlands on the water balance of Arctic environments,
J. Hydrometeorol., 11(2), 276–295, doi:10.1175/2009JHM1084.1.

Bowling, L. C., D. P. Lettenmaier, and B. V. Matheussen (2000), Hydroclimatology of the Arctic drainage basin, in The Freshwater Budget of the
Arctic Ocean, edited by E. L. Lewis et al., pp. 57–90, Springer, Dordrecht, Netherlands.

Box, J. E. (2013), Greenland ice sheet mass balance reconstruction. Part II: Surface mass balance (1840–2010), J. Clim., 26(18), 6974–6989.
Box, J. E., andW. Colgan (2013), Greenland ice sheet mass balance reconstruction. Part III: Marine ice loss and total mass balance (1840–2010),

J. Clim., 26(18), 6990–7002.
Bring, A., and G. Destouni (2009), Hydrological and hydrochemical observation status in the pan-Arctic drainage basin, Polar Res., 28, 327–338

, doi:10.1111/j.1751-8369.2009.00126.x.
Bring, A., and G. Destouni (2011), Relevance of hydro-climatic change projection and monitoring for assessment of water cycle changes in

the Arctic, Ambio, 40(4), 361–369, doi:10.1007/s13280-010-0109-1.
Bring, A., and G. Destouni (2013), Hydro-climatic changes and their monitoring in the Arctic: Observation-model comparisons and prioriti-

zation options for monitoring development, J. Hydrol., 492, 273–280, doi:10.1016/j.jhydrol.2013.04.003.
Bring, A., and G. Destouni (2014), Arctic climate and water change: Model and observation relevance for assessment and adaptation, Surv.

Geophys., 35, 853–877, doi:10.1007/s10712-013-9267-6.
Bring, A., S. M. Asokan, F. Jaramillo, J. Jarsjö, L. Levi, J. Pietron, C. Prieto, P. Rogberg, and G. Destouni (2015a), Implications of freshwater flux

data from the CMIP5 multimodel output across a set of Northern Hemisphere drainage basins, Earths Future, 3(6), 206–217, doi:10.1002/
2014EF000296.

Bring, A., J. Jarsjö, and G. Destouni (2015b), Water information and water security in the Arctic, in The New Arctic, edited by B. Evengård, J.
Nymand Larsen, and Ø. Paasche, Springer, Cham, Switzerland.

Brooks, R. N., T. D. Prowse, and I. J. O’Connell (2013), Quantifying Northern Hemisphere freshwater ice, Geophys. Res. Lett., 40, 1128–1131,
doi:10.1002/grl.50238.

Brown, R. D., and P. W. Mote (2009), The response of Northern Hemisphere snow cover to a changing climate, J. Clim., 22(8), 2124–2145,
doi:10.1175/2008JCLI2665.1.

Brown, R. D., and D. A. Robinson (2011), Northern Hemisphere spring snow cover variability and change over 1922–2010 including an
assessment of uncertainty, Cryosphere, 5(1), 219–229.

Brutel-Vuilmet, C., M. Ménégoz, and G. Krinner (2013), An analysis of present and future seasonal Northern Hemisphere land snow cover
simulated by CMIP5 coupled climate models, Cryosphere, 7, 67–80.

Brutsaert, W., and T. Hiyama (2012), The determination of permafrost thawing trends from long-term streamflow measurements with an
application in eastern Siberia, J. Geophys. Res., 117, D22110, doi:10.1029/2012JD018344.

Callaghan, T. V., et al. (2011), The changing face of Arctic snow cover: A synthesis of observed and projected changes, Ambio, 40(1), 17–31,
doi:10.1007/s13280-011-0212-y.

Carey, S. K., and M. Woo (2001), Slope runoff processes and flow generation in a subarctic, subalpine catchment, J. Hydrol., 253(1), 110–129.
Carmack, E. C., et al. (2016), Fresh water and its role in the Arctic Marine System: Sources, disposition, storage, export, and physical and

biogeochemical consequences in the Arctic and global oceans, J. Geophys. Res. Biogeosci., 121, doi:10.1002/2015JG003140.
Church, J. A., et al. (2013), Sea level change, in Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth

Assessment Report of the Intergovernmental Panel on Climate Change, edited by T. F. Stocker et al., pp. 1137–1216, Cambridge Univ. Press,
Cambridge, U. K.

Cogley, J. G. (2012), The future of the world’s glaciers, in Future World’s Climate, 2nd ed., pp. 197–222, Elsevier, Amsterdam.
Connon, R. F., W. L. Quinton, J. R. Craig, and M. Hayashi (2014), Changing hydrologic connectivity due to permafrost thaw in the lower Liard

River valley, NWT, Canada, Hydrol. Processes, 28(14), 4163–4178, doi:10.1002/hyp.10206.
Dahlke, H. E., S. W. Lyon, J. R. Stedinger, G. Rosqvist, and P. Jansson (2012), Contrasting trends in floods for two sub-arctic catchments in

northern Sweden—Does glacier presence matter?, Hydrol. Earth Syst. Sci., 16(7), 2123–2141.
Danby, R. K., and D. S. Hik (2007), Evidence of recent treeline dynamics in southwest Yukon from aerial photographs, Arctic, 60, 411–420.
Danielescu, S., K. T. B. MacQuarrie, and R. N. Faux (2009), The integration of thermal infrared imaging, discharge measurements and

numerical simulation to quantify the relative contributions of freshwater inflows to small estuaries in Atlantic Canada, Hydrol. Processes,
23(20), 2847–2859, doi:10.1002/hyp.7383.

Journal of Geophysical Research: Biogeosciences 10.1002/2015JG003131

BRING ET AL. ARCTIC TERRESTRIAL HYDROLOGY 23

http://dx.doi.org/10.1029/2009GL042030
http://dx.doi.org/10.1029/2009GL039225
http://dx.doi.org/10.1029/2011JF002143
http://dx.doi.org/10.1007/s10584-011-0212-8
http://dx.doi.org/10.1029/2004GL021277
http://dx.doi.org/10.1016/j.gloplacha.2004.12.006
http://dx.doi.org/10.1016/j.rse.2010.09.008
http://dx.doi.org/10.1038/nature13259
http://dx.doi.org/10.1007/s11069-011-9884-7
http://dx.doi.org/10.1175/2009JHM1084.1
http://dx.doi.org/10.1111/j.1751-8369.2009.00126.x
http://dx.doi.org/10.1007/s13280-010-0109-1
http://dx.doi.org/10.1016/j.jhydrol.2013.04.003
http://dx.doi.org/10.1007/s10712-013-9267-6
http://dx.doi.org/10.1002/2014EF000296
http://dx.doi.org/10.1002/2014EF000296
http://dx.doi.org/10.1002/grl.50238
http://dx.doi.org/10.1175/2008JCLI2665.1
http://dx.doi.org/10.1029/2012JD018344
http://dx.doi.org/10.1007/s13280-011-0212-y
http://dx.doi.org/10.1002/2015JG003140
http://dx.doi.org/10.1002/hyp.10206
http://dx.doi.org/10.1002/hyp.7383


Dankers, R. (2003), Sub-arctic hydrology and climate change: A case study of the Tana River Basin in Northern Fennoscandia, Thesis, Utrecht
Univ., Utrecht, Netherlands.

Dee, D. P., et al. (2011), The ERA-Interim reanalysis: Configuration and performance of the data assimilation system, Q. J. R. Meteorol. Soc.,
137(656), 553–597.

De Rham, L. P., T. D. Prowse, S. Beltaos, and M. P. Lacroix (2008), Assessment of annual high-water events for the Mackenzie River basin,
Canada, Hydrol. Processes, 22(18), 3864–3880.

Déry, S. J., and E. F. Wood (2005), Decreasing river discharge in northern Canada, Geophys. Res. Lett., 32, L10401, doi:10.1029/2005GL022845.
Déry, S. J., M. Stieglitz, E. C. McKenna, and E. F. Wood (2005), Characteristics and trends of river discharge into Hudson, James, and Ungava

Bays, 1964–2000, J. Clim., 18(14), 2540–2557.
Déry, S. J., M. A. Hernández-Henríquez, J. E. Burford, and E. F. Wood (2009), Observational evidence of an intensifying hydrological cycle in

northern Canada, Geophys. Res. Lett., 36, L13402, doi:10.1029/2009GL038852.
Déry, S. J., T. J. Mlynowski, M. A. Hernández-Henríquez, and F. Straneo (2011), Interannual variability and interdecadal trends in Hudson Bay

streamflow, J. Mar. Syst., 88(3), 341–351.
Deser, C., R. Tomas, M. Alexander, and D. Lawrence (2010), The seasonal atmospheric response to projected Arctic sea ice loss in the late

twenty-first century, J. Clim., 23(2), 333–351.
Destouni, G., F. Jaramillo, and C. Prieto (2013), Hydroclimatic shifts driven by human water use for food and energy production, Nat. Clim.

