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Changing freshwater contributions to the Arctic:
A 90-year trend analysis (1981-2070)

Tricia A. Stadnyk1,2,*, A.Tefs1, M. Broesky2, S. J. Déry3, P. G. Myers4, N. A. Ridenour4,
K. Koenig5, L. Vonderbank6, and D. Gustafsson7

The pan-Arctic domain is undergoing some of Earth’s most rapid and significant changes resulting from
anthropogenic and climate-induced alteration of freshwater distribution. Changes in terrestrial freshwater
discharge entering the Arctic Basin from pan-Arctic watersheds significantly impact oceanic circulation and
sea ice dynamics. Historical streamflow records in high-latitude basins are often discontinuous (seasonal or
with large temporal gaps) or sparse (poor spatial coverage), however, making trends from observed records
difficult to quantify. Our objectives were to generate a more continuous 90-year record (1981–2070) of
spatially distributed freshwater flux for the Arctic Basin (all Arctic draining rivers, including the Yukon),
suitable for forcing ocean models, and to analyze the changing simulated trends in freshwater discharge
across the domain. We established these data as valid during the historical period (1971–2015) and then
used projected futures (preserving uncertainty by running a coupled climate-hydrologic ensemble) to analyze
long-term (2021–2070) trends for major Arctic draining rivers. When compared to historic trends reported in
the literature, we find that trends are projected to nearly double by 2070, with river discharge to the Arctic
Basin increasing by 22% (on average) by 2070. We also find a significant trend toward earlier onset of spring
freshet and a general flattening of the average annual hydrograph, with a trend toward decreasing
seasonality of Arctic freshwater discharge with climate change and regulation combined. The coupled
climate-hydrologic ensemble was then used to force an ocean circulation model to simulate freshwater
content and thermohaline circulation. This research provides the marine research community with a daily
time series of historic and projected freshwater discharge suitable for forcing sea ice and ocean models.
Although important, this work is only a first step in mapping the impacts of climate change on the pan-Arctic
region.
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1. Introduction
The Arctic is currently in a period of rapid transition owing
to amplified climate change. Although average global
warming has reached slightly above 1 �C, the Arctic region
is already experiencing up to 2 �C warming and is highly
sensitive to climate change. Warming in polar regions is
projected to increase at rates of 1.5–4.5 times greater than
the remainder of the Northern Hemisphere (Holland and
Bitz, 2003). Climate simulations over Hudson Bay show
the northern Foxe Basin to be 0.64 �C–1.65 �C warmer
than lower-latitude subregions (i.e., Nelson River), and up
to 40%–136% wetter, on average, by the 2050s and

2070s, respectively (Braun et al., n.d.). Approximately 40
million people would be affected by hydrological changes
in Arctic rivers, particularly in regions like Canada where
more than 60% of the landmass drains northward (Déry et
al., 2011).

Freshwater discharge to the Arctic Basin impacts ocean
salinity as well as marine processes including sea ice for-
mation and thermohaline circulation. Oceanographers
typically define freshwater as the amount of zero salinity
water contained in a volume compared to a reference
salinity; Arctic Ocean freshwater budgets have been com-
puted and updated since Aagaard and Carmack (1989).
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Recent work (e.g., Haine et al., 2015) suggests that during
the period 1980–2000, the Arctic Ocean had a freshwater
storage of around 93,000 km3 relative to the Basin’s aver-
age salinity of 34.8, with input from Bering Strait, precip-
itation minus evaporation, and runoff being balanced by
exchange with the Atlantic Ocean. Haine et al. (2015)
suggest that river runoff is the largest of the freshwater
sources. The end result is a highly stratified basin, with
a coastal riverine domain (Carmack et al., 2015), signifi-
cant freshwater storage in the Beaufort Gyre (e.g., Proshu-
tinsky et al., 2019), and transport across the Basin in the
Transpolar Drift.

Arctic freshwater content has been increasing signifi-
cantly over recent years (e.g., Haine et al., 2015), which is
consistent with observations of enhanced river discharge
(e.g., Morison et al., 2012), as well as with increased
exchange at Bering Strait (Woodgate et al., 2006). Export
of low salinity Arctic water has been shown to have sig-
nificant impacts on the Atlantic Ocean in the past (e.g.,
Dickson et al., 1988; Curry and Mauritzen, 2005). Thus,
some authors have speculated that future increases in
Arctic freshening and export might potentially impact
deep water formation in the Labrador Sea (e.g., Yang
et al., 2016) and the Atlantic meridional overturning
circulation (AMOC; e.g., Wang et al., 2018), both of which
regulate global climate patterns.

Across Arctic-draining continental landmasses, changes
in air temperature and precipitation affect both the
amount and timing of streamflow and runoff production.
Climate models anticipate the pan-Arctic domain becom-
ing wetter in a warmer world (MacDonald et al., 2018).
Studies of Arctic streamflow are now more frequent, with
observations ubiquitously indicating increasing river dis-
charge in recent years (Peterson et al., 2002; Arnell, 2005;
Bring et al., 2017). Several studies have examined the
largest Arctic rivers, with some focusing on differences
between North American and Eurasian flows (Gelfan
et al., 2017), reporting the largest increases occurring
around Alaska (Arnell, 2005). Increased moisture trans-
port and convergence over large terrestrial basins may
explain, in part, the sharp increases observed in Eurasian
discharge (Zhang et al., 2013). Discharge from rivers in
northern Canada declined significantly until 1990 and
subsequently began to increase, following Eurasian trends
(Déry et al., 2009). What led to this reversal in trend and
its persistence, or whether it is part of (inter)decadal
variability within the climate system, is not known.

Changes in continental flow regimes have also been
imposed by increasing anthropogenic development and
river control due to regulation (Dynesius and Nilsson,
1994), defined here as the control of river stage or dis-
charge for human consumptive or energy production
needs. In some cases, regulation at continental scales has
been identified as a more significant influence than cli-
mate change (Arheimer et al., 2017). Both climate change
and regulation are likely to increase winter low flows,
contributing to decreased freshwater seasonality. Global
climate models (GCMs) project atmospheric warming
which can increase precipitation and evapotranspiration
across the Northern Hemisphere and may also contribute

to earlier and more frequent melt events, resulting in
a lower spring freshet. Large water infrastructure involved
in regulation, such as large dams and reservoirs, is known
to alter the seasonality of flow (Déry et al., 2018).

Permafrost thaw and forest fires under climate change
are also anticipated to have a significant impact on pan-
Arctic discharge (McClelland et al., 2004). Processes like
evapotranspiration and precipitation that are closely inter-
connected determine the amount of runoff produced
from a region. Generally, evapotranspiration returns less
water into the air than what is precipitated, particularly in
the cool, vegetation-sparse Arctic. As the atmosphere
warms, its water-holding capacity increases, which poten-
tially results in increased precipitation and enhanced veg-
etation growth. Transpiration amounts are highly
dependent on vegetation cover and soil type, adding
increased uncertainty under future projections. Observed
increases in winter flow have been attributed to increasing
late autumn rain, permafrost thaw, and increasing ground-
water contributions to runoff (Bring and Destouni, 2011).
These “alternative mechanisms” affect the seasonality of
flow but are typically considered as not significant enough
to account for increasing freshwater volumes (Durocher
et al., 2019). McClelland et al. (2004) concluded the
positive trends in 20th-century Eurasian discharge could
not be solely explained by permafrost degradation, forest
fire activity, or dams.

Owing to the large contributing area, remoteness of the
pan-Arctic domain, and significant gaps in observational
records, the reasons for, and impacts of, changing fresh-
water discharge on the Arctic marine system are largely
unknown. Although some work on this topic has occurred
within the oceanographic community, simulations have
relied largely on simplified runoff fields. Nummelin
et al. (2015) used a simple one-dimensional column
model to show that future increases in Arctic runoff will
likely lead to enhanced stratification, with enhanced
warming below the stratified layer. With idealized runoff
perturbations (increases) ranging from 10% to 150%,
Nummelin et al. (2016) showed that their idealized results
were robust with a coarse resolution climate model.
Pemberton and Nilsson (2016) performed runoff sensitiv-
ity experiments in an ocean/sea-ice model that enhanced
runoff and shallowed the halocline, while also modifying
the Atlantic water inflow. Lambert et al. (2019) used a cli-
mate response function approach to show the diffusion of
heat and salt in the Arctic increased under enhanced run-
off, eventually leading to enhanced advective imports of
salt and heat into the Arctic.

The objective of this study was to generate a more
temporally and spatially continuous 90-year record of Arc-
tic freshwater discharge to (1) identify significant spatial
and temporal trends in pan-Arctic freshwater discharge,
(2) identify the influence of river regulation on identified
trends, and (3) assess the impact of dynamic freshwater
forcing on long-term simulation of ocean freshwater
content. We derived a 90-year record of freshwater dis-
charge to the pan-Arctic domain using the Arctic-
HYdrological Predictions for the Environment (A-HYPE)
hydrological model across both historic and future periods

Art. 9(1) page 2 of 26 Stadnyk et al: Changing freshwater contributions to the Arctic
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/9/1/00098/464556/elem

enta.2020.00098.pdf by Inception Technologies Inc, M
ike  D

ussa  on 01 June 2021



(1981–2070). We applied five GCM simulations to drive
the pan-Arctic hydrologic model and generate a continu-
ous 90-year sequence of freshwater discharge. Focusing on
the 12 largest Arctic rivers (by volume), we assessed overall
and moving-window 30-year period trends in freshwater
inflow, quantiles of river discharge, and the net impact on
ocean salinity in the Arctic Ocean. This work was under-
taken as part of the BaySys project and was the first step in
providing a more continuous and spatially congruent
freshwater discharge product for long-term simulations
within the Nucleus for European Modelling of the Ocean
(NEMO) Ocean model, although this forcing data set
would work for any ocean general circulation model.

