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Large freshwater anomalies clearly exist in the Arctic Ocean. For example, liquid freshwater has accumulated in
the Beaufort Gyre in the decade of the 2000s compared to 1980–2000, with an extra≈5000 km3 — about 25%—

being stored. The sources of freshwater to the Arctic from precipitation and runoff have increased between these
periods (most of the evidence comes frommodels). Despite flux increases from2001 to 2011, it is uncertain if the
marine freshwater source through Bering Strait for the 2000s has changed, as observations in the 1980s and
1990s are incomplete. The marine freshwater fluxes draining the Arctic through Fram and Davis straits are also
insignificantly different. In this way, the balance of sources and sinks of freshwater to the Arctic, Canadian Arctic
Archipelago (CAA), and Baffin Bay shifted to about 1200± 730 km3 yr−1 freshening the region, on average, dur-
ing the 2000s. The observed accumulation of liquid freshwater is consistent with this increased supply and the
loss of freshwater from sea ice. Coupled climate models project continued freshening of the Arctic during the
21st century, with a total gain of about 50,000 km3 for the Arctic, CAA, and Baffin Bay (an increase of about
50%) by 2100. Understanding of themechanisms controlling freshwater emphasizes the importance of Arctic sur-
face winds, in addition to the sources of freshwater. The wind can modify the storage, release, and pathways of
freshwater on timescales of O(1–10) months. Discharges of excess freshwater through Fram or Davis straits ap-
pear possible, triggered by changes in thewind, but are hard to predict. Continuedmeasurement of thefluxes and
storage of freshwater is needed to observe changes such as these.

© 2014 Elsevier B.V. All rights reserved.
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1 Freshwater storage in the Arctic is quantified by the amount of zero-salinity water re-
quired to reach the observed salinity of a seawater sample starting from a particular refer-
ence salinity. In a similar way, transport of freshwater is quantified as the equivalent flux
of zero salinity water. Specifically, liquid freshwater contentm (inmeters) is estimated as

m ¼
Z η

D

Sre f−S
Sre f

dz ð1Þ

for salinity S (all salinities are on the practical salinity scale). The reference salinity Sref
equals 34.80, following Aagaard and Carmack (1989) and Serreze et al. (2006), unless oth-
erwise stated. It is close to the mean salinity for the region of interest (Tsubouchi et al.,
2012). The integration with depth z is performed over the fresh upper levels between
the Sref isohaline surface, whose depth is D, and the sea surface at height η. Occasionally,
D is taken as the depth of a different isohaline surface (for example, Rabe et al. (2011) take
Sref = 35, but D is the depth of the 34 isohaline). Integratingm over horizontal area yields
the total liquid freshwater content (a volume, or inventory, that we quote in km3).
1. Introduction

Large changes have been seen in the Arctic Ocean freshwater system
in recent years, particularly as the observational database ballooned
during the International Polar Year (2007–2008). Moreover, oceano-
graphic measurements of freshwater leaving the Arctic through the Ca-
nadian Arctic Archipelago (CAA) and Nordic Seas now span a decade.
With further widespread changes forecast, the time is ripe for a review
and synthesis of knowledge on the freshwater system of the Arctic and
Subarctic Ocean. That is our taskhere.We review current understanding
on the status,mechanisms, and prospects for Arctic freshwater, focusing
on freshwater export to the Atlantic Ocean. Where possible we synthe-
size this knowledge to draw new conclusions. The overall goal is to de-
scribe recent changes in the Arctic Ocean freshwater system, to attempt
to understand the mechanisms causing these changes, and, on this
basis, to speculate about future prospects, especially for the oceanic ex-
port of Arctic freshwater. In particular, we consider the budget of Arctic
freshwater, quantifying the storage of freshwater, and the various
sources and sinks (Section 2). In Section 3 understanding of the mecha-
nisms controlling the Arctic freshwater budget is discussed. The pros-
pects for changes in the budget and export fluxes in the coming years
and decades are covered in Section 4.