Change, 3, 213–217, doi:10.1038/nclimate1719.
Dibike, Y., T. Prowse, T. Saloranta, and R. Ahmed (2011), Response of Northern Hemisphere lake-ice cover and lake-water thermal structure

patterns to a changing climate, Hydrol. Processes, 25(19), 2942–2953.
Dirmeyer, P. A., Y. Jin, B. Singh, and X. Yan (2013), Trends in land–atmosphere interactions from CMIP5 simulations, J. Hydrometeorol., 14(3),

829–849.
Dyurgerov, M. B., A. Bring, and G. Destouni (2010), Integrated assessment of changes in freshwater inflow to the Arctic Ocean, J. Geophys.

Res., 115, D12116, doi:10.1029/2009JD013060.
Edlund, S. A., and B. A. Alt (1989), Regional congruence of vegetation and summer climate patterns in the Queen Elizabeth Islands, Northwest

Territories, Canada, Arctic, 42, 3–23.
Ehsanzadeh, E., and K. Adamowski (2010), Trends in timing of low stream flows in Canada: Impact of autocorrelation and long-term per-

sistence, Hydrol. Processes, 24(8), 970–980, doi:10.1002/hyp.7533.
Ellis, C. R., J. W. Pomeroy, and T. E. Link (2013), Modeling increases in snowmelt yield and desynchronization resulting from forest gap-

thinning treatments in a northern mountain headwater basin, Water Resour. Res., 49, 936–949, doi:10.1002/wrcr.20089.
Fang, X., and J. W. Pomeroy (2008), Drought impacts on Canadian prairie wetland snow hydrology, Hydrol. Processes, 22(15), 2858–2873,

doi:10.1002/hyp.7074.
Fedorova, I., et al. (2015), Lena Delta hydrology and geochemistry: Long-term hydrological data and recent field observations,

Biogeosciences, 12(2), 345–363.
Ferone, J. M., and K. J. Devito (2004), Shallow groundwater–surface water interactions in pond–peatland complexes along a Boreal Plains

topographic gradient, J. Hydrol., 292(1–4), 75–95, doi:10.1016/j.jhydrol.2003.12.032.
Flannigan, M. D., K. A. Logan, B. D. Amiro, W. R. Skinner, and B. J. Stocks (2005), Future area burned in Canada, Clim. Change, 72(1–2), 1–16.
Frampton, A., S. Painter, S. W. Lyon, and G. Destouni (2011), Non-isothermal, three-phase simulations of near-surface flows in a model per-

mafrost system under seasonal variability and climate change, J. Hydrol., 403(3–4), 352–359, doi:10.1016/j.jhydrol.2011.04.010.
Frampton, A., S. L. Painter, and G. Destouni (2013), Permafrost degradation and subsurface-flow changes caused by surface warming trends,

Hydrogeol. J., 21(1), 271–280, doi:10.1007/s10040-012-0938-z.
Francis, J. A., D. M. White, J. J. Cassano, W. J. Gutowski, L. D. Hinzman, M. M. Holland, M. A. Steele, and C. J. Vörösmarty (2009), An arctic

hydrologic system in transition: Feedbacks and impacts on terrestrial, marine, and human life, J. Geophys. Res., 114, G04019, doi:10.1029/
2008JG000902.

Frey, K. E., and J. W. McClelland (2009), Impacts of permafrost degradation on arctic river biogeochemistry, Hydrol. Processes, 23(1), 169–182.
Gleason, C. J., and L. C. Smith (2014), Toward global mapping of river discharge using satellite images and at-many-stations hydraulic

geometry, Proc. Natl. Acad. Sci. U. S. A., 111(13), 4788–4791, doi:10.1073/pnas.1317606111.
Gordeev, V. V. (2006), Fluvial sediment flux to the Arctic Ocean, Geomorphology, 80, 94–104.
Gordeev, V. V., I. S. Zektser, R. G. Djamalov, A. V. Zhulidov, and V. A. Bryzgalo (1999), Score removal of nutrients of river runoff to the marginal

seas of the Russian Arctic, Water Resour., 26, 206–211.
Goulding, H. L., T. D. Prowse, and S. Beltaos (2009), Spatial and temporal patterns of break-up and ice-jam flooding in the Mackenzie Delta,

NWT, Hydrol. Processes, 23(18), 2654–2670.
Haine, T. W. N., et al. (2015), Arctic freshwater export: Status, mechanisms, and prospects, Global Planet. Change, 125, 13–35, doi:10.1016/

j.gloplacha.2014.11.013.
Hanna, E., P. Huybrechts, K. Steffen, J. Cappelen, R. Huff, C. Shuman, T. Irvine-Fynn, S. Wise, and M. Griffiths (2008), Increased runoff frommelt

from the Greenland Ice Sheet: A response to global warming, J. Clim., 21(2), 331–341.
Hanna, E., X. Fettweis, S. H. Mernild, J. Cappelen, M. H. Ribergaard, C. A. Shuman, K. Steffen, L. Wood, and T. L. Mote (2014), Atmospheric and

oceanic climate forcing of the exceptional Greenland ice sheet surface melt in summer 2012, Int. J. Climatol., 34(4), 1022–1037.
Harding, R. J., A. J. Dolman, D. Gerten, I. Haddeland, C. Prudhomme, and P. van Oevelen (2014), Data, models and uncertainties in the global

water cycle, in The Global Water System in the Anthropocene, edited by A. Bhaduri et al., pp. 45–58, Springer, Cham, Switzerland.
Hasholt, B., N. Bobrovitskaya, J. Bogen, J. McNamara, S. H. Mernild, D. Milburn, and D. Walling (2006), Sediment transport to the Arctic Ocean

and adjoining cold oceans, Nord. Hydrol., 37(4–5), 413–432.
Helm, V., A. Humbert, and H. Miller (2014), Elevation and elevation change of Greenland and Antarctica derived from CryoSat-2, Cryosphere,

8(4), 1539–1559.
Hinzman, L. D., et al. (2005), Evidence and Implications of recent climate change in Northern Alaska and other Arctic Regions, Clim. Change,

72(3), 251–298, doi:10.1007/s10584-005-5352-2.
Hinzman, L. D., C. J. Deal, A. D. McGuire, S. H. Mernild, I. V. Polyakov, and J. E. Walsh (2013), Trajectory of the Arctic as an integrated system,

Ecol. Appl., 23(8), 1837–1868, doi:10.1890/11-1498.1.
Holland, M. M., J. Finnis, A. P. Barrett, and M. C. Serreze (2007), Projected changes in Arctic Ocean freshwater budgets, J. Geophys. Res., 112,

G04S55, doi:10.1029/2006JG000354.
Holmes, R. M., B. J. Peterson, V. V. Gordeev, A. V. Zhulidov, M. Meybeck, R. B. Lammers, and C. J. Vörösmarty (2000), Flux of nutrients from

Russian rivers to the Arctic Ocean: Can we establish a baseline against which to judge future changes?,Water Resour. Res., 36, 2309–2320,
doi:10.1029/2000WR900099.