2. Pan-Arctic drainage basin
The total land area contributing water to the Arctic Ocean
and its adjacent seas is estimated to be 23.1 million km2

spanning three continents and seven countries (Figure 1).
Relative to other continental drainage basins, the pan-

Arctic domain generates a high amount of runoff (and
therefore river discharge) relative to its land area. The bulk
of the pan-Arctic discharge originates from the Eurasian
and North American landmasses, contributing directly to
the Arctic Ocean, with some exceptions. For example, the
Yukon River is considered one of the 12 largest (by vol-
ume) pan-Arctic rivers but does not contribute directly to
the Arctic Ocean, instead entering the Pacific Ocean south
of Bering Strait; we include the Yukon River in our anal-
yses, however, because it is part of the terrestrial pan-
Arctic basin. The 12 largest pan-Arctic rivers (by volume)
are listed in Table 1, along with their observed mean
annual discharge (outlet contributions, without upstream
diversion), percentage of total pan-Arctic discharge, and
contributing area. The Koksoak is the 12th ranked river
because its estimated “virgin mean annual discharge” is
2,420 m3 s–1 (Dynesius and Nilsson, 1994), which is what
A-HYPE approximates but is considerably less than what is
observed. Together, these 12 rivers represent 57% of total

Figure 1. Pan-Arctic domain indicating 12 largest river basins (by average annual volume) simulated by Arctic-
HYdrological Predictions for the Environment. Basins in red contain no explicit regulation modeling and drain
into the Hudson Bay Complex (HBC), basins in green contain regulation modeling and drain into the HBC, and
basins in blue contain limited explicit regulation modeling and drain directly to the Arctic Ocean. Dam locations (red
dots) are those modeled with some degree of regulation. DOI: https://doi.org/10.1525/elementa.2020.00098.f1
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pan-Arctic discharge from 17.5 million km2 of the terres-
trial drainage area (or 81% of total Arctic basin discharge
from 82% of the pan-Arctic domain).

Greenland was excluded from our definition of the pan-
Arctic drainage basin because it is an ice sheet–dominated
landscape with little ice-free area (i.e., approximately 20%).
Tundra-derived runoff was estimated by Bamber et al.
(2012) to be only approximately 10% of the total freshwa-
ter flux from Greenland. In recent decades, however, glacier
melt has been thought to contribute substantial freshwater
runoff from the Greenland coast ( Dukhovskoy et al., 2016;
Bamber et al., 2018). Studies validating the role of
Greenland-derived freshwater in Arctic Ocean thermohaline
circulation are few (Bamber et al., 2012; Straneo and Heim-
bach, 2013; Yang et al., 2016). Greenland was omitted from
our domain of analysis, similarly to other freshwater studies
in the Arctic (Bring et al., 2017).

The majority of pan-Arctic river basins exhibit typical
polar climates with low average annual and mean variabil-
ity in temperature and significant cloud cover (60%–80%;
Serreze and Barry, 2014). At these high latitudes, polar
night exists during winter, along with cold temperatures
and relatively stable weather systems. Summers bring more
frequent cyclones and instability, with possible rain or
snow, and are characterized by midnight sun. Parts of these
river basins, however, have their headwaters at much lower
latitudes, which are characterized by boreal and prairie
ecoregions with typical continental climates. The majority
of the pan-Arctic basin reside within the polar and cold
Köppen Geiger (KPn) classifications (Kottek et al., 2006)

as defined from the historic period (1981–2015), though
recent studies suggest that these classifications may change
in future periods (Rubel and Kottek, 2010). KPn classifica-
tions are used to define and parameterize processes within
the HYPE model (Arheimer et al., 2020).

Several of the largest pan-Arctic rivers, both Eurasian
and North American, are affected significantly by river
regulation, complicating freshwater discharge modeling
and trend analyses (Vörösmarty et al., 2003; Shiklomanov
and Lammers, 2009; Grill et al., 2015, 2019). Within the
pan-Arctic domain lies the Hudson Bay Drainage Basin
(HBDB), a terrestrial basin encompassing 3.98 million
km2 or roughly 15% of the total pan-Arctic domain. This
subregion drains nearly one-third of the Canadian conti-
nental landmass and represents the study area for the
BaySys group of projects. An extensive study of the relative
impacts of climate change and human regulation was
conducted within this subregion, including for freshwater
discharge, as part of the BaySys project (Tefs, 2018; Tefs et
al., 2021). To better understand the impacts of pan-Arctic
domain river regulation on trend detection and analysis,
we undertook a comparison of trends from regulated an-
d nonregulated rivers within the HBDB subregion (see
Figure 1).

3. Methods
To generate a 90-year record of freshwater discharge
across the entire pan-Arctic domain (1981–2070), we com-
bined over 20 years of observed hydrometric records ob-
tained from the Arctic-HYdrological Cycle Observing

Table 1. Twelve largest pan-Arctic rivers (by volume) simulated in A-HYPE. DOI: https://doi.org/10.1525/
elementa.2020.00098.t1

River Basin

Observeda Mean Daily

Discharge (m3 s–1) Estimated Drainage Areab (km2) Continent

Contribution to Total

Pan-Arctic Discharge (%)

Yenisey 19,499 2,442,735 Eurasia 10.4

Lena 17,773 2,418,974 Eurasia 9.5

Ob 12,889 2,917,508 Eurasia 11.0

Mackenzie 9,211 1,717,754 North America 5.7

Khatanga 6,757 264,999 Eurasia 0.8

Yukon 6,576 820,856 North America 3.4

Pechora 4,823 312,041 Eurasia 2.3

Severnaya Dvina 3,416 350,496 Eurasia 2.6

Nelson 3,343 1,111,890 North America 1.6

Kolyma 3,234 533,013 Eurasia 1.7

La Grande Rivière 3,039 100,729 North America 1.2

Koksoak 1,458b 136,262 North America 0.6

A-HYPE ¼ Arctic-HYdrological Predictions for the Environment.
aObserved discharge represents what is actually recorded at a gauge location and includes upstream diversion, which in this case is
not included in A-HYPE.
bBased on outlet discharge, which includes (for some rivers) extrapolating observed gauge volumes and areas to downstream outlet
using a blend of HYdrological Cycle Observing System and Global Runoff Data Centre data. Drainage areas are therefore reported as
those estimated by the A-HYPE model and do not include upstream diversions.
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System (HYCOS) network coinciding with our model his-
torical evaluation period (1971–2016; https://hydrohub.
wmo.int/en/projects/Arctic-HYCOS), with modeled dis-
charge produced using the Swedish Meteorological and
Hydrologic Institute (SMHI) A-HYPE model adapted from
Andersson et al. (2015). A-HYPE was forced by the Hy-
droGFDv2 climate reanalysis (Berg et al., 2018) and an
ensemble of 14 GCM simulations corresponding to the
historic period (1981–2010). Future time series of fresh-
water discharge was generated by forcing A-HYPE with an
ensemble of future climate scenarios (2011–2070). A-
HYPE was then used to drive an ocean model to examine
the impact of dynamic freshwater forcing on long-term
simulation of marine freshwater content.

3.1. Climate data forcing

The ensemble of five GCMs and representative concentra-
tion pathway (RCP) combinations selected to represent
future climatic variability were derived from the Coupled
Model Intercomparison Project Phase 5 suite of experi-
ments and designed to maximize climatic variability across
the Hudson Bay domain for the BaySys project (Braun et al.,
n.d.). Three GCMs and two RCPs (RCP 4.5 and 8.5) were
used (Table 2). A smaller selection of climate models was
adopted for this research due to the requirement for addi-
tional meteorological variables needed to drive the ocean
model, the large size of the domain required for ocean
modeling (North Atlantic), and the feasibility in computa-
tional demand owing to the large and relatively high-
resolution spatial domain being modeled.

Climate data were downscaled and bias-corrected by
Ouranos using the methodology recommended by Chen
et al. (2013; Braun et al., n.d.). For the A-HYPE domain,
temperature (minimum, maximum, and mean) and pre-
cipitation variables were bias-corrected to HydroGFDv2
(Section 3.2) using quantile mapping. Ocean modeling
required temperature, precipitation (rain and snow), wind
component velocities (u, v at 10 m), and incoming (short-
and long-wave) radiation. Only temperature, precipitation,
and wind were bias-corrected over the ocean domain. His-
torical analyses in this study were forced by European

Centre for Medium-Range Weather Forecasts Re-Analysis
(ERA) interim reanalysis across a ¼ degree regional con-
figuration of the Arctic and North Hemisphere Atlantic
domain over the ocean, which is consistent with the Hy-
droGFDv2 background product used for terrestrial model-
ing. A summary of the climate simulation selection
criteria and bias-correction methodology are provided in
Stadnyk et al. (2019).

3.2. Observational data sets

Observation data sets form an important component of
our analyses and were obtained from a variety of data
repositories to provide a continuous and contiguous
record over the domain of analysis. Hydrometric data were
obtained from various agencies through the World Mete-
orological Organization’s Arctic hydrometric station net-
work. These data are supplemented by a Canadian gap-
filled hydrometric data set derived from 1964 to 2013 that
used the observed Canadian daily river discharge from the
Water Survey of Canada’s Hydrometric Database (http://
www.ec.gc.ca/rhc-wsc/) and the Centre d’Expertise Hydri-
que for northern Québec and Nunavik (http://www.cehq.-
gouv.qc.ca/suivihydro/default.asp). Additional discharge
data for the Canadian network were provided by Hydro-
Québec, Manitoba Hydro, and Ontario Power Generation
for our regulated river analysis.

Daily air temperature and precipitation from Hy-
droGFDv2, or version 2.0 (Berg et al., 2018), were used to
force the hydrological model at a spatial resolution of 0.5�.
Global forcing data are climate reanalyses combining ob-
servations and the ERA40 (1957–2002) and ERA-Interim
(1979–2019) data to derive a continuous record of global
temperature and precipitation data (1960–2018). These
data were selected because they provide global coverage
in near real-time and are designed for hydrologic modeling.

The “Dai and Trenberth” (Dai, 2017) global river flow
and continental discharge data provide observed conti-
nental discharge for 925 of the world’s largest rivers. These
data contain time series of monthly river discharge
observed at the farthest downstream (outlet) stations and
include long-term mean discharge beginning in 1948 and

Table 2. GCM-RCP combinations from CMIP5 used in the pan-Arctic analysis. DOI: https://doi.org/10.1525/
elementa.2020.00098.t2

GCM Run Description RCP Resolution Organization

Geophysical Fluid Dynamics
Laboratory (GFDL)-CM3

GFDL coupled physical
model, version 3

4.5 2� � 2� National Oceanic and Atmospheric
Administration/GFDL

MIROC5 Model for the
interdisciplinary
research on climate,
version 5

4.5 1.4� � 1.4� Atmosphere and Ocean Research Institute,
National Institute for Environmental Studies,
and Japan Agency for Marine-Earth Science and
Technology

8.5 1.4� � 1.4�

Meteorological Research
Institute (MRI)-Canadian
Global Climate Model
(CGCM3)

MRI model coupled
with the CGCM,
version 3

4.5 1� � 1� MRI, Japan Meteorological Agency, Japan

8.5 1� � 1�

CMIP5 ¼ Coupled Model Intercomparison Project Phase 5; GCM ¼ global climate model; RCP ¼ representative concentration
pathway.
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up to 2016, at the time of this study. Many gauges contain
significant temporal gaps; therefore, these data are avail-
able “as is” (noninfilled) or as a gap-filled monthly record
(Dai et al., 2009). Infilled records used the Community
Land Model (version 3) and linear regression to address
significant observational gaps. For this study, we used the
infilled Dai and Trenberth data to drive the regional con-
figuration of the NEMO model.