Why is the Arctic freshwater system important for global planetary
change? The principal reasons are these: First, the Arctic freshwater sys-
tem is one terminus of the global atmospheric cycle that carries water
from low to high latitudes. Evaporation from the warm tropics leads
to condensation, precipitation, and accumulation over the cold poles.
Second, freshwater plays a leading role in Arctic climate dynamics and
climate change. Freshwater as ice reflects solar radiation because of its
relatively high albedo; freshwater as liquid forms a thin boundary
layer (the halocline) that separates the warmer water below from the
atmosphere. Recent changes in the Arctic freshwater system, such as
the large decrease of sea ice in summer, support the view that Arctic an-
thropogenic change is amplified with respect to the global average.
Finally, the Arctic freshwater system impacts manifold physical and
biological processes, both within the Arctic itself, and at lower latitudes.
Many of these processes influence human activities.

Fig. 1 shows the region of interest. We consider freshwater, as both
liquid and ice, in the Arctic Ocean, CAA, and Baffin Bay. This control vol-
ume is closed by oceanic sections at the Bering Strait (50m deep, 85 km
wide), the Fram Strait (2600 m deep, 580 km wide), the Davis Strait
(1030 m deep, 330 km wide), and the Barents Sea Opening (480 m
deep, 820 km wide). The fluxes of mass, heat, and freshwater have
been monitored across these sections with oceanographic mooring ar-
rays and ship-based surveys. The export of freshwater through Davis
Strait captures the branch of the Arctic outflow through the CAA. The
export through western Fram Strait is the other major export pathway,
draining the central Arctic of liquid freshwater and sea ice. In the discus-
sion of these fluxes, we emphasize low-frequency changes, contrasting
the decade of the 2000s with the 1980s and 1990s. Seasonal and inter-
annual variations are not discussed in detail.

This paper emerged from a meeting of the Arctic–Subarctic Ocean
Flux program (http://asof.awi.de/) in autumn 2012, kindly hosted by
the Istituto delle Scienze Marine, Lerici, Italy.
2. Status of freshwater storage and export

Freshwater in the Arctic Ocean exists in the solid form as sea ice
(frozen seawater) and in the liquid form. Liquid freshwater dilutes the
upper layers of the Arctic Ocean to create the ubiquitous halocline
(the 10–50 m thick near-surface layer of strongly-increasing salinity
with depth). Understanding Arctic freshwater involves quantifying
where these two phases are stored, and how they are transported and
redistributed. Quantifying storage requires knowledge of the distribu-
tion in space of liquid freshwater and sea ice.1 Quantifying transport
requires knowledge of the fluxes of freshwater into and out of the Arctic
Ocean. Knowledge of freshwater storage and transport allows the
construction of a freshwater budget. The goal in this section is to review
the current knowledge of freshwater storage and fluxes and to update
the freshwater budget for the Arctic Ocean. The two overarching

http://asof.awi.de/


2 The Beaufort Gyre circulates above the deep Canada Basin (see Fig. 5 below). The Ca-
nadian Basin includes the Canada andMakarov basins. The Beaufort Sea includes the shelf
and slope regions north of Alaska and northwest Canada (Fig. 1).

3 Kwok and Rothrock (2009) report mean ice thickness from submarine data for the
Central Arctic at the end of the melt season of 3.02 m for 1958–1976. Laxon et al. (2003)
report a mean winter (October to March) ice thickness of 2.73 m for 1993–2001 from ra-
dar altimetry south of 82°N.

4 Sea ice typically has an average salinity, Sice, of about 4 (Aagaard and Carmack 1989; it
decreases with age). For ease of comparison, we quote the equivalent liquid freshwater
volume stored in sea ice throughout. Namely, we multiply ice volume fluxes by (1 −
Sice/Sref)(ρice/ρw), where ρice = 900 kg m−3 is the average density of ice, and
ρw = 1003 kg m−3 is the density of seawater with salinity Sice.

Fig. 1.Map of the Arctic and subpolar North Atlantic oceans and the Canadian Arctic Archipelago (CAA). Themain oceanic fluxmonitoring sites are indicatedwith thick red lines. Thin red
lines in themain map are used to delimit the Arctic Ocean (and the boundaries of Serreze et al.'s (2006) domain; see Section 2.1). The freshwater budget discussed in Section 2 considers
the Arctic, CAA, and Baffin Bay contained within the Bering, Davis and Fram straits, and the Barents Sea Opening (BSO). The bathymetry (topography; from Terrainbase (1995)) is shown
with blue (gray) colors in meters above sea level.
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questions are: What is the current state of freshwater storage in the
Arctic Ocean/CAA and freshwater exchange with neighboring reser-
voirs? And, where are the greatest uncertainties in freshwater storage
and export given the present and anticipated observing efforts? A sum-
mary and a graphical view of the past, present and anticipated future
freshwater budget of the Arctic Ocean are provided in Table 1 and
Fig. 2. The left hand panel of Fig. 2 shows the budget for, nominally,
1980–2000, the period we initially consider. The right panel shows the
budget for the 2000s (Sections 2.2, 2.3, 2.4).