Journal of Geophysical Research: Biogeosciences 10.1002/2015JG003131

BRING ET AL. ARCTIC TERRESTRIAL HYDROLOGY 24

http://dx.doi.org/10.1029/2005GL022845
http://dx.doi.org/10.1029/2009GL038852
http://dx.doi.org/10.1038/nclimate1719
http://dx.doi.org/10.1029/2009JD013060
http://dx.doi.org/10.1002/hyp.7533
http://dx.doi.org/10.1002/wrcr.20089
http://dx.doi.org/10.1002/hyp.7074
http://dx.doi.org/10.1016/j.jhydrol.2003.12.032
http://dx.doi.org/10.1016/j.jhydrol.2011.04.010
http://dx.doi.org/10.1007/s10040-012-0938-z
http://dx.doi.org/10.1029/2008JG000902
http://dx.doi.org/10.1029/2008JG000902
http://dx.doi.org/10.1073/pnas.1317606111
http://dx.doi.org/10.1016/j.gloplacha.2014.11.013
http://dx.doi.org/10.1016/j.gloplacha.2014.11.013
http://dx.doi.org/10.1007/s10584-005-5352-2
http://dx.doi.org/10.1890/11-1498.1
http://dx.doi.org/10.1029/2006JG000354
http://dx.doi.org/10.1029/2000WR900099


Holmes, R. M., et al. (2011), Seasonal and annual fluxes of nutrients and organic matter from large rivers to the Arctic Ocean and surrounding
seas, Estuaries Coasts, 35(2), 369–382, doi:10.1007/s12237-011-9386-6.

Holmes, R. M., et al. (2012), Seasonal and annual fluxes of nutrients and organic matter from large rivers to the Arctic Ocean and surrounding
seas, Estuaries Coasts, 35(2), 369–382, doi:10.1007/s12237-011-9386-6.

Holmes, R. M., M. T. Coe, G. J. Fiske, T. Gurtovaya, J. W. McClelland, A. I. Shiklomanov, R. G. Spencer, S. E. Tank, and A. V. Zhulidov (2013),
Climate change impacts on the hydrology and biogeochemistry of Arctic rivers, in Climatic Change and Global Warming of Inland Waters:
Impacts and Mitigation for Ecosystems and Societies, edited by C. R. Goldman, M. Kumagai, and R. D. Robarts, pp. 3–26, John Wiley,
Hoboken, N. J.

Hu, F. S., P. E. Higuera, P. Duffy, M. L. Chipman, A. V. Rocha, A. M. Young, R. Kelly, and M. C. Dietze (2015), Arctic tundra fires: Natural variability
and responses to climate change, Front. Ecol. Environ., 13(7), 369–377.

Iijima, Y., A. N. Fedorov, H. Park, K. Suzuki, H. Yabuki, T. C. Maximov, and T. Ohata (2010), Abrupt increases in soil temperatures following
increased precipitation in a permafrost region, central Lena River basin, Russia, Permafrost Periglacial Processes, 21(1), 30–41.

Iijima, Y., T. Ohta, A. Kotani, A. N. Fedorov, Y. Kodama, and T. C. Maximov (2014), Sap flow changes in relation to permafrost degradation
under increasing precipitation in an eastern Siberian larch forest, Ecohydrology, 7(2), 177–187.

Instanes, A., V. Kokorev, R. Janowicz, O. Bruland, K. Sand, and T. D. Prowse (2016), Changes to freshwater systems affecting Arctic infra-
structure and natural resources, J. Geophys. Res. Biogeosci., 121, doi:10.1002/2015JG003125.

Jaramillo, F., and G. Destouni (2014), Developing water change spectra and distinguishing change drivers worldwide, Geophys. Res. Lett., 41,
8377–8386, doi:10.1002/2014GL061848.

Jaramillo, F., and G. Destouni (2015), Local flow regulation and irrigation raise global human water consumption and footprint, Science,
350(6265), 1248–1251, doi:10.1126/science.aad1010.

Jarsjö, J., S. M. Asokan, C. Prieto, A. Bring, and G. Destouni (2012), Hydrological responses to climate change conditioned by historic altera-
tions of land-use and water-use, Hydrol. Earth Syst. Sci., 16(5), 1335–1347, doi:10.5194/hess-16-1335-2012.

Jepsen, S. M., C. I. Voss, M. A. Walvoord, B. J. Minsley, and J. Rover (2013), Linkages between lake shrinkage/expansion and sublacustrine
permafrost distribution determined from remote sensing of interior Alaska, USA, Geophys. Res. Lett., 40, 882–887, doi:10.1002/grl.50187.

Jones, B. M., G. Grosse, C. D. Arp, M. C. Jones, K. M. Walter Anthony, and V. E. Romanovsky (2011), Modern thermokarst lake dynamics in the
continuous permafrost zone, northern Seward Peninsula, Alaska, J. Geophys. Res., 116, G00M03, doi:10.1029/2011JG001666.

Jorgenson, M. T., Y. L. Shur, and T. E. Osterkamp (2008), Thermokarst in Alaska, in Proceedings of the Ninth International Conference on
Permafrost, vol. 29, pp. 869–876, Inst. of North. Eng., Univ. of Alaska, Fairbanks, Alaska.

Kane, D. L. (1981), Physical mechanics of aufeis growth, Can. J. Civ. Eng., 8(2), 186–195.
Kane, D. L. (1997), The impact of hydrologic perturbations on arctic ecosystems induced by climate change, in Global Change and Arctic

Terrestrial Ecosystems, edited by W. C. Oechel et al., pp. 63–81, Springer, New York.
Kane, D. L., and S. L. Stuefer (2015), Reflecting on the status of precipitation data collection in Alaska: A case study, Hydrol. Res., 46, 478–493.
Kane, D. L., L. Hinzman, R. Gieck, J. McNamara, E. Youcha, and J. Oatley (2008), Contrasting extreme runoff events in areas of continuous

permafrost, Arctic Alaska, Hydrol. Res., 39, doi:10.2166/nh.2008.005.
Karlsson, J. M., A. Bring, G. D. Peterson, L. J. Gordon, and G. Destouni (2011), Opportunities and limitations to detect climate-related regime shifts

in inland Arctic ecosystems through eco-hydrological monitoring, Environ. Res. Lett., 6(1), 014015, doi:10.1088/1748-9326/6/1/014015.
Karlsson, J. M., S. W. Lyon, and G. Destouni (2012), Thermokarst lake, hydrological flow and water balance indicators of permafrost change in

western Siberia, J. Hydrol., 464–465, 459–466, doi:10.1016/j.jhydrol.2012.07.037.
Karlsson, J. M., F. Jaramillo, and G. Destouni (2015), Hydro-climatic and lake change patterns in Arctic permafrost and non-permafrost areas,

J. Hydrol., 529(Part 1), 134–145, doi:10.1016/j.jhydrol.2015.07.005.
Kaser, G., J. G. Cogley, M. B. Dyurgerov, M. F. Meier, and A. Ohmura (2006), Mass balance of glaciers and ice caps: Consensus estimates for

1961–2004, Geophys. Res. Lett., 33, L19501, doi:10.1029/2006GL027511.
Kattsov, V. M., et al. (2005), Future climate change: Modeling and scenarios for the Arctic, in Arctic Climate Impact Assessment, pp. 99–150,

Cambridge Univ. Press, Cambridge, U. K.
Kattsov, V. M., J. E. Walsh, W. L. Chapman, V. A. Govorkova, T. V. Pavlova, and X. Zhang (2007), Simulation and projection of Arctic freshwater

budget components by the IPCC AR4 global climate models, J. Hydrometeorol., 8(3), 571–589.
Kharin, V. V., F. W. Zwiers, X. Zhang, and M. Wehner (2013), Changes in temperature and precipitation extremes in the CMIP5 ensemble, Clim.

Change, 119(2), 345–357.
Kirkham, R. V., L. B. Chorlton, and J. J. Carriere (1995), Generalized geology of the world, in Generalized Geological Map of the World and

Linked Databases, Open File 2915d, Geol. Surv. of Canada.
Koch, J. C., R. L. Runkel, R. Striegl, and D. M. McKnight (2013), Hydrologic controls on the transport and cycling of carbon and nitrogen in a

boreal catchment underlain by continuous permafrost, J. Geophys. Res. Biogeosci., 118, 698–712, doi:10.1002/jgrg.20058.
Koirala, S., Y. Hirabayashi, R. Mahendran, and S. Kanae (2014), Global assessment of agreement among streamflow projections using CMIP5

model outputs, Environ. Res. Lett., 9(6), 064017, doi:10.1088/1748-9326/9/6/064017.
Koven, C. D., W. J. Riley, and A. Stern (2013), Analysis of permafrost thermal dynamics and response to climate change in the CMIP5 Earth

System Models, J. Clim., 26, doi:10.1175/JCLI-D-12-00228.1.
Krasting, J. P., A. J. Broccoli, K. W. Dixon, and J. R. Lanzante (2013), Future changes in Northern Hemisphere snowfall, J. Clim., 26(20),

7813–7828.
Laîné, A., H. Nakamura, K. Nishii, and T. Miyasaka (2014), A diagnostic study of future evaporation changes projected in CMIP5 climate

models, Clim. Dyn., 42(9–10), 2745–2761.
Lammers, R. B., A. I. Shiklomanov, C. J. Vörösmarty, B. M. Fekete, and B. J. Peterson (2001), Assessment of contemporary Arctic river runoff

based on observational discharge records, J. Geophys. Res., 106, 3321–3334, doi:10.1029/2000JD900444.
Langer, M., S. Westermann, S. Muster, K. Piel, and J. Boike (2011), The surface energy balance of a polygonal tundra site in northern Siberia.