For calibration of A-HYPE, SMHI used 79 of the HYCOS
Arctic-draining (outlet) hydrometric gauges and 540 of the
Arctic-HYCOS upstream stations over the original simula-
tion period (1971–2013). In this study, we extend the
modeling period to the end of 2015 and add data from
Déry et al. (2016) and the Global Runoff Data Centre
(GRDC; https://www.bafg.de/GRDC/EN/01_GRDC/grdc_
node.html) rivers database for additional validation.

3.3. A-HYPE modeling

3.3.1. Arctic HYPE

The A-HYPE implementation of the HYPE (Lindström et
al., 2010) model was initially developed by SMHI. The A-
HYPE implementation covers 23 million km2 of the
global continental landmass draining poleward, toward
the Arctic Ocean, divided into 32,599 subbasins with
approximately 700 km2 horizontal resolution. For this
research, a modified version of the model was gener-
ated by the University of Calgary Hydrologic Analysis
Laboratory that included improved lake calibration,
a frozen soil routine, and a regulation (reservoir) model
for the HBDB (Stadnyk et al., 2020). This revised imple-
mentation of A-HYPE was used to generate daily
streamflow for the pan-Arctic domain (Figure 1), driven
by the HydroGFDv2 reanalysis. A-HYPE model output is
characterized by continuous-in-time spectra (over a long
period of time) and contiguous spatial extent (as
opposed to flow outlets only) across the pan-Arctic
domain. Model output was analyzed across three 30-
year time periods: historic baseline (1981–2010), near
future (2021–2050), and far future (2041–2070),
though results were produced by continuous simulation
over the period 1971–2070. The historic period 1971–
2015 was used for model calibration and validation, as
described in the following section.

3.3.2. Model calibration and validation

The A-HYPE model was calibrated by SMHI (2020) using
hydrometric data obtained (in order of preferred source)

from R-ArcticNet (http://www.r-arcticnet.sr.unh.edu/v4.
0), the GRDC, and data from national hydrometric agen-
cies (Canada, United States, Finland, Norway, and Ice-
land). Within the pan-Arctic region, there were a total
of 1,349 gauging stations, with approximately 30% (or
more in recent years) of the pan-Arctic being ungauged.
Details on A-HYPE model calibration, spatially depen-
dent summaries of model performance, and the calibra-
tion methodology are available from the HypeWeb
(https://hypeweb.smhi.se/explore-water/model-
performances/). Additional calibration was performed
for specific hydrologic processes using open-source
global data sets (Table 3).

Owing to the size and interjurisdictional nature of the
pan-Arctic domain, utilizing one source of data for either
calibration or validation was not possible, and data cov-
erage and quality were highly variable. We utilized
a regional approach to model validation that leveraged
specific data (not used for calibration) representing dis-
tinct regions of the pan-Arctic domain. We conducted
model validation for this study using 10 Arctic-HYCOS
Arctic-draining (outlet) hydrometric gauges, an addi-
tional 31 GRDC stations, and a regional subset of 34
Arctic-draining outlet stations derived by Déry et al.
(2016), totaling 75 stations across the pan-Arctic
domain. Our validation covered approximately two-
thirds (67%) of the total discharge to the Arctic Ocean.
This pseudo-observational data set (hereafter referred to
as “discharge observations”) formed the hydrometric
network used for model validation in our study; we
specify the data source used for validation at each
gauge location (e.g., Figure 2).

As part of the BaySys project, a new configuration and
recalibration of the A-HYPE model was conducted for the
HBDB and is summarized in Stadnyk et al. (2020). River
regulation, frozen soil processes, and lake routing were
revised within the Canadian domain (Stadnyk et al.,
2020), which is utilized in this study as well. Here, we
evaluated model performance across the pan-Arctic
domain using daily discharge aggregated to a monthly
timescale where we computed statistics for our 75 vali-
dation gauges. We computed the Nash–Sutcliffe effi-
ciency (NSE; Nash and Sutcliffe, 1970: Equation 1),
Kling–Gupta efficiency (KGE; Gupta et al., 2009), and
individual KGE components (Equations 3–5) over the
historic period T (1971–2015), with entries x at time t,
for both observed time series o and simulated time series

Table 3. A-HYPE process-based calibration data summary. DOI: https://doi.org/10.1525/elementa.2020.00098.t3

Process Source Source Selected Variable (Unit)

Snowmelt Former Soviet Union Snow
Courses

www.nsidc.org Snow water equivalent
(mm)

Glaciers RGI v4;

World Glacier Monitoring Service

(Huss and Farinotti, 2012); www.wgms.
ch

Glacial area (km2);

Ice cap volume (m3)

Evapotranspiration FluxNet Fluxnet.ornl.gov Evapotranspiration (mm)

A-HYPE ¼ Arctic-HYdrological Predictions for the Environment.
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Figure 2 summarizes model performance (KGE) at the
Arctic-draining outlets of major rivers within the pan-
Arctic domain, classified by mean annual flow (KGE com-
ponent errors provided in Figure S1; validation scores for
all gauges, in Table S1). The model performs
“satisfactorily” or better at 30% of the gauges at the
monthly timescale according to model performance crite-
ria from Moriasi et al. (2016; i.e., NSE > 0.50 and BIAS, or

relative error of the mean (� 15%). Average KGE for the
Arctic-draining stations (HYCOS and GRDC; 61% of total
pan-Arctic discharge) on a monthly timescale was 0.30,
with a correlation of .73 between simulated and observed
records (Figure 2). The worst performing stations (KGE <
0.3) contribute 16.5% of the total freshwater discharge
from the pan-Arctic domain. Performance within the
regional subset stations (Déry et al., 2016; approximately
9% of total pan-Arctic discharge) was lower, likely
impacted by river regulation comprising > 50% of the
discharge into the HBDB (Déry et al., 2018). Strong corre-
lation between the simulated and observed data was seen
across the domain, with more than 75% of the gauges
having correlations greater than .5 (Figure S1d) and an
average correlation of .73 overall (Figure S1a). Much of
the simulation error was derived from variance and timing
(Figure S1b and c), which is not surprising considering
many of the large rivers are regulated regimes that are
affecting seasonal (and monthly) freshwater discharge.

On an annual basis, gauges with lowest performance
cumulatively contain < 2% of the total mean monthly
discharge to the Arctic system, with 0.5% from Arctic
subbasins contributing directly to the Arctic Ocean, and

Figure 2. Modeled Kling–Gupta efficiency (KGE) of monthly discharge for 74 pan-Arctic gauges. Modeled KGE by major
Arctic drainagebasin outlet (n¼74,meanmonthlydischarge computed fromdaily simulation,1971–2015; gauged station
details listed in Table S1) for error components of KGE provided in Equations 2–4 and Figure S1. Scale is by upstream area
(in million km2); shape indicates observed data source, DERY ¼ Déry et al., (2016); GRDC ¼ Global Runoff Data Centre;
HYCOS ¼ Arctic- HYdrological Cycle Observing System. DOI: https://doi.org/10.1525/elementa.2020.00098.f2
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1% from Hudson Bay Complex (HBC) basins, primarily the
northern and eastern HBC regions (Table 4). Several of the
worst-performing rivers likely freeze to the bed in winter
and therefore may have zero flow for up to 6 months or
longer each year. The majority of the worst performing
rivers have smaller drainage areas (average area of
38,653 km2 relative to the average pan-Arctic subbasin
area of >309,000 km2) and are likely subject to aufeis
(overflow ice) that contributes to late summer flow (Ma-
karieva et al., 2019).

3.4. Regulated and nonregulated systems

Anthropogenic water management plays an important
role in many of the rivers terminating at the Arctic Basin.
Impacts include flattened average annual hydrographs,

altering interannual variability and increasing weekly peri-
odicity (Déry et al., 2018). Regulation in the original ver-
sion of A-HYPE simulated discharge optimally at the
seasonal timescale (Arheimer et al., 2017). In the revised
A-HYPE model, regulation is incorporated at 155 points,
simulating irrigation, water supply, flood control, or
hydroelectric production. For the BaySys group of projects,
two regulated complexes (Nelson–Churchill River Basin
[NCRB] and the La Grande Rivière Complex [LGRC]) use
more explicit regulation modeling, in cooperation with
industrial partners (Manitoba Hydro and Hydro-Québec).
Although these two regulated basins make up only 7.5%
(1.8 million km2) of the total pan-Arctic Basin drainage
region, they contribute 4.8% of the discharge (by volume)
and contain 55% (85 of 155) of A-HYPE regulation points.