Part 2: Winter, Cryosphere, 5, 509–524.
Latifovic, R., and D. Pouliot (2007), Analysis of climate change impacts on lake ice phenology in Canada using the historical satellite data

record, Remote Sens. Environ., 106, 492–507.
Leconte, R., M. Temimi, N. Chaouch, F. Brissette, and T. Toussaint (2008), On the use of satellite passive microwave data for estimating surface

soil wetness in the Mackenzie River Basin, in Cold Region Atmospheric and Hydrologic Studies. The Mackenzie GEWEX Experience, edited by
M.-K. Woo, pp. 59–79, Springer, Berlin.

Lehner, B., and P. Döll (2004), Development and validation of a global database of lakes, reservoirs and wetlands, J. Hydrol., 296(1), 1–22.
Lettenmaier, D. P., D. Alsdorf, J. Dozier, G. J. Huffman, M. Pan, and E. F. Wood (2015), Inroads of remote sensing into hydrologic science during

the WRR era, Water Resour. Res., 51, 7309–7342, doi:10.1002/2015WR017616.

Journal of Geophysical Research: Biogeosciences 10.1002/2015JG003131

BRING ET AL. ARCTIC TERRESTRIAL HYDROLOGY 25

http://dx.doi.org/10.1007/s12237-011-9386-6
http://dx.doi.org/10.1007/s12237-011-9386-6
http://dx.doi.org/10.1002/2015JG003125
http://dx.doi.org/10.1002/2014GL061848
http://dx.doi.org/10.1126/science.aad1010
http://dx.doi.org/10.5194/hess-16-1335-2012
http://dx.doi.org/10.1002/grl.50187
http://dx.doi.org/10.1029/2011JG001666
http://dx.doi.org/10.2166/nh.2008.005
http://dx.doi.org/10.1088/1748-9326/6/1/014015
http://dx.doi.org/10.1016/j.jhydrol.2012.07.037
http://dx.doi.org/10.1016/j.jhydrol.2015.07.005
http://dx.doi.org/10.1029/2006GL027511
http://dx.doi.org/10.1002/jgrg.20058
http://dx.doi.org/10.1088/1748-9326/9/6/064017
http://dx.doi.org/10.1175/JCLI-D-12-00228.1
http://dx.doi.org/10.1029/2000JD900444
http://dx.doi.org/10.1002/2015WR017616


Lique, C., M. M. Holland, Y. Dibike, D. M. Lawrence, and J. Screen (2016), Modeling the Arctic freshwater system and its integration in the
global system: Lessons learned and future challenges, J. Geophys. Res. Biogeosci., 121, doi:10.1002/2015JG003120.

Liston, G. E., and C. A. Hiemstra (2011), The changing cryosphere: Pan-Arctic snow trends (1979–2009), J. Clim., 24(21), 5691–5712,
doi:10.1175/JCLI-D-11-00081.1.

Liston, G. E., and S. H. Mernild (2012), Greenland freshwater runoff. Part I: A runoff routing model for glaciated and nonglaciated landscapes
(HydroFlow), J. Clim., 25(17), 5997–6014, doi:10.1175/JCLI-D-11-00591.1.

Livingstone, D. M., R. Adrian, T. Blenckner, G. George, and G. A. Weyhenmeyer (2010), Lake ice phenology, in The Impact of Climate Change on
European Lakes, edited by G. D. George, pp. 51–61, Springer, Dordrect, Netherlands.

Lyon, S. W., and G. Destouni (2010), Changes in catchment-scale recession flow properties in response to permafrost thawing in the Yukon
River Basin, Int. J. Climatol., 30(14), 2138–2145, doi:10.1002/joc.1993.

Lyon, S. W., G. Destouni, R. Giesler, C. Humborg, M. Mörth, J. Seibert, J. Karlsson, and P. A. Troch (2009), Estimation of permafrost thawing rates
in a sub-arctic catchment using recession flow analysis, Hydrol. Earth Syst. Sci., 13(5), 595–604.

Magnuson, J. J., et al. (2000), Historical trends in lake and river ice cover in the Northern Hemisphere, Science, 289(5485), 1743–1746.
Mahlstein, I., R. W. Portmann, J. S. Daniel, S. Solomon, and R. Knutti (2012), Perceptible changes in regional precipitation in a future climate,

Geophys. Res. Lett., 39, L05701, doi:10.1029/2011GL050738.
Mantua, N. J., and S. R. Hare (2002), The Pacific decadal oscillation, J. Oceanogr., 58(1), 35–44.
Marsh, P., and S. C. Bigras (1988), Evaporation from Mackenzie delta lakes, NWT, Canada, Arct. Alp. Res., 20, 220–229.
Mazi, K., A. D. Koussis, and G. Destouni (2013), Tipping points for seawater intrusion in coastal aquifers under rising sea level, Environ. Res.

Lett., 8(1), 014001.
McClelland, J. W., R. M. Holmes, B. J. Peterson, and M. Stieglitz (2004), Increasing river discharge in the Eurasian Arctic: Consideration of dams,

permafrost thaw, and fires as potential agents of change, J. Geophys. Res., 109, D18102, doi:10.1029/2004JD004583.
McClelland, J. W., S. J. Déry, B. J. Peterson, R. M. Holmes, and E. F. Wood (2006), A pan-arctic evaluation of changes in river discharge during

the latter half of the 20th century, Geophys. Res. Lett., 33, L06715, doi:10.1029/2006GL025753.
McClelland, J. W., et al. (2008), Development of a Pan-Arctic database for river chemistry, Eos Trans. AGU, 89(24), 217–218, doi:10.1029/

2008EO240001.
McClelland, J. W., S. E. Tank, R. G. M. Spencer, and A. I. Shiklomanov (2015), Coordination and sustainability of river observing activities in the

Arctic, Arctic, 68(5), 1–10.
Mernild, S. H., and G. E. Liston (2012), Greenland freshwater runoff. Part II: Distribution and trends, 1960–2010, J. Clim., 25(17), 6015–6035.
Mernild, S. H., J. K. Malmros, J. C. Yde, and N. T. Knudsen (2012), Multi-decadal marine-and land-terminating glacier recession in the

Ammassalik region, southeast Greenland, Cryosphere, 6(3), 625–639.
Mernild, S. H., G. E. Liston, and C. A. Hiemstra (2014), Northern Hemisphere glacier and ice cap surface mass balance and contribution to sea

level rise, J. Clim., 27(15), 6051–6073.
Mernild, S. H., E. Hanna, J. R. McConnell, M. Sigl, A. P. Beckerman, J. C. Yde, J. Cappelen, J. K. Malmros, and K. Steffen (2015), Greenland

precipitation trends in a long-term instrumental climate context (1890–2012): Evaluation of coastal and ice core records, Int. J. Climatol.,
35, 303–320, doi:10.1002/joc.3986.

Morgenstern, A., G. Grosse, F. Günther, I. Fedorova, and L. Schirrmeister (2011), Spatial analyses of thermokarst lakes and basins in Yedoma
landscapes of the Lena Delta, Cryosphere Discuss., 5, 1495–1545.

Mountain Research Initiative EDW Working Group (2015), Elevation-dependent warming in mountain regions of the world, Nat. Clim.
Change, 5(5), 424–430, doi:10.1038/nclimate2563.

Mu, Q., L. A. Jones, J. S. Kimball, K. C. McDonald, and S. W. Running (2009), Satellite assessment of land surface evapotranspiration for the pan-
Arctic domain, Water Resour. Res., 45, W09420, doi:10.1029/2008WR007189.

Mueller, B., et al. (2011), Evaluation of global observations-based evapotranspiration datasets and IPCC AR4 simulations, Geophys. Res. Lett.,
38, L06402, doi:10.1029/2010GL046230.

Nghiem, S. V., D. K. Hall, T. L. Mote, M. Tedesco, M. R. Albert, K. Keegan, C. A. Shuman, N. E. DiGirolamo, and G. Neumann (2012), The extreme
melt across the Greenland ice sheet in 2012, Geophys. Res. Lett., 39, L20502, doi:10.1029/2012GL053611.

Nilsson, L. M., G. Destouni, J. Berner, A. A. Dudarev, G. Mulvad, J. Ø. Odland, A. Parkinson, C. Tikhonov, A. Rautio, and B. Evengård (2013), A call
for urgent monitoring of food and water security based on relevant indicators for the Arctic, Ambio, 42(7), 816–822.

Nowak, A., and A. Hodson (2013), Hydrological response of a High-Arctic catchment to changing climate over the past 35 years: A case study
of Bayelva watershed, Svalbard, Polar Res., 32, 19,691, doi:10.3402/polar.v32i0.19691.

Olson, D. M., et al. (2001), Terrestrial ecoregions of the world: A new map of life on Earth, BioScience, 51(11), 933–938.
Overduin, P. P., M. C. Strzelecki, M. N. Grigoriev, N. Couture, H. Lantuit, D. St-Hilaire-Gravel, F. Günther, and S. Wetterich (2014), Coastal

changes in the Arctic, Geol. Soc. London Spec. Publ., 388(1), 103–129.
Overeem, I., and J. P. M. Syvitski (2010), Shifting discharge peaks in Arctic rivers, 1977–2007, Geogr. Ann. Ser. Phys. Geogr., 92(2), 285–296.
Parent, M. B., and D. Verbyla (2010), The browning of Alaska’s boreal forest, Remote Sens., 2(12), 2729–2747.
Park, H., J. Walsh, A. N. Fedorov, A. B. Sherstiukov, Y. Iijima, and T. Ohata (2013), The influence of climate and hydrological variables on

opposite anomaly in active-layer thickness between Eurasian and North American watersheds, Cryosphere, 7(2), 631–645.
Paul, F., and F. Svoboda (2010), A new glacier inventory on southern Baffin Island, Canada, from ASTER data: II. Data analysis, glacier change

and applications, Ann. Glaciol., 50(53), 22–31.
Pavelsky, T. M., and L. C. Smith (2006), Intercomparison of four global precipitation data sets and their correlation with increased Eurasian

river discharge to the Arctic Ocean, J. Geophys. Res., 111, D21112, doi:10.1029/2006JD007230.
Pearson, R. G., S. J. Phillips, M. M. Loranty, P. S. A. Beck, T. Damoulas, S. J. Knight, and S. J. Goetz (2013), Shifts in Arctic vegetation and

associated feedbacks under climate change, Nat. Clim. Change, 3(7), 673–677, doi:10.1038/nclimate1858.
Peterson, B. J., R. M. Holmes, J. W. McClelland, C. J. Vörösmarty, R. B. Lammers, A. I. Shiklomanov, I. A. Shiklomanov, and S. Rahmstorf (2002),

Increasing river discharge to the Arctic Ocean, Science, 298, 2171–2173.
Peterson, B. J., J. McClelland, R. Curry, R. M. Holmes, J. E. Walsh, and K. Aagaard (2006), Trajectory shifts in the Arctic and subarctic freshwater

cycle, Science, 313(5790), 1061–1066, doi:10.1126/science.1122593.
Prowse, T., R. Shrestha, B. Bonsal, and Y. Dibike (2010), Changing spring air-temperature gradients along large northern rivers: Implications

for severity of river-ice floods, Geophys. Res. Lett., 37, L19706, doi:10.1029/2010GL044878.
Prowse, T., K. Alfredsen, S. Beltaos, B. Bonsal, C. Duguay, A. Korhola, J. McNamara, W. F. Vincent, V. Vuglinsky, and G. A. Weyhenmeyer (2011),

Arctic freshwater ice and its climatic role, Ambio, 40(1), 46–52.
Prowse, T., A. Bring, J. Mård, and E. Carmack (2015a), Arctic Freshwater Synthesis: Introduction, J. Geophys. Res. Biogeosci., 120, 2121–2131,

doi:10.1002/2015JG003127.

Journal of Geophysical Research: Biogeosciences 10.1002/2015JG003131

BRING ET AL. ARCTIC TERRESTRIAL HYDROLOGY 26

http://dx.doi.org/10.1002/2015JG003120
http://dx.doi.org/10.1175/JCLI-D-11-00081.1
http://dx.doi.org/10.1175/JCLI-D-11-00591.1
http://dx.doi.org/10.1002/joc.1993
http://dx.doi.org/10.1029/2011GL050738
http://dx.doi.org/10.1029/2004JD004583
http://dx.doi.org/10.1029/2006GL025753
http://dx.doi.org/10.1029/2008EO240001
http://dx.doi.org/10.1029/2008EO240001
http://dx.doi.org/10.1002/joc.3986
http://dx.doi.org/10.1038/nclimate2563
http://dx.doi.org/10.1029/2008WR007189
http://dx.doi.org/10.1029/2010GL046230
http://dx.doi.org/10.1029/2012GL053611
http://dx.doi.org/10.3402/polar.v32i0.19691
http://dx.doi.org/10.1029/2006JD007230
http://dx.doi.org/10.1038/nclimate1858
http://dx.doi.org/10.1126/science.1122593
http://dx.doi.org/10.1029/2010GL044878
http://dx.doi.org/10.1002/2015JG003127


Prowse, T., A. Bring, J. M. Karlsson, E. Carmack, M. Holland, A. Instanes, T. Vihma, and F. J. Wrona (2015b), Arctic Freshwater Synthesis:
Summary of key emerging issues, J. Geophys. Res. Biogeosci., 120, 1887–1893, doi:10.1002/2015JG003128.

Prowse, T. D., and K. Brown (2010), Hydro-ecological effects of changing Arctic river and lake ice covers: A review, Hydrol. Res., 41(6), 454–461.
Prowse, T. D., et al. (2005), Terrestrial Cryospheric and Hydrologic Processes and Systems, International Conference on Arctic Research

Planning, Sci. Plan, Work. Group 7, Copenhagen, Denmark.
Quin, A., F. Jaramillo, and G. Destouni (2015), Dissecting the ecosystem service of large-scale pollutant retention: The role of wetlands and

other landscape features, Ambio, 44(1), 127–137, doi:10.1007/s13280-014-0594-8.
Quinton, W. L., T. Shirazi, S. K. Carey, and J. W. Pomeroy (2005), Soil water storage and active-layer development in a sub-alpine tundra

hillslope, southern Yukon Territory, Canada, Permafrost Periglacial Processes, 16(4), 369–382.
Quinton, W. L., M. Hayashi, and L. E. Chasmer (2011), Permafrost-thaw-induced land-cover change in the Canadian subarctic: Implications for

water resources, Hydrol. Processes, 25(1), 152–158.
Rachold, V., A. Alabyan, H.-W. Hubberten, V. N. Korotaev, and A. A. Zaitsev (1996), Sediment transport to the Laptev Sea—Hydrology and

geochemistry of the Lena River, Polar Res., 15(2), 183–196.
Rachold, V., M. N. Grigoriev, F. E. Are, S. Solomon, E. Reimnitz, H. Kassens, and M. Antonow (2000), Coastal erosion vs riverine sediment

discharge in the Arctic Shelf seas, Int. J. Earth Sci., 89(3), 450–460.
Rahmstorf, S., et al. (2005), Thermohaline circulation hysteresis: A model intercomparison, Geophys. Res. Lett., 32, L23605, doi:10.1029/

2005GL023655.
Rahmstorf, S., J. E. Box, G. Feulner, M. E. Mann, A. Robinson, S. Rutherford, and E. J. Schaffernicht (2015), Exceptional twentieth-century

slowdown in Atlantic Ocean overturning circulation, Nat. Clim. Change, 5, 475–480.
Räisänen, J. (2008), Warmer climate: Less or more snow?, Clim. Dyn., 30(2–3), 307–319.
Rawlins, M. A., M. C. Serreze, R. Schroeder, X. Zhang, and K. C. McDonald (2009), Diagnosis of the record discharge of Arctic-draining Eurasian

rivers in 2007, Environ. Res. Lett., 4(4), 045011, doi:10.1088/1748-9326/4/4/045011.
Rawlins, M. A., et al. (2010), Analysis of the Arctic system for freshwater cycle intensification: Observations and expectations, J. Clim., 23(21),

5715–5737, doi:10.1175/2010JCLI3421.1.
Raymond, P. A., J. W. McClelland, R. M. Holmes, A. V. Zhulidov, K. Mull, B. J. Peterson, R. G. Striegl, G. R. Aiken, and T. Y. Gurtovaya (2007), Flux

and age of dissolved organic carbon exported to the Arctic Ocean: A carbon isotopic study of the five largest arctic rivers, Global
Biogeochem. Cycles, 21, GB4011, doi:10.1029/2007GB002934.