Table 4.Worst performing rivers, as simulated by revised A-HYPE using mean monthly observed flow statistics, and their
percentage of total discharge to the Arctic Ocean (1971–2015). DOI: https://doi.org/10.1525/elementa.2020.00098.t4

Rivera
Drainage

Area (km2) KGEb NSEb

Relative Error

of the

Mean (%)

Correlation

Coefficient

Percentage of

Total Drainage

Area (%)

Percentage of

Total Mean

Observedc

Flow (%)

Rivière Harricana 33,873 –8.91 –192.47 887.6 0.61 0.19 0.28

Thlewiaza and Tha-anne Rivers 49,599 –1.88 –12.92 –22.8 0.21 0.27 0.09

Rivière a l’Eau Claire 12,388 –1.49 –11.12 29.4 0.17 0.07 0.05

Ekwan River 21,546 –1.46 –6.66 192.5 0.41 0.12 0.12

Fergusson River 15,556 –0.42 –0.34 –73.8 0.17 0.09 0.01

Thelon and Kazan Rivers 246,371 –0.29 –0.86 –64.6 0.01 1.36 0.24

Quoich River 29,883 –0.27 –0.13 –80.7 0.55 0.16 0.02

Lorillard River 11,432 –0.17 0.03 –75.3 0.64 0.06 0.01

Rivière aux Feuilles 38,684 –0.11 –0.27 –61.1 0.37 0.21 0.11

Rivière Nastapoka 12,417 –0.06 –1.80 –62.1 0.26 0.07 0.05

Rivière Pontax 3,020 –0.04 –0.16 –46.5 0.68 0.02 0.03

Subtotal HBC 474,769 –0.66 –1.98 12.4 0.40 2.6 1.01

Khantaika at Shnezhnogorsk 29,814 –3.24 –9.30 405.8 0.34 0.16 0.18

Tuloma At Verkhne-Tulomskaya 17,458 –0.39 –3.77 –6.4 0.16 0.10 0.10

Burnside River near the mouth 17,210 –0.32 –0.17 –70.5 0.30 0.09 0.03

Ellice River near the mouth 16,739 –0.21 –0.02 –65.0 0.36 0.09 0.02

Tree River near the mouth 6,067 –0.21 –0.20 –56.4 0.36 0.03 0.01

Back River above Hermann
River

88,092 –0.16 –0.07 –57.0 0.60 0.48 0.14

Coppermine River above
Copper Creek

45,600 –0.10 –0.34 –63.6 0.71 0.25 0.07

Subtotal Arctic 220,980 –1.37 –20.6 56.6 0.37 1.2 0.54

Total 695,749 –1.10 –13.4 39.4 0.38 3.8 1.55

A-HYPE ¼ Arctic-HYdrological Predictions for the Environment; KGE ¼ Kling–Gupta efficiency; NSE ¼ Nash–Sutcliffe efficiency.
aWorst defined by any gauges reporting KGE < 0; KGE was used for model calibration.
bStatistics computed on daily time series averaged monthly using Equations 1 through 5.
cObserved data from Déry et al. (2016) and outlet-adjusted GRDC and Arctic-HYCOS data.
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Additional regulation was added by Tefs (2018) for the
HBDB in the NCRB and LGRC to address known weak-
nesses in simulating weekly or subweekly regulated dis-
charge, or hydropeaking effects (Arheimer and Lindström,
2014; Donnelly et al., 2016). Storage and safety-driven
simulated regulation is embedded at 10 points in the
NCRB and was provided by Hydro-Québec collaborators
at 12 points within the LGRC, driven by upstream net
basin supply from HYPE (described in Tefs et al., 2021).
For this study, we compared regulated and nonregulated
systems for three cluster regions: regulated HBC (Nelson,
Churchill, La Grande Rivière, Rupert, Eastmain, Koksoak,
Grande Rivière de la Baleine, Moose, and Albany: HBCREG),
primarily nonregulated HBC (remaining rivers draining
into the HBC: HBCNOREG), and the entire Arctic Ocean
domain simulated by A-HYPE with the revised HBDB
domain.

A renaturalized model for the HBC was also developed
as part of the BaySys project (Tefs et al., 2018), allowing
comparison between regulated regimes and their
“renaturalized” counterparts (under the same climate con-
ditions) with the assumption that regulation had never
been imposed on the river. A second version of the HBC
HYPE model computed outflow for 86 regulated reservoirs
(Figure 1) which were reverted to lakes in natural states
(Tefs, 2018). For all regulation points, this computation
included removing time-dependent, regulated storage-
outflow relationships and replacing these with a power
relationship of stage-to-discharge: outflow ¼ a (stage – out-
let height)b. Parameters for the natural stage-discharge rela-
tionship (a and b) were fit from predevelopment water level
and streamflow records from Water Survey of Canada. At
16 locations, the renaturalization further included editing
landcover classes to reverse flooding caused by hydroelec-
tric reservoirs. Pre- and postdevelopment reservoir flooded
extents were computed from surveyed data provided by
Hydro-Québec. Further details about the renaturalized
model are provided in Tefs (2018).

3.5. Statistical analyses

A-HYPE was used to generate runoff and discharge across
the entire pan-Arctic domain, for all Arctic-draining ba-
sins. To analyze and assess regional changes in time and
space, we selected 12 of the largest (by volume) Arctic-
draining rivers (having observed discharge) and performed
more detailed spatial and temporal statistical change
analyses.

3.5.1. Trend analysis

The Mann–Kendall test ( Mann, 1945; Kendall, 1975) was
employed with prewhitening (Yue et al., 2002) when lag 1
autocorrelation in daily, monthly, or annual time series (P
< 0.05) was detected; this nonparametric, robust approach
was used to detect monotonic trends in hydroclimatic
variables. Both the magnitude and statistical significance
of the trends were inferred from the Mann–Kendall test,
and their field significance established using a Monte Car-
lo approach (Burn and Hag Elnur, 2002). Trend analyses
were performed on daily discharge data across water years
to reveal potential changes in spring freshet timing, late

summer recession, and winter low flow events for the 12
largest Arctic rivers (Figure 1) and each climate scenario.
Trends were normalized by mean flow to facilitate inter-
comparison. Interdecadal periodicity was analyzed using
a moving window approach, beginning at the start of each
decade, to capture changes in trends through time. Trends
were averaged daily for each period of analysis for a given
river or region, with P values reported at the 5% signifi-
cance level (P < 0.05) and indicated using an asterisk (*) if
significant.

3.5.2. Quantile analysis

Flow duration curves were generated from daily discharge
data to examine changes in quantiles. Daily ensemble-
mean time series by decade were ranked, and the return
period (between 1 day and 10 years, n ¼ 3,652) was com-
puted for the time series. Quantile plots were generated
by plotting daily total discharge (log scale) for a river or
region relative to the probability of nonexceedance (P)
determined from an empirical cumulative distribution
function generated by sorting these data using an R code.

3.5.3. Spectral analyses

Spectral analysis of discharge records was performed using
simulated records (seven 30-year windows, averaged daily
from January 1, 1981, to December 31, 2070, beginning at
the start of each decade) for each of the 12 largest Arctic
rivers and the three cluster regions (HBCREG, HBCNOREG,
and Arctic). Analyses of periodicity were used to detect
changes in time-series records at various frequencies,
which distinguish hydropeaking from longer term, natural
variability (Déry et al., 2018). Thirty-year time series under-
went a windowed Fourier transform to derive spectral
power for the periods of 2–365 days, with the goal to
quantify the periodicity of the full hydrograph signal. As
in Déry et al. (2018), a fitted curve (of the form y ¼ AxB)
was generated, where y is the spectral power, x is the
period in days, and A and B are the fitted curve para-
meters, where B represents the slope of a straight line in
log-log space. The slope (B) describes the variation in the
strength of the periodicity from short windows (weekly
hydropeaking) to longer windows (annual spring freshet).
High slopes correspond to low periodicity at weekly scales
and high periodicity at the annual scale typical of natural
or unregulated rivers. Low slopes suggest strong weekly
periodicity and/or weak annual periodicity typical of reg-
ulated rivers. Rivers with a strong freshet signal present
the greatest power at the annual period, with harmonic
spikes at fractional periods of 365 (i.e., 6 months, 3
months, 1.5 months). Although regulated rivers also pres-
ent spikes in power at the annual timescale, their spectral
power for lower return periods is noisier and stronger.

3.6. NEMO ocean modeling

For the BaySys project, the NEMO (Madec, 2008) version
3.6 numerical model was implemented across the ANHA
domain at ¼ degree (approximately 15 km) resolution.
Ridenour et al. (2019) presented the specific configuration
of the model applied within the BaySys project, including
a comparison between the more uniform (over time) input
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from Dai and Trenberth, which covers only major rivers
and not local runoff, relative to the HYPE-simulated runoff
that is continuous over both time and space within the
Hudson Bay domain.

Here, we compared A-HYPE modeled runoff to Dai and
Trenberth because Dai and Trenberth is commonly
applied in oceanographic studies. Further details on
NEMO model specifics as established for the BaySys pro-
ject are given in Ridenour et al. (2019), Dmitrenko et al.
(2020), and Lukovich et al. (n.d.). Both experiments pre-
sented in this article were run for the period 2002–2009
with atmospheric forcing based on the ERA-Interim rea-
nalysis, with all other model details equivalent. For sim-
plicity, results are presented for the average of 2009 only,
for regions with average salinity greater than 34.8 (i.e., the
Atlantic Water) masked out.

4. Results
4.1. Trends in freshwater discharge to the Arctic

Basin

When aggregating all Arctic-draining rivers and analyzing
average annual daily discharge by decade, we detected
a trend toward earlier and higher peak flows (Figure
3a). Differences among historic periods (1981–2020) are
less than the differences projected among future periods
(2021–2070) and are particularly notable in terms of the
increasing peak discharge. A shift toward higher late fall
and ice-on baseflow is notable, with differences among
future periods being larger than historic. This shift sug-
gests a trend toward earlier (and larger) spring melt
events, delivering higher volumes of freshwater discharge
to the Arctic earlier in the season than historically
observed. Increasing spring freshet is coupled with wetter
fall (low flow) periods, which are likely derived from
increasing rainfall or rain on snow events caused by

a warmer climate. These changes can result in longer
ice-free periods for Arctic-draining rivers and longer peri-
ods where rainfall can directly contribute to runoff within
the pan-Arctic basins.

Flow duration curves reflect changes to the distribu-
tion of specific discharge values (y-axis) by plotting the
probability of nonexceedance or chance of that discharge
being equaled or exceeded (x-axis). Figure 3b reveals
more significant increases to the more common (fre-
quently occurring) lower quantile flows (probability of
nonexceedance or p > 50%) as a percentage increase of
flow than to the median or higher quantile (large) events
(p < 25%). Warmer winter temperatures may increase
water holding capacity of the atmosphere, resulting in
more frequent winter precipitation events (Yang et al.,
2016). Analyses of the climate scenarios over this region
in our study reveal mean winter temperature increases of
2.5 �C (Nelson Basin) to more than 6 �C (Foxe Basin) by
the 2070s, and corresponding winter precipitation in-
creases exceeding 100 mm (East James Bay) in some
regions (Table S3; Braun et al., n.d.). Particularly until the
2020s, less (relative) change in the annual freshet vol-
ume is anticipated (with larger changes noted in the far
future), suggesting that more frequent winter snowfall
events will not necessarily result in more snowpack accu-
mulation. Although we see moderate increases to the
highest quantile flows (P < 10%), these are only as sig-
nificant, if not less so, than the increases to low flow
quantiles. The net result is a trend toward flattening of
the average annual hydrograph (Figure 3b), where high-
er P values (low flows) are increasing at a faster rate than
the lower P values (high flows), and therefore, seasonal
differences in the volume of freshwater delivered to the
Arctic are becoming less pronounced and more uniform
(by volume) through time.