Raymond, P. A., et al. (2013), Global carbon dioxide emissions from inland waters, Nature, 503(7476), 355–359, doi:10.1038/nature12760.
Rennermalm, A. K., E. F. Wood, and T. J. Troy (2010), Observed changes in pan-arctic cold-season minimum monthly river discharge, Clim.

Dyn., 35(6), 923–939.
Rennermalm, A. K., A. Bring, and T. L. Mote (2012), Spatial and scale-dependent controls on North American Pan-Arctic minimum river dis-

charge, Geogr. Anal., 44(3), 202–218, doi:10.1111/j.1538-4632.2012.00849.x.
Rouse, W. R., C. J. Oswald, J. Binyamin, C. Spence, W. M. Schertzer, P. D. Blanken, N. Bussières, and C. R. Duguay (2005), The role of northern

lakes in a regional energy balance, J. Hydrometeorol., 6(3), 291–305.
Rouse, W. R., P. D. Blanken, C. R. Duguay, C. J. Oswald, and W. M. Schertzer (2008), Climate-lake interactions, in Cold Region Atmospheric and

Hydrologic Studies. The Mackenzie GEWEX Experience, pp. 139–160, Springer, Heidelberg, Germany.
Rovansek, R. J., L. D. Hinzman, and D. L. Kane (1996), Hydrology of a tundra wetland complex on the Alaskan Arctic Coastal Plain, USA, Arct.

Alp. Res., 28, 311–317.
Rowland, J. C., et al. (2010), Arctic landscapes in transition: Responses to thawing permafrost, Eos Trans. AGU, 91(26), 229–230, doi:10.1029/

2010EO260001.
Ruhoff, A. L., A. R. Paz, L. Aragao, Q. Mu, Y. Malhi, W. Collischonn, H. R. Rocha, and S. W. Running (2013), Assessment of the MODIS global

evapotranspiration algorithm using eddy covariance measurements and hydrological modelling in the Rio Grande basin, Hydrol. Sci. J.,
58(8), 1658–1676.

Sauchyn, D. J., E. M. Barrow, R. Hopkinson, and P. R. Leavitt (2002), Aridity on the Canadian plains, Géogr. Phys. Quat., 56(2–3), 247,
doi:10.7202/009109ar.

Schindler, D. W., and W. F. Donahue (2006), An impending water crisis in Canada’s western prairie provinces, Proc. Natl. Acad. Sci. U.S.A.,
103(19), 7210–7216, doi:10.1073/pnas.0601568103.

Schuur, E. A. G., et al. (2015), Climate change and the permafrost carbon feedback, Nature, 520(7546), 171–179.
Sellers, P., M. Rienecker, S. Frolking, and D. Randall (2012), Earth System Modeling and Field Experiments in the Arctic–Boreal Zone, NASA

Workshop Rep., NASA, Hanover, Md.
Semenova, O., L. Lebedeva, and Y. Vinogradov (2013), Simulation of subsurface heat and water dynamics, and runoff generation in moun-

tainous permafrost conditions, in the Upper Kolyma River basin, Russia, Hydrogeol. J., 21(1), 107–119.
Semenova, O., L. Lebedeva, N. Volkova, I. Korenev, M. Forkel, J. Eberle, and M. Urban (2015), Detecting immediate wildfire impact on runoff in

a poorly-gauged mountainous permafrost basin, Hydrol. Sci. J., 60(7–8), 1225–1241, doi:10.1080/02626667.2014.959960.
Serreze, M. C., and C. M. Hurst (2000), Representation of mean Arctic precipitation from NCEP-NCAR and ERA reanalyses, J. Clim., 13(1),

182–201.
Serreze, M. C., A. P. Barrett, A. G. Slater, R. A. Woodgate, K. Aagaard, R. B. Lammers, M. Steele, R. Moritz, M. Meredith, and C. M. Lee (2006), The

large-scale freshwater cycle of the Arctic, J. Geophys. Res., 111, C11010, doi:10.1029/2005JC003424.
Shahgedanova, M., G. Nosenko, I. Bushueva, and M. Ivanov (2012), Changes in area and geodetic mass balance of small glaciers, Polar Urals,

Russia, 1950–2008, J. Glaciol., 58(211), 953–964.
Shaw, D. A., G. Vanderkamp, F. M. Conly, A. Pietroniro, and L. Martz (2012), The fill–spill hydrology of prairie wetland complexes during

drought and deluge, Hydrol. Processes, 26(20), 3147–3156, doi:10.1002/hyp.8390.
Sheng, Y., L. C. Smith, G. M. MacDonald, K. V. Kremenetski, K. E. Frey, A. A. Velichko, M. Lee, D. W. Beilman, and P. Dubinin (2004), A high-

resolution GIS-based inventory of the west Siberian peat carbon pool, Global Biogeochem. Cycles, 18, GB3004, doi:10.1029/2003GB002190.
Shiklomanov, A. I., and R. B. Lammers (2009), Record Russian river discharge in 2007 and the limits of analysis, Environ. Res. Lett., 4(4), 045015,

doi:10.1088/1748-9326/4/4/045015.
Shiklomanov, A. I., R. B. Lammers, and C. J. Vörösmarty (2002), Widespread decline in hydrological monitoring threatens pan-Arctic research,

Eos Trans. AGU, 83, 13–17, doi:10.1029/2002EO000007.
Shiklomanov, A. I., T. I. Yakovleva, R. B. Lammers, I. P. Karasev, C. J. Vörösmarty, and E. Linder (2006), Cold region river discharge uncertainty—

Estimates from large Russian rivers, J. Hydrol., 326, 231–256.
Shiklomanov, A. I., R. B. Lammers, M. A. Rawlins, L. C. Smith, and T. M. Pavelsky (2007), Temporal and spatial variations in maximum river

discharge from a new Russian data set, J. Geophys. Res., 112, G04S53, doi:10.1029/2006JG000352.

Journal of Geophysical Research: Biogeosciences 10.1002/2015JG003131

BRING ET AL. ARCTIC TERRESTRIAL HYDROLOGY 27

http://dx.doi.org/10.1002/2015JG003128
http://dx.doi.org/10.1007/s13280-014-0594-8
http://dx.doi.org/10.1029/2005GL023655
http://dx.doi.org/10.1029/2005GL023655
http://dx.doi.org/10.1088/1748-9326/4/4/045011
http://dx.doi.org/10.1175/2010JCLI3421.1
http://dx.doi.org/10.1029/2007GB002934
http://dx.doi.org/10.1038/nature12760
http://dx.doi.org/10.1111/j.1538-4632.2012.00849.x
http://dx.doi.org/10.1029/2010EO260001
http://dx.doi.org/10.1029/2010EO260001
http://dx.doi.org/10.7202/009109ar
http://dx.doi.org/10.1073/pnas.0601568103
http://dx.doi.org/10.1080/02626667.2014.959960
http://dx.doi.org/10.1029/2005JC003424
http://dx.doi.org/10.1002/hyp.8390
http://dx.doi.org/10.1029/2003GB002190
http://dx.doi.org/10.1088/1748-9326/4/4/045015
http://dx.doi.org/10.1029/2002EO000007
http://dx.doi.org/10.1029/2006JG000352


Sillmann, J., V. V. Kharin, F. W. Zwiers, X. Zhang, and D. Bronaugh (2013), Climate extremes indices in the CMIP5 multimodel ensemble: Part 2.
Future climate projections, J. Geophys. Res. Atmos., 118, 2473–2493, doi:10.1002/jgrd.50188.