Figure 3. Average annual daily discharge and flow probability for all Arctic-draining rivers 1981–2070. Simulated
ensemble mean (a) day-of-year average annual discharge by 30-year period and (b) empirically sorted flow duration
curves by 30-year period (n ¼ 10,957) for all pan-Arctic rivers (1981–2070). DOI: https://doi.org/10.1525/
elementa.2020.00098.f3
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Trends in freshwater discharge across the pan-Arctic
domain revealed the same or slightly increasing discharge
(m3 s–1 per decade), with statistically significant increases
(indicated by asterisks) in future periods (Figure 4). No
decreasing trends were projected, except under the influ-
ence of one GCM-RCP scenario (MIROC 5-RCP 4.5; Table
2) in one decade (2001–2010) that indicates a slight (sta-
tistically insignificant) decreasing trend. There is agree-
ment among the results from all climate model
projections in terms of both the direction and significance
of discharge trends; all report statistically significant
increasing trends for 30-year periods post-2020. Most of
the climate scenarios (i.e., four of five) considered project
an increase in the magnitude of the projected trend
through time, as seen by darkening shades of blue in
Figure 4. The last column of Figure 4 shows the ensem-
ble mean, which exhibits a consistent and statistically sig-
nificant increase (each period having an asterisk) from
historic to future periods, which intensifies in magnitude
(darkens) through time.

4.2. Temporal trends assessed across 90 years of

record

The multidecadal periodicity analysis from Section 4.1
revealed evidence of an increasing trend in pan-Arctic
discharge that appears to intensify into future periods,
which is consistent with the literature (Durocher et al.,
2019). Analysis of the continuous 90-year time series pro-
duced from all Arctic-draining rivers using Mann–Kendall
trend revealed a statistically significant increasing trend
over the record (Figure 5). Increasing freshwater dis-
charge from the pan-Arctic rivers is particularly notable
in future periods (2020–2070) relative to the historic
trend (1981–2010), with an increase in slope visible
around 2015. We report an increase of approximately
19 km3 yr–1 over the 90-year constructed record, which

agrees in direction and magnitude with the 10 km3 yr–1

rate reported from the historic trends for the six largest
Eurasian rivers from 1936 to 2007 (Shiklomanov and
Lammers, 2009), and with the increase of 8.7 km3 yr–1

from 72 Arctic-draining rivers (1975–2015) reported by
Durocher et al. (2019). Notable in our study, however, is
the approximate doubling in the long-term trend that
occurs by analyzing the full 90-year period, which in-
cludes a significantly wetter future period (2020–
2070). According to this trend, we project up to a 22%
increase in mean annual Arctic freshwater discharge
(from 2011 to 2070).

Figure 5 similarly highlights an increase in the vari-
ability of discharge, or uncertainty, when moving from the
historic to future periods of the 90-year record, where the
future period is projected by the ensemble of GCM-RCP
simulations considered in this study (i.e., from Table 2).
There is significant uncertainty in the future freshwater
discharge entering the Arctic system, which is being
driven primarily by climate change. Variability in the his-
toric period (1981–2020) represents input data uncer-
tainty arising from the differences among historic
climate (represented by HydroGFDv2) and that of the
GCM-RCP ensemble (1981–2011), but of course is rela-
tively smaller compared to the future period as a result
of one truth for the historic period.

To better assess regional trends, we computed contin-
uous time series of freshwater discharge for the 12 largest
Arctic-draining rivers, applying Mann–Kendall trend anal-
ysis for each. All rivers show statistically significant
increasing trends that vary in magnitude from 0.09 km3

yr–1 (Koksoak, not including Caniapiscau) to 2.6 km3 yr–1

(Lena; Figure S2). The largest increases occur within the
top four largest river basins by drainage area (in km3 yr–1:
Lena, 2.59; Yenisey, 2.48; Ob, 1.70; and Mackenzie, 1.60),
which agrees with findings from Durocher et al. (2019)

Figure 4. Thirty-year pan-Arctic discharge trends for ensemble members and ensemble mean. Sen’s slope from Mann–
Kendall trend analysis in percentage of mean by 30-year periods by climate model for all Arctic basins. Simulation
RCPs shown in parentheses. Members and periods with statistically significant (Mann–Kendall test, P < 0 .05) trends
are marked with (*). Ensemble mean is averaged daily across five GCM–RCP simulations. GCM¼ global climate model;
RCP ¼ representative concentration pathway. DOI: https://doi.org/10.1525/elementa.2020.00098.f4
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who reported larger increases in historically observed dis-
charge originating from Eurasian Rivers. These increases
point to evidence that warmer air temperatures are driv-
ing increasing precipitation, and subsequently runoff, as
a proportion of drainage area, likely also supplemented
with permafrost and frozen soil subsurface contributions.
Significant upstream river (reservoir) regulation on the
Yenisey will impact the rate of increase in future discharge
observed at the outlet, which also explains the relatively
flat trend in historical discharge (1981–2010; Figure S2d)
in the observed record as the reservoir was filled (Shiklo-
manov and Lammers, 2009).

Statistically significant, but considerably smaller,
increasing trends were detected within central and eastern
North America, specifically for the Nelson, La Grande Riv-
ière, and Koksoak Rivers (0.21, 0.21, and 0.10 km3 yr–1,
respectively; Figure S2h–j). These smaller increasing
trends occur in rivers subject to significant diversion or
regulation, which likely influences, or offsets, increasing
climate-driven trends by partially decoupling the rainfall
(or snowmelt) runoff response (Tefs, 2018).

4.3. Impact of river regulation on trends in

freshwater discharge

To assess the impact of anthropogenic regulation on com-
puted trends in freshwater discharge, we compared regu-
lated and nonregulated rivers within a subregion of the
pan-Arctic domain residing within the continental interior
of Canada (Stadnyk et al., 2019). The HBC subregion was
chosen because it lies within the pan-Arctic domain and is
Arctic-draining, has known and described regulation on
several of its largest rivers (i.e., Nelson and La Grande
Rivière), and has been studied extensively within the
BaySys project, including the modeling of regulation
within this system (Tefs, 2018). Tefs (2018) demonstrated
that up to+20% seasonal variation in discharge could be

seen, mostly driven by climate change, within these HBC
rivers (LGRC: –20% during summer, þ20% during winter;
NCRB: þ12% in spring, –4% in autumn), amounting to
a cumulative change of 1,100 m3 s–1 average discharge
(winter) of 7,800 m3 s–1 total discharge, or approximately
7% of the total HBC inflow in the winter months (which
see the most significant net change). The presence of reg-
ulation in a basin has the potential to impact, delay, or
offset seasonal discharge even further (Déry et al., 2018).

To assess the relative impact of climate change and
regulation on the HBC, we compared the time series for
regulated and nonregulated rivers (Figure 6). Both sys-
tems project statistically significant (P << 0.05) increasing
freshwater discharge into Hudson Bay, which is connected
to the Arctic Basin via Foxe Channel and Fury and Hecla
Strait. The reported increase for the regulated system,
however, is approximately 30% less (0.76 km3 yr–1) on
average than that reported for rivers within the nonregu-
lated system (1.14 km3 yr–1). Given that the HBC, relative
to the pan-Arctic domain, is smaller in expanse with com-
paratively representative (relative to the entire pan-Arctic
domain) physiography and climatology, these differences
can be attributed, at least in part, to the impact of river
regulation (Déry et al., 2018). We compared the difference
between renaturalized and regulated hydrologic simula-
tions at 12 regulation points across the HBC by examining
the trends of the 30-year ensemble means (Figure S3) and
verify that renaturalized river regimes result in increased
positive trends across historic and future time periods.
Anthropogenic control of these rivers tends to damp
long-term climate-driven trends, corroborating the find-
ings of Déry et al. (2018) who report a damping of sea-
sonal cyclicity in the average annual hydrograph due to
river regulation. This damping agrees with findings that
river regulation affects, more significantly than climate,
freshwater discharge in Scandinavian Rivers (Arheimer et

Figure 5. Modeled pan-Arctic annual discharge ensemble, ensemble mean, and Mann–Kendall trend and significance.
Annual discharge from pan-Arctic watershed with Sen’s slope from Mann–Kendall trend analysis (1981–2070; red
line), prewhitened by removing 1-year lagged autocorrelation prior to computing Mann–Kendall significance. Dark
blue line represents the ensemble mean; light blue shading represents the ensemble range projected from hydrologic
simulation of the five climate model inputs. DOI: https://doi.org/10.1525/elementa.2020.00098.f5
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al., 2017). The considerable variability among the future
climate simulations within this system, however, could
alter the mean annual trend reported for both types of
river systems. The presence of this (climatic) variability
means that there could be little to no significant differ-
ence among the regulated and nonregulated systems in
future periods (i.e., based on the upper and lower limits of
the band in Figure 6).

Comparison of average annual hydrographs and flow
duration curves for HBCREG (Figure S4a and b) and
HBCNOREG (Figure S4c and d) systems clearly indicates the
historic stepwise introduction of regulation, which was
reported by Déry et al. (2018). In April, the La Grande
reservoir levels rise rapidly in response to snowmelt but
drop suddenly in mid-April, resulting in the sudden dip in
the average annual regulated system hydrograph. In
future periods, we assume no new development;

therefore, the uniformly distributed seasonal increases in
discharge volume and flow quantiles are attributed to the
regulation itself and the subsequent shift toward the more
(economically desirable) uniformly distributed (in time)
hydrograph. Uniformity in flow distribution is contrary
to the natural cyclicity of the system, where climate
change tends to increase lower quantile flows more sub-
stantially than the nival-dominated high flow quantiles
(Figure S2d). A larger, secondary peak in late fall (Novem-
ber or December) seen in the regulated system (Figure
S2a) becomes even more prominent in future periods. This
prominence is likely the combined result of wetter fall/
early winter conditions (also seen in Figure S2d) being
exacerbated by increased hydropower production.