Sjöberg, Y., A. Frampton, and S. W. Lyon (2013), Using streamflow characteristics to explore permafrost thawing in northern Swedish
catchments, Hydrogeol. J., 21(1), 121–131, doi:10.1007/s10040-012-0932-5.

Slater, A. G., and D. M. Lawrence (2013), Diagnosing present and future permafrost from climate models, J. Clim., 26(15), 5608–5623.
Slaughter, C. W., J. W. Hilgert, and E. H. Culp (1983), Summer streamflow and sediment yield from discontinuous-permafrost headwaters

catchments, in Proceedings, Fourth International Conference on Permafrost, pp. 1172–1177, Natl. Acad. Press, Washington, D. C.
Smith, K. B., C. E. Smith, S. F. Forest, and A. J. Richard (2007), A Field Guide to the Wetlands of the Boreal Plains Ecozone of Canada, Ducks

Unlimited Canada, West Boreal Off., Edmonton, Alberta.
Smith, L. C., and T. M. Pavelsky (2008), Estimation of river discharge, propagation speed, and hydraulic geometry from space: Lena River,

Siberia, Water Resour. Res., 44, W03427, doi:10.1029/2007WR006133.
Smith, L. C., Y. Sheng, G. M. MacDonald, and L. D. Hinzman (2005), Disappearing Arctic lakes, Science, 308(5727), 1429, doi:10.1126/

science.1108142.
Smith, L. C., T. M. Pavelsky, G. M. MacDonald, A. I. Shiklomanov, and R. B. Lammers (2007), Rising minimum daily flows in northern Eurasian

rivers: A growing influence of groundwater in the high-latitude hydrologic cycle, J. Geophys. Res., 112, G04S47, doi:10.1029/
2006JG000327.

Smith, L. C., et al. (2015), Efficient meltwater drainage through supraglacial streams and rivers on the southwest Greenland ice sheet, Proc.
Natl. Acad. Sci. U.,S.A., 112(4), 1001–1006, doi:10.1073/pnas.1413024112.

Spence, C., and M. Woo (2002), Hydrology of subarctic Canadian Shield: Bedrock upland, J. Hydrol., 262(1), 111–127.
Spence, C., and M. Woo (2003), Hydrology of subarctic Canadian shield: Soil-filled valleys, J. Hydrol., 279(1), 151–166.
Spence, C., S. V. Kokelj, S. A. Kokelj, M. McKluskie, and N. Hedstrom (2014), Evidence of a change in water chemistry in Canada’s subarctic

associated with enhanced winter streamflow, J. Geophys. Res. Biogeosci., 120, 113–127, doi:10.1002/2014JG002809.
St. Jacques, J.-M., and D. J. Sauchyn (2009), Increasing winter baseflow andmean annual streamflow from possible permafrost thawing in the

Northwest Territories, Canada, Geophys. Res. Lett., 36, L01401, doi:10.1029/2008GL035822.
Stocks, B. J., et al. (1998), Climate change and forest fire potential in Russian and Canadian boreal forests, Clim. Change, 38(1), 1–13.
Strandmark, A., A. Bring, S. A. O. Cousins, G. Destouni, H. Kautsky, G. Kolb, M. de la Torre Castro, and P. A. Hambäck (2015), Climate change

effects in the borderland between land and sea: An overseen issue, Ambio, 44(Suppl. 1), 28–38, doi:10.1007/s13280-014-0586-8.
Stuefer, S., D. Yang, and A. Shiklomanov (2011), Effect of streamflow regulation on mean annual discharge variability of the Yenisei River, in

Cold Regions Hydrology in a Changing Climate, edited by D. Yang, P. Marsh, and A. Gelfan, pp. 27–32, International Association of
Hydrological Sciences, Wallingford, U. K.

Stuefer, S., D. L. Kane, and G. E. Liston (2013), In situ snow water equivalent observations in the US Arctic, Hydrol. Res., 44(1), 21–34.
Sturm, M., J. Holmgren, J. P. McFadden, G. E. Liston, F. S. Chapin, and C. H. Racine (2001), Snow-shrub interactions in arctic tundra: A

hypothesis with climatic implications, J. Clim., 14(3), 336–344.
Sturm, M., T. Douglas, C. Racine, and G. E. Liston (2005), Changing snow and shrub conditions affect albedo with global implications,

J. Geophys. Res., 110, G01004, doi:10.1029/2005JG000013.
Su, F., J. C. Adam, L. C. Bowling, and D. P. Lettenmaier (2005), Streamflow simulations of the terrestrial Arctic domain, J. Geophys. Res., 110,

D08112, doi:10.1029/2004JD005518.
Sun, G., A. Noormets, J. Chen, and S. G. McNulty (2008), Evapotranspiration estimates from eddy covariance towers and hydrologic modeling

in managed forests in Northern Wisconsin, USA, Agric. For. Meteorol., 148(2), 257–267.
Syvitski, J. P., et al. (2005), Dynamics of the coastal zone, in Coastal Fluxes in the Anthropocene, pp. 39–94, Springer, Heidelberg, Germany.
Tan, A., J. C. Adam, and D. P. Lettenmaier (2011), Change in spring snowmelt timing in Eurasian Arctic rivers, J. Geophys. Res., 116, D03101,

doi:10.1029/2010JD014337.
Tank, S. E., P. A. Raymond, R. G. Striegl, J. W. McClelland, R. M. Holmes, G. J. Fiske, and B. J. Peterson (2012), A land-to-ocean perspective on the

magnitude, source and implication of DIC flux from major Arctic rivers to the Arctic Ocean, Global Biogeochem. Cycles, 26, GB4018,
doi:10.1029/2011GB004192.

Tape, K., M. Sturm, and C. Racine (2006), The evidence for shrub expansion in Northern Alaska and the Pan-Arctic, Global Change Biol., 12(4),
686–702.

Tape, K., J. M. Hallinger, J. M. Welker, and R. W. Ruess (2012), Landscape heterogeneity of shrub expansion in Arctic Alaska, Ecosystems, 15,
711–724.

Tetzlaff, D., J. Buttle, S. K. Carey, K. McGuire, H. Laudon, and C. Soulsby (2015), Tracer-based assessment of flow paths, storage and runoff
generation in northern catchments: A review, Hydrol. Processes, 29, 3475–3490, doi:10.1002/hyp.10412.

Törnqvist, R., J. Jarsjö, J. Pietroń, A. Bring, P. Rogberg, S. M. Asokan, and G. Destouni (2014), Evolution of the hydro-climate system in the Lake
Baikal basin, J. Hydrol., 519, 1953–1962, doi:10.1016/j.jhydrol.2014.09.074.

Troy, T. J., J. Sheffield, and E. F. Wood (2012), The role of winter precipitation and temperature on northern Eurasian streamflow trends,
J. Geophys. Res., 117, D05131, doi:10.1029/2011JD016208.

Turcotte, B., B. Morse, N. E. Bergeron, and A. G. Roy (2011), Sediment transport in ice-affected rivers, J. Hydrol., 409(1), 561–577.
Van der Ent, R. J., H. H. Savenije, B. Schaefli, and S. C. Steele-Dunne (2010), Origin and fate of atmospheric moisture over continents, Water

Resour. Res., 46, W09525, doi:10.1029/2010WR009127.
Van der Velde, Y., N. Vercauteren, F. Jaramillo, S. C. Dekker, G. Destouni, and S. W. Lyon (2014), Exploring hydroclimatic change disparity via

the Budyko framework, Hydrol. Processes, 28(13), 4110–4118, doi:10.1002/hyp.9949.
Van Vliet, M. T. H., W. H. P. Franssen, J. R. Yearsley, F. Ludwig, I. Haddeland, D. P. Lettenmaier, and P. Kabat (2013), Global river discharge and

water temperature under climate change, Global Environ. Change, 23(2), 450–464, doi:10.1016/j.gloenvcha.2012.11.002.
Vaughan, D. G., et al. (2013), Observations: Cryosphere, in Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to

the Fifth Assessment Report of the Intergovernmental Panel on Climate Change, edited by T. F. Stocker et al., pp. 317–382, Cambridge Univ.
Press, Cambridge, U. K.