To further understand the impact of river regulation on
this regime, we performed Mann–Kendall trend analyses
by decade for each climate scenario (Figure 7a) and

Figure 6.Modeled Hudson Bay annual discharge ensemble, ensemble mean, and Mann–Kendall trend and significance.
Annual discharge from (a) regulated and (b) without regulation Hudson Bay Complex watersheds with Sen’s slope
from Mann–Kendall trend analysis (1981–2070; red line), prewhitened by removing 1-year lagged autocorrelation
prior to computing Mann–Kendall significance. Dark blue line represents the ensemble mean; light blue shading
represents the ensemble range projected from hydrologic simulation of the five climate model inputs. DOI: https://
doi.org/10.1525/elementa.2020.00098.f6
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Figure 7. Ensemble-mean trend and slope of spectral analysis by river or region. Thirty-year analyses (1981–2070) for all
Arctic-draining rivers and Hudson Bay Complex–regulated and nonregulated subregions for (a) normalized Sen’s slope
of Mann–Kendall trend analysis (as percentage of period mean) and (b) slope of spectral power (B for y ¼ AxB) of
windowed Fourier transform analysis. Rivers ordered by longitude; asterisk (*) indicates statistical significance (Mann–
Kendall test, P < 0 .05). Example (c) 30-year daily time series (1981–2010) and derivation of (d) spectrum power and
power function slope for two rivers, the Kolyma and HBCREG (ensemble-mean), provided for illustration. DOI: https://
doi.org/10.1525/elementa.2020.00098.f7
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a windowed Fourier transform analysis on the HBCREG and
HBCNOREG regimes (Figure 7b). For comparison, we plot-
ted the results relative to those from the 12 largest pan-
Arctic rivers, organizing the plot by longitude of the river
outlet. The correlations of the final fitted power spectra by
river and time period are provided in Table S2.

In the historic to near future periods (1981–2010 and
1991–2020), we observe offsetting east and west wet and
dry periods across the pan-Arctic domain, with some sta-
tistically significant trends (indicated by asterisks; Figure
7a). For example, the 1981–2010 period appears to have
been drier across Eurasia, while in North America, it was
substantially wetter. In future periods, however, trends are
far more consistent between the west and east, with
increasing discharge evident among both Eurasian and
North American rivers with near equal intensification (and
significance). Intensification of the increasing trend is
most apparent in the larger, nonregulated rivers within
North America (e.g., Mackenzie, HBCNOREG) but weaker
in some larger unregulated Eurasian rivers (e.g., Lena). The
Ob and Nelson Rivers are the only rivers to include
decreasing (i.e., red) trends in one 30-year period each
(only significant in the Nelson), both occurring within
historic periods. Although the magnitude of increasing
trends changes by period and river basin, all rivers and
the Arctic basin overall report statistically significant in-
creases from 2011 onward (Figure 7a).

River regulation within the HBC does not appear to
affect the direction of change in freshwater discharge,
with both the HBCREG and HBCNOREG systems in near
exact agreement that freshwater discharge will increase
into future periods (though not necessarily among indi-
vidual GCMs; Figure S5). Differences in the significance
of the slope trends across the 12 regulated rivers in the
HBC were also limited; that is, only 46 instances where
significance did not agree between regulated and rena-
turalized runs compared to 340 instances where both
trend direction (sign) and significance were in agree-
ment. In only 34 simulations, does the sign (direction
of slope) of the trend change between renaturalized and
regulated simulations. The magnitude of the annual
slope trend, however, does change between regulated
and renaturalized systems, with generally weaker increas-
ing trends (smaller increases) exhibited in the regulated
regimes. In Eurasian Rivers, specifically the Yenisey and
Ob, reservoir infilling and the historic introduction of
regulation reported by Shiklomanov and Lammers
(2009) is detectable by the absence of any significant
trend from 1981 to 2010 and a slight decreasing trend
(insignificant) for the Ob (Figure 7a).

Comparing slopes of the spectral power in each basin
from the windowed Fourier transform analysis (Figure
7b), we contrasted the periodicity of discharge within
30-year periods governed on shorter, weekly timescales
(i.e., more likely to be regulated, lower spectral slope,
green shades) versus those governed by the nival-
dominated freshet period (i.e., monthly to annual time-
scales, higher spectral slope, or purple shades). As an
example, we illustrate the relationship between the non-
regulated Kolyma River (red) and HBCREG system (blue)

time-series hydrographs (Figure 7c) and their subse-
quent power spectra derivations (Figure 7d). HBCREG
rivers have lower spectral slope than HBCNOREG rivers,
suggesting the presence of stronger weekly periodicity
within the regulated basins, which is more typical of river
regulation. La Grande Rivière, a highly regulated regime
with a series of upstream reservoirs for hydropower gen-
eration, shows the lowest and most consistent periodicity
among the 12 largest pan-Arctic Rivers; the Nelson River,
also used for significant hydropower generation, simi-
larly displays lower spectral slope with relative
consistency.

Comparing the difference between individual renatur-
alized and regulated rivers by GCM simulation and time
period (shown for the three largest regulated rivers in the
HBC, which combined contribute more than 48% of aver-
age annual discharge by volume), we detected more sig-
nificant positive trends (positive differences) than negative
(Figure S5). Particularly evident in the La Grande and Nel-
son rivers is a pattern of increasing positive trends into
future periods, suggesting greater differences between the
renaturalized and regulated discharge regimes and a larger
offset of the climate-driven increases in discharge as
a result of river regulation.

These findings highlight the importance of considering
river regulation within a hydrologic model setup, as the
trend (and to a lesser extent significance or direction of
trend) is evidently impacted, to some degree, by water
management. Despite the significant river regulation in
some Eurasian basins, the representation of regulation
in Eurasian rivers was limited in this version of the model
(i.e., only SMHI’s seasonal regulation); hence, why Eurasian
rivers present with higher overall spectral slope than the
North American rivers (Figure 7b). The presence of a lower
(relative to other Eurasian rivers) and more consistent
shorter interval of periodicity in the flow record of the
Ob and Yenisei Rivers is likely reflecting regulation (i.e.,
large upstream reservoirs).

Comparison between the nonregulated North Ameri-
can and Eurasian rivers demonstrates differences in the
natural periodicity of freshwater discharge between con-
tinental systems (Mackenzie and Lena; Figure 7b), with
North American rivers displaying lower spectral slope
overall and more short-term variation in freshwater dis-
charge. These findings could be attributed to the relative
size of the basins (Lena is approximately 30% larger than
the Mackenzie with nearly twice as much mean annual
discharge), with North American rivers being characteris-
tically smaller than the Eurasian rivers. Recent trends,
however, may also point to significant increases in sea-
sonal discharge from the large Eurasian Rivers, specifically
the Lena, that are dominated by increasing spring freshet
and decreasing summer and baseflow (Pohl et al., 2020),
particularly evident after 2006 (Shiklomanov and Lam-
mers, 2009). The relative differences in both the timing
and magnitude of freshwater discharge from the North
American and Eurasian continents are important consid-
erations for the ocean thermohaline circulation, and the
movement and extent of freshwater content plumes
within the marine system.
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4.4. Impact on Arctic Ocean salinity and freshwater

content

We conducted a preliminary assessment of the impact of
freshwater discharge on ocean salinity and freshwater con-
tent by comparing two versions of the NEMO model,
forced with (a) Dai and Trenberth data commonly used
in the marine community and (b) the long-term, more
temporally and spatially continuous A-HYPE simulations.
When the two versions of NEMO are compared across
a shorter analysis period (2002–2009), important differ-
ences emerge when applying the A-HYPE forcing (Figure
8). First, higher freshwater content extends further east-
ward into the Lincoln Sea and the Greenland Sea (Figure
8b), which is closer to the observed pattern reported by
Rabe et al. (2011) than in the simulation using Dai and
Trenberth (Figure 8a). A wider high freshwater content
band is also seen along the Siberian continental shelves
under the A-HYPE forcing, suggestive of a stronger source
or freshwater input. Strong freshwater content pathways
from the Siberian shelves to the Beaufort Gyre are simu-
lated using A-HYPE forcing that is not present under the
Dai and Trenberth forcing. Morison et al. (2012) reported
freshwater pathways most similar to those generated by
the A-HYPE forcing, providing further evidence that the
more continuous input of freshwater in time and space
within this study generates results closer to observed
salinity conditions over the long term.

A-HYPE simulations produced stronger and deeper
freshwater content maximums in the Beaufort Gyre, and
a freshwater content structure closer to the Alaskan coast,
which has also been reported in observations (Proshutins-
ky et al., 2019). Maximum freshwater content at depth is
underestimated relative to observations by A-HYPE, but
Proshutinsky et al. (2019) focused their observations
mostly on the summer periods. We generally find, and
here report, that NEMO simulations of salinity and fresh-
water content forced by A-HYPE more closely match avail-
able observations relative to those generated under Dai
and Trenberth forcing. Additionally, significantly fresher
waters are exported from the Arctic through Fram Strait
in the experiment forced by A-HYPE.

Vertically, A-HYPE simulations produced stronger and
deeper freshwater content maxima in the Beaufort Gyre
and a freshwater content structure closer to the Alaskan
coast, which has also been reported in observations
(Proshutinsky et al., 2019). Maximum freshwater content
at depth is underestimated relative to observations by A-
HYPE, but Proshutinsky et al. (2019) focused their obser-
vations mostly on the summer periods.

The resulting simulated distribution and amount of
freshwater in the Arctic depends on the atmospheric forc-
ing and the large-scale circulation; however, it also de-
pends on the amount of freshwater being input and the
seasonality and interannual variability of that input. Given
that the two model experiments are twin experiments,
with the NEMO same setup and identical atmospheric
forcing, and that the only difference between the two
experiments is the river runoff, this study demonstrates
the importance and potential impact of the river runoff
product used to drive an ocean model in determining the
freshwater content of the Arctic Ocean. Future work is
needed to analyze the detailed process-based changes,
and, specifically, how the thermohaline circulation is
impacted by different river runoff fields. Previous ocean
modeling studies, such as those associated with the Forum
on Arctic Modeling and Observational Synthesis, have
shown the difficulty for the present generation of forced
ocean general circulation models to get the Arctic fresh-
water content and transport correct (e.g., Ilicak et al.,
2016; Wang et al., 2016). Those experiments used a com-
mon forcing field, including runoff based on Dai et al.
(2009). Our results indicate that representation of river
runoff may play an important role in setting the freshwa-
ter content structure in the Arctic Ocean and thus needs
further study.

Freshwater content is calculated relative to a reference
salinity of 34.8, averaged over 2009. Depth integration is
over the top 200 m or up to the bathymetry for depths
<200 m. Panel (a) is from the model forced by Dai and
Trenberth and panel (b) is derived using A-HYPE for the
pan-Arctic domain. Regions with freshwater content less
than 0 m are masked (white). Panel (c) shows the

Figure 8. Nucleus for European Modelling of the Ocean simulated freshwater content in the Arctic Ocean, depth-
integrated over the first 200 m. DOI: https://doi.org/10.1525/elementa.2020.00098.f8
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difference in freshwater content between the runs forced
by A-HYPE minus Dai and Trenberth. Regions where the
freshwater content is negative in either experiment are
masked (white). The units for both panels are meters (m).

5. Discussion
5.1. Increasing freshwater discharge

Our results demonstrate that recent increases in pan-
Arctic discharge are projected to continue into the future
and will accelerate to a rate nearly twice that derived from
historical data in the recent literature (Durocher et al.,
2018; Pohl et al., 2020). An analysis of the 12 largest rivers
(Figure S2) reveals no significant decreasing trend in any
decadal period, indicating little to no likelihood of fresh-
water discharge decreasing in future periods. We can
therefore anticipate more freshwater discharge entering
the Arctic basin in future periods, hence higher freshwater
content.

Previous work by Gelfan et al. (2017) compared two of
the largest Arctic Rivers, one from North America (Mack-
enzie) and one from Eurasia (Lena). Although their re-
ported mean changes in projected runoff were greater
than we find for the Lena basin, the variability in projec-
tions (resulting from climate model input) was signifi-
cantly higher for the Mackenzie Basin. They reported
mean increases in average basin runoff from 5% to 19%
for the Mackenzie basin and 10% to 25% for the Lena
basin. In comparison, we project a 22% increase in pan-
Arctic discharge, which is consistent (if not conservative)
among previous studies for the pan-Arctic domain using
climate model projections that report increases between
25% and 50% (Arnell, 2005; Van Vliet et al., 2011; Koirala
et al., 2014; Bring et al., 2017). These previous projections,
however, considered only portions of the full pan-Arctic
domain and did not include river regulation.

Regionally, the most significant increasing trends occur
in the Eurasian Rivers, which also correspond to the larg-
est drainage areas, and therefore the largest discharge
(historically, 1981–2010). When considering increasing
projected discharge, summed from the largest four rivers
(by volume) for Eurasia (Yenisey, Lena, Ob, and Dvina) and
for North America (Mackenzie, Yukon, Nelson, and La
Grande Rivière), then the projected relative increase for
North America (0.93%) is 15% greater than that projected
for Eurasia (0.79%; Table S1).

Interestingly, these results agree with the rates of
change in freshwater content presented previously by
Morison et al. (2012), observed for the period 2005–
2008 using remote sensing imagery. They reported in-
creases in freshwater content within the Canadian Basin
of the Arctic Ocean that were countered at that time by
decreasing Eurasian discharge. More recent studies focus-
ing on Eurasian rivers have shown that since 2007, there
have been notable increases in discharge from some of the
largest Eurasian rivers (e.g., Lena and Yenisey rivers; Pohl
et al., 2007; Shiklomanov and Lammers, 2009).

Results from the NEMO model using the A-HYPE forc-
ing suggest even further propagation of freshwater con-
tent toward Greenland and the Labrador Sea than was
reported by Morison et al. (2012). This finding warrants

further exploration of simultaneous, nonoffsetting in-
creases in freshwater discharge from all continental land-
masses entering the Arctic Ocean that may impact
thermohaline circulation and the movement of freshwater
(low salinity) plumes through the Arctic (marine) Basin.
This study provides clear evidence that such increases will
impact ocean salinity and freshwater content, and likely
global oceanic circulation, but does not yet resolve the
magnitude or extent of those impacts. Differential in-
creases in freshwater discharge from the continents, or
strongly additive freshwater exports, potentially exert an
additional driving force on global ocean circulation pat-
terns, sea ice production, movement, and breakup.

5.2. Changing seasonality

The most significant shift in the pan-Arctic average annual
hydrograph occurs in the lower quantile low, or recession
limb, flows that are more typical of late fall and winter
(ice-on) periods (Figure 3b). This shift can have significant
implications for the Arctic region in future periods, given
that historically several of these rivers have frozen to the
bed for 5 or more months of the year. Rennermalm et al.
(2010) also reported increasing cold season low flows over
most of the pan-Arctic domain, and in particular, the Eur-
asian basins. They reported similar increases, though to
a lesser extent, for the Mackenzie basin and a decreasing
trend in low flow across Eastern Canada (i.e., Nelson and
southern Hudson Bay regions) in the late 20th century.
They pointed to significant discrepancy within the litera-
ture on the direction of trends within the Canadian basins
and to a lack of observations and incongruent temporal
periods of analysis as the cause. We found a weak (insig-
nificant) decreasing trend or no trend in total discharge
across Eurasia from 1981 to 2010 (Figure 7a). This find-
ing, however, was followed in our 30-year moving-window
analysis by significant increasing trends by 2001–2030,
with ubiquitous increasing trends in all rivers by the
2011–2040 period. Examination of the flow duration
curves (Figure S4d) for Eastern Canada, the HBCNOREG sys-
tem, shows tight clustering of low (and high) flow quan-
tiles throughout much of the historic period and in the
near future, but a distinct shift toward higher low flow
quantiles post-2030. Flow duration curves within the reg-
ulated system are more uniformly distributed by decade,
which is likely an artifact of water management practices
in regulated rivers (Figure 3b).

Increasing cold season low flows are likely the result of
increasing autumn rain events and winter rain on snow
events (due to warmer air masses), resulting in later onset
of ice cover and a shorter snow cover season. This scenario,
coupled with an earlier spring melt, reduces the total
duration of ice cover forming on Arctic-draining rivers,
which has significant implications for Arctic transporta-
tion and mobility (Pizzolato et al., 2014; Scheepers et al.,
2018), as well as ecosystem processes. A shorter cold sea-
son will increase thawing of permafrost and frozen
ground, subsequently increasing soil moisture storage and
therefore runoff ratios. Changing amounts of subsurface
storage are thought to be the main driver behind late 20th
century changes in freshwater discharge to the Arctic
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(Rennermalm et al., 2010). Changes in subsurface storage
will also impact the risk of severe drought or forest fire in
the pan-Arctic domain (Groisman et al., 2007), destabiliz-
ing soil structures and influencing surface water accumu-
lation and runoff (Smith et al., 2005), altering species
composition and influencing landcover (Baltzer et al.,
2014; Jafarov et al., 2018), and affecting the physical prop-
erties and nutrient composition of river discharge into the
marine system (Pozdnyakov et al., 2007; Semiletov et al.,
2011).

Spring peak flows produced by a single, spring pulse of
snowmelt have similarly increased in recent decades and
are projected to further increase into the future (Figure
3a), although not as significantly as the increases in the
lower regime flows (Figure 3b). These spring increases
contribute to a general and gradual flattening of the aver-
age annual hydrograph or a more uniform (in time) deliv-
ery of freshwater to the Arctic (marine) Basin as opposed
to the traditional freshwater “pulse” in spring. This effect
is similar to the reported impact of regulation on the
average annual hydrograph (Arheimer et al., 2017; Déry
et al., 2018), which further complicates discharge and
trend projection. Shifting toward a more uniform seasonal
delivery of freshwater into the marine system is likely to
have significant biogeochemical implications, impacting
species health and biodiversity, particularly on continental
shelves influenced by the halocline (Prowse et al., 2006).

5.3. Influence of river regulation

Our analysis within the HBC subdomain suggests that
regulation exacerbates climate-driven impacts, contribut-
ing to a further flattening of the average annual hydro-
graph and more uniform delivery of freshwater into the
Arctic Basin. By contrasting regulated and nonregulated
systems within comparatively representative (relative to
the rest of the pan-Arctic domain) physiographic and cli-
matological regions, we first see the gradual, stepwise
introduction of river regulation within the system differ-
entiated by decades, as also noted by Déry et al. (2018).
Second, we detect the presence of a more significant dual-
peak in the regulated system (rising in late fall, peaking in
winter) due to wetter fall conditions (Figure S4a and c).

In this work, we find climate-driven and anthropogenic
effects to be offset by river regulation, on average. This
finding is important because offsetting effects complicate
the separation of anthropogenic and climate-driven sig-
nals within discharge records as the trends and their sig-
nificance tend to be lower. Trend analysis reveals that river
regulation reduces the likelihood of detecting a significant
increasing trend within similar physiographic and climatic
regions (Figure 7a). We hypothesize that significant inter-
annual storage in systems (e.g., the LGRC) could be due to
retention of peak annual flows across multiple years. The
reduced likelihood of detecting an increasing trend may
also be an artifact of the increased 7-day coefficient of
variation in regulated flow systems (Déry et al. 2018),
which may damp the magnitude of detected trends
because of both natural persistence and nonstationarity
introduced by the presence (and gradual introduction over
time) of flow regulation (Bayazit, 2015). The identification

of different long-term trends for the HBCREG and
HBCNOREG regimes demonstrates the importance of con-
sidering anthropogenic influences, like river regulation, at
the continental scale when producing climate change sce-
narios, likely necessitating more complex integrated water
resource management models to assess long-term trends
accurately. In many continental-scale projections, such
anthropogenic influence is ignored in place of examining
climate-driven change, which may result in misleading
trend identification.

Changes in water availability, however, influence the
storage and release of water in large river systems, ulti-
mately impacting both the timing and delivery of fresh-
water volume to the Arctic Ocean or downstream system.
Although the timestep of flow and reservoir operating
decisions may occur in some reservoirs on a daily or
weekly timescale (i.e., hydropeaking), we find that regula-
tion decisions in the large, Arctic-draining rivers can influ-
ence monthly and annual cumulative downstream
freshwater discharge. Given that the timing of freshwater
delivery is important for the Arctic benthic and pelagic
ecosystems (Sibert et al., 2010; Castro de la Guardia et al.,
2019), ensuring that models adequately account for
anthropogenic controls on continental freshwater dis-
charge is also important.