Verbyla, D. (2011), Browning boreal forests of western North America, Environ. Res. Lett., 6(4), 041003.
Vernon, C. L., J. L. Bamber, J. E. Box, M. R. Van den Broeke, X. Fettweis, E. Hanna, and P. Huybrechts (2013), Surface mass balance model

intercomparison for the Greenland ice sheet, Cryosphere, 7, 599–614.
Vihma, T., J. Screen, M. Tjernström, B. Newton, X. Zhang, V. Popova, C. Deser, M. Holland, and T. D. Prowse (2016), The atmospheric role in the

Arctic water cycle: Processes, past and future changes, and their impacts, J. Geophys. Res. Biogeosci., 121, doi:10.1002/2015JG003132.
Walsh, J. E., J. E. Overland, P. Y. Groisman, and B. Rudolf (2011), Ongoing climate change in the Arctic, Ambio, 40(1), 6–16, doi:10.1007/s13280-

011-0211-z.

Journal of Geophysical Research: Biogeosciences 10.1002/2015JG003131

BRING ET AL. ARCTIC TERRESTRIAL HYDROLOGY 28

http://dx.doi.org/10.1002/jgrd.50188
http://dx.doi.org/10.1007/s10040-012-0932-5
http://dx.doi.org/10.1029/2007WR006133
http://dx.doi.org/10.1126/science.1108142
http://dx.doi.org/10.1126/science.1108142
http://dx.doi.org/10.1029/2006JG000327
http://dx.doi.org/10.1029/2006JG000327
http://dx.doi.org/10.1073/pnas.1413024112
http://dx.doi.org/10.1002/2014JG002809
http://dx.doi.org/10.1029/2008GL035822
http://dx.doi.org/10.1007/s13280-014-0586-8
http://dx.doi.org/10.1029/2005JG000013
http://dx.doi.org/10.1029/2004JD005518
http://dx.doi.org/10.1029/2010JD014337
http://dx.doi.org/10.1029/2011GB004192
http://dx.doi.org/10.1002/hyp.10412
http://dx.doi.org/10.1016/j.jhydrol.2014.09.074
http://dx.doi.org/10.1029/2011JD016208
http://dx.doi.org/10.1029/2010WR009127
http://dx.doi.org/10.1002/hyp.9949
http://dx.doi.org/10.1016/j.gloenvcha.2012.11.002
http://dx.doi.org/10.1002/2015JG003132
http://dx.doi.org/10.1007/s13280-011-0211-z
http://dx.doi.org/10.1007/s13280-011-0211-z


Walvoord, M. A., and R. G. Striegl (2007), Increased groundwater to stream discharge from permafrost thawing in the Yukon River basin:
Potential impacts on lateral export of carbon and nitrogen, Geophys. Res. Lett., 34, L12402, doi:10.1029/2007GL030216.

Walvoord, M. A., C. I. Voss, and T. P. Wellman (2012), Influence of permafrost distribution on groundwater flow in the context of climate-
driven permafrost thaw: Example from Yukon Flats Basin, Alaska, United States, Water Resour. Res., 48, W07524, doi:10.1029/
2011WR011595.

White, D. M., S. Craig Gerlach, P. Loring, A. C. Tidwell, and M. C. Chambers (2007), Food and water security in a changing arctic climate,
Environ. Res. Lett., 2(4), 045018, doi:10.1088/1748-9326/2/4/045018.

Woo, M. (1986), Permafrost Hydrology in North America1, Atmos. Ocean, 24(3), 201–234.
Woo, M., and C. Mielko (2007), An integrated framework of lake-stream connectivity for a semi-arid, subarctic environment, Hydrol. Processes,

21(19), 2668–2674.
Woo, M.-K., and R. Thorne (2003), Streamflow in the Mackenzie Basin, Canada, Arctic, 56, 328–340.
Woo, M.-K., and R. Thorne (2014), Winter flows in the Mackenzie drainage system, Arctic, 67(2), 238–256.
World Glacier Monitoring Service (2013), Glacier Mass Balance Bulletin No. 12 (2010-2011), edited by M. Zemp, 106 pp., ICSU(WDS)/IUGG

(IACS)/UNEP/ UNESCO/WMO, World Glacier Monitoring Service, Zurich, Switzerland, doi:10.5904/wgms-fog-2013-11.
Wrona, F. J., M. Johansson, J. M. Culp, A. Jenkins, J. Mård, I. H. Myers-Smith, T. D. Prowse, W. F. Vincent, and P. A. Wookey (2016), Transitions in

Arctic ecosystems: Ecological implications of a changing hydrological regime, J. Geophys. Res. Biogeosci., 121, doi:10.1002/2015JG003133.
Yang, D., D. L. Kane, L. D. Hinzman, X. Zhang, T. Zhang, and H. Ye (2002), Siberian Lena River hydrologic regime and recent change, J. Geophys.

Res., 107(D23), 4694, doi:10.1029/2002JD002542.
Yang, D., B. Ye, and A. Shiklomanov (2004a), Discharge characteristics and changes over the Ob River watershed in Siberia, J. Hydrometeorol.,

5(4), 595–610, doi:10.1175/1525-7541(2004)005<0595:DCACOT>2.0.CO;2.
Yang, D., B. Ye, and D. L. Kane (2004b), Streamflow changes over Siberian Yenisei river basin, J. Hydrol., 296(1–4), 59–80, doi:10.1016/j.

jhydrol.2004.03.017.
Yang, D., D. Kane, Z. Zhang, D. Legates, and B. Goodison (2005), Bias corrections of long-term (1973–2004) daily precipitation data over the

northern regions, Geophys. Res. Lett., 32, L19501, doi:10.1029/2005GL024057.
Yang, D., X. Shi, and P. Marsh (2014), Variability and extreme of Mackenzie River daily discharge during 1973–2011, Quat. Int., 380-381,

159–168, doi:10.1016/j.quaint.2014.09.023.
Ye, B., D. Yang, Z. Zhang, and D. L. Kane (2009), Variation of hydrological regime with permafrost coverage over Lena Basin in Siberia,

J. Geophys. Res., 114, D07102, doi:10.1029/2008JD010537.
Ye, H., D. Yang, and D. Robinson (2008), Winter rain on snow and its association with air temperature in northern Eurasia, Hydrol. Processes,

22(15), 2728–2736.
Zhang, H., G. H. Huang, D. Wang, and X. Zhang (2011), Uncertainty assessment of climate change impacts on the hydrology of small prairie

wetlands, J. Hydrol., 396(1–2), 94–103, doi:10.1016/j.jhydrol.2010.10.037.
Zhang, K., J. S. Kimball, Q. Mu, L. A. Jones, S. J. Goetz, and S. W. Running (2009), Satellite based analysis of northern ET trends and associated

changes in the regional water balance from 1983 to 2005, J. Hydrol., 379(1), 92–110.
Zhang, X., A. Sorteberg, J. Zhang, R. Gerdes, and J. C. Comiso (2008), Recent radical shifts of atmospheric circulations and rapid changes in

Arctic climate system, Geophys. Res. Lett., 35, L22701, doi:10.1029/2008GL035607.
Zhang, X., J. He, J. Zhang, I. Polyakov, R. Gerdes, J. Inoue, and P. Wu (2013), Enhanced poleward moisture transport and amplified northern

high-latitude wetting trend, Nat. Clim. Change, 3(1), 47–51, doi:10.1038/nclimate1631.

Journal of Geophysical Research: Biogeosciences 10.1002/2015JG003131

BRING ET AL. ARCTIC TERRESTRIAL HYDROLOGY 29

http://dx.doi.org/10.1029/2007GL030216
http://dx.doi.org/10.1029/2011WR011595
http://dx.doi.org/10.1029/2011WR011595
http://dx.doi.org/10.1088/1748-9326/2/4/045018
http://dx.doi.org/10.1002/2015JG003133
http://dx.doi.org/10.1002/2015JG003133
http://dx.doi.org/10.1029/2002JD002542
http://dx.doi.org/10.1016/j.jhydrol.2004.03.017
http://dx.doi.org/10.1016/j.jhydrol.2004.03.017
http://dx.doi.org/10.1029/2005GL024057
http://dx.doi.org/10.1016/j.quaint.2014.09.023
http://dx.doi.org/10.1029/2008JD010537
http://dx.doi.org/10.1016/j.jhydrol.2010.10.037
http://dx.doi.org/10.1029/2008GL035607
http://dx.doi.org/10.1038/nclimate1631