The use of spectral analyses and windowed Fourier
transforms identified the periodicity of the largest
Arctic-draining rivers and subregions (Figure 7b), high-
lighting the importance (and dominance) of the spring
freshet within these systems. Important timing differences
among the North American and Eurasian river regimes
(independent of regulation) were also identified, suggest-
ing higher natural intraannual variability in the Eurasian
rivers. The dominance of a single, nival-driven peak flow
event is less obvious among North American regimes. In
western Canada (Mackenzie and Yukon rivers), snowmelt
peaks contribute to higher (than eastern Canada) spectral
slope (Figure 7b), suggesting dominant monthly to
annual timescale events. Spectral slopes, however, are
lower and less consistent than those from Eurasian rivers,
suggesting the increasing dominance of rainfall-
dominated events interspersed throughout the year. East-
ern Canadian rivers exhibit lower spectral slope, suggest-
ing the dominance of higher frequency events (weekly to
monthly timescale) that likely are a combination of regu-
lation and lower-latitude drainage from more temperate
climates.

The significance of uncertainty in these simulations,
particularly for the regulated and nonregulated system
comparison, is important. If upper and lower bounds of
this assessment are considered, then a much greater
(lesser) increasing (decreasing) trend would be reported
(Figure 6a and b). The presence of regulation within
a river regime will increase uncertainty in reality (though
this uncertainty will not necessarily be accounted for in
simulation), resulting from unknown unknowns (Klemeš,
1997)—we cannot predict, with certainty, how water man-
agement rules will be adapted into the future to compen-
sate for changing climates and water supply. Similarly,
regulated system analyses here do not account for future
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infrastructure that is under construction or could be built
within large Arctic drainage basins, though our analysis
suggests that hydropower potential will likely increase in
the future. Whether or not new infrastructure will be
developed depends on a multitude of factors, including
(but not limited to) the economics of such projects, the
energy landscape, and future legislation and policy, all of
which are difficult to forecast and would require more
sophisticated integrated water resource management
models. Unfortunately, such a comprehensive model is not
yet computationally feasible for the entire pan-Arctic
domain.

Even among the known unknowns (i.e., input, param-
eter, and model structural uncertainty), there is the issue
of uncertainty propagation through the modeling chain to
arrive at a cumulative estimate of downstream (outlet)
uncertainty for projected discharge (Pokorny et al.,
2021). This issue presents a specific challenge for high-
latitude basins, such as the pan-Arctic domain, where data
are sparse and the region is highly diverse and complex
hydrologically, requiring a relaxation of normally more
stringent model calibration guidelines. This relaxation, of
course, has implications for the accuracy with which we
can expect to predict continental-scale freshwater dis-
charge, and the extent to which we trust hydrometric
measurement in complex, cold region (ice-affected) re-
gimes (Hamilton and Moore, 2013; Westerberg et al.,
2020). We suggest that more sensitivity experiments,
including the uncertainty associated with using a single
hydrologic model structure, are needed to ascertain the
cumulative impact of discharge uncertainty and variance
on downstream marine systems.

5.4. Impacts to the marine system

Our analysis with the NEMO model was a first attempt at
utilizing continuous (in time and space) freshwater dis-
charge as input to an ocean model used for climate pur-
poses, and our results demonstrate the impact of
freshwater discharge on the marine system. Previous
ocean model simulations generally relied on long-term,
gap-filled records such as Dai and Trenberth (Dai et al.,
2009) in the absence of continental or global-scale fresh-
water discharge. We show that subtle differences in the
timing and magnitude of freshwater forcing in ocean
models can culminate in significant differences in local-
ized salinity and freshwater content and the extent to
which freshwater plumes spread across the Arctic Basin.

The AMOC, critical for Earth’s climate and the distribu-
tion of heat and carbon, has been reported as weakening
in recent decades (Caesar et al., 2018). Increasing freshwa-
ter discharge into the Arctic Basin and the melting of the
Greenland ice sheet have been suggested as contributing
to a weakening of the Labrador current and the AMOC
(Thornalley et al., 2018). As terrestrial freshwater discharge
volumes are changing seasonally, so too is the tempera-
ture of these freshwater fluxes. This change, in turn, can
impact sea surface temperature and the formation and
breakup of sea ice within the Arctic Ocean. Understanding
the complex linkages between the weakening AMOC and
increasing freshwater discharge is therefore crucial for

disentangling feedback mechanisms between the ocean,
changes in the terrestrial system, and future climate and
weather extremes.

Increasing freshwater discharge has a significant
impact on the primary productivity of the Arctic Basin,
as increasing discharge reduces nutrient availability
through an intensified stratification in the water column.
This impact is offset, however, by increasing light avail-
ability due to loss of sea ice, particularly during warmer
summer seasons. In Hudson Bay, for example, increased
ice-free seasonality, coupled with strong wind turbulence,
results in higher primary productivity for Hudson Bay, yet
is not the case for the Canadian Arctic Archipelago, Baffin
Bay, or Beaufort Gyre (Castro de la Guardia et al., 2019).
These conflicting results highlight how little is known
about the connectivity between climate-driven changes
to sea ice, the role of freshwater discharge, and the net
impact on primary productivity of the marine system.

The fundamental need for more diverse and spatially
distributed data to support modeling efforts within the
pan-Arctic region, and for the detection and diagnosis of
climate-driven change, is clear (Tang et al., 2020). The
emergence of remote sensing data, and their acquisition
at higher latitudes, has greatly improved knowledge of the
Arctic Basin, but their time series is relatively short with
availability limited to contemporary periods. Their appli-
cability for paleo or future trend projection is thus limited.
Therefore, equally as important, is the need for coupled
Earth System Models to link climate, hydrologic, and
marine systems to enhance our understanding of cumu-
lative system impact and feedback mechanisms between
the systems.

6. Conclusions
Using a model calibrated to historical Arctic-HYCOS re-
cords, we project discharge across the pan-Arctic basin
to derive a more temporally and spatially continuous
90-year record of freshwater discharge entering the Arctic
Basin. We find that freshwater discharge is increasing sig-
nificantly for all rivers, with a projected 22% overall
increase in discharge to the Arctic Basin that is more
uniform (than in the past) across both Eurasia and North
America. Despite the rate of increase being greater among
Eurasian rivers, we find a slightly larger percent increase in
North American freshwater contribution. Differential
changes in Eurasian and North American discharge may
have significant implications for future Arctic Ocean cir-
culation and salinity distribution.

Both climate change and river regulation are contrib-
uting to a flattening of the average annual hydrograph.
This flattening is partly due to statistically significant in-
creases in lower quantile flows (late fall and winter reces-
sion) and partly driven by the onset of an earlier and
comparatively smaller increase in spring freshets. The lat-
ter contribute to decreasing seasonality and a more uni-
form delivery of freshwater discharge into the Arctic Basin,
which can have significant implications for the continen-
tal shelves and their ecosystems. Increasing anthropogenic
river regulation has intra-annual impacts similar to cli-
mate change by simultaneously contributing to additional
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flattening of the hydrograph. Spectral analyses distin-
guished between climate-driven and higher frequency hy-
dropeaking signals; however, this distinction was only
possible when simulating (weekly or monthly) river regu-
lation or water management practices in the modeled
scenarios. This result highlights the need to embed river
regulation for pan-Arctic rivers within hydrologic models
to generate more representative time series of discharge,
historical, and future.

When A-HYPE discharge was used to force the NEMO
ocean circulation model, increased freshwater content
associated with regions of increasing river discharge is
evident. This study and others within the BaySys project
provide evidence that dynamic discharge (continuous in
time and space and changing over time in response to
climate), relative to static (long-term mean) inputs, may
influence long-term oceanic circulation (Ridenour et al.,
2019) and hence will likely impact projections of sea ice
and biogeochemical processes. Such impacts are impor-
tant to note for the ocean modeling community as they
indicate that continued use of products based on long-
term mean discharge (like Dai and Trenberth) for future
simulations will likely be insufficient, particularly with the
significant increases and spatial variability shown among
future projections.

The hydrologic modeling conducted within this study
did not consider nonstationarity under future climate
directly and instead used historic (current) landcover dis-
tributions to derive model parameters, which were held
constant over the simulation period. Rubel and Kottek
(2010) show that landcover classifications (reported using
KPn) may undergo significant change, particularly in the
higher latitude regions of the planet. This change will
impact landcover distribution, and hence model parame-
terization, and potentially have a significant impact on
runoff-generating processes. Therefore, future modeling
exercises should account more realistically for nonstatio-
narity in landcover under climate-driven change to exam-
ine the redistribution of runoff and therefore future
discharge.

Although this work presents a first, important step in
modeling the pan-Arctic domain, it represents only a frac-
tion of what is needed. A critical need is to provide runoff
data in ungauged areas of the pan-Arctic domain, like the
Canadian Arctic Archipelago where there are no gauges
and therefore no records of climate impacts. These high-
latitude regions, where gauging is at its lowest density,
represent some of the most impacted regions of the world,
and hence documenting climate-induced hydrologic im-
pacts using coupled modeling approaches is crucial for
improving knowledge in ungauged regions (Bring and
Destouni, 2011). The potential offered by remote sensing
products and applications across the polar region (Tang et
al., 2020) should also be explored to assist with validating
and verifying model outcomes (discharge) and process-
based hydrologic estimates (e.g., evapotranspiration and
snow-water equivalent). Future work must include Green-
land freshwater discharge; the freshwater discharge from
Greenland (estimated at 280 + 58 km3 yr–1 by Velicogna
et al., 2014) now potentially rivals that of the Mackenzie

River basin and hence could have a significant impact on
the freshwater content and salinity of the North Atlantic
(Scheepers et al., 2018; Stroeve and Notz, 2018) and on
thermohaline circulation originating in the Arctic Ocean.
Future applications of the coupled NEMO-AHYPE simula-
tion system will include Greenland within the terrestrial
domain and consider Greenland freshwater discharge in
ocean freshwater content simulations.
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Déry, SJ, Hernández-Henrı́quez, MA, Burford, JE,
Wood, EF. 2009. Observational evidence of an
intensifying hydrological cycle in northern Canada.
Geophysical Research Letters 36(13). DOI: http://dx.
doi.org/10.1029/2009GL038852.
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