2.1. Pre-2000 freshwater budget

Aagaard and Carmack (1989) provided the first modern account of
the complete freshwater budget of the Arctic Ocean. Budget estimates
change over time, however, for two reasons: First, new data are collect-
ed and the historical databases grow and, second, the system itself
changes. For these reasons, this pioneering overview was updated by
Lewis et al. (2000), Peterson et al. (2006), Serreze et al. (2006), White
et al. (2007), Dickson et al. (2007, 2008), Rawlins et al. (2010) and
Beszczynska-Möller et al. (2011). These assessments synthesized infor-
mation from individually-published studies on the different compo-
nents of the Arctic freshwater system. For example, Serreze et al.
(2006) used the long-term Polar Science Center Hydrographic Climatol-
ogy (PHC, version 3.0, updated from Steele et al. (2001)) to estimate the
total annual-mean liquid freshwater content of the Arctic Ocean to be
74,000 km3 (see also Serreze et al. (2008)). This volume includes all ba-
sins and the surrounding shelves in a domain defined by lines across the
Fram Strait, the Barents Sea Opening, the Bering Strait, and the northern
entrance to the CAA (see Fig. 1). Freshwater storage is distributed un-
evenly; more than half resides in the Canadian Basin, with about 25%
in the Beaufort Gyre.2 The CAA (as far as Hecla and Fury straits) and Baf-
fin Bay (as far as Davis Strait) store about 19,000 km3 extra freshwater
based on the PHC 3.0 climatology for a total of around 93,000 km3

(Table 1, Fig. 2).
Freshwater storage as solid sea ice is the component of the Arctic

freshwater budget with most uncertainty. Horizontal sea ice extent is
relatively well known from direct satellite observations, at least since
1979. The uncertainty in sea ice volume is due to sparse information
on the spatial and seasonal distributions of Arctic ice thickness. In con-
structing their sea ice budget, Aagaard and Carmack (1989) assumed a
value of 3 m for the mean sea ice thickness.3 This number multiplied
by the 1973–1976 satellite-derived ice coverage yields a freshwater vol-
ume stored in sea ice of 17,300 km3 (in the annual average, and consis-
tent with the 1980–2000 average of 17,800 km3, quoted below in
Section 2.3).4 Serreze et al. (2006) followed the same approach; they
chose amean ice thickness of 2m, reflecting the general thinning taking
place across the Arctic. Multiplied with the 1979–2001 satellite-derived
mean sea-ice coverage, Serreze et al. (2006) estimated that about



Table 1
Arctic/CAA freshwater reservoir volumes and fluxes computed with respect to a reference salinity of 34.80 (positive fluxes freshen the Arctic; see also Fig. 1).

1980–2000a 2000–2010b 21st centuryc

Freshwater reservoirs (km3)
Liquid freshwater 93,000 101,000 150,000 by 2100 (Fig. 9)
Beaufort Gyre 18,500 23,500 Increases (with fluctuations?)
As seasonal sea iced 13,000 13,400 Increases?
As multiyear sea icee 10,900 7400 Decreases
As average sea ice 17,800 14,300 3000 by 2100
Total freshwater volume 110,800 115,300 ~150,000 by 2100

Freshwater fluxes (km3 yr−1)
Runoff 3900 ± 390 4200 ± 420 5500 by 2100
Bering Strait (liquid) 2400? ± 300+f 2500 ± 100 N2500
Bering Strait (in sea ice) 140 ± 40 140 ± 40 ?
P − E 2000 ± 200 2200 ± 220 2500 by 2100
Greenland flux 330 ± 20 370 ± 25 430 by 2025
Davis Strait (liquid) −3200 ± 320 −2900 ± 190 −4000 by 2070; −3500 by 2100
Davis Strait (in sea ice) −160 ± ? −320 ± 45 ?
Fram Strait (liquid)g −2700 ± 530 −2800 ± 420 −6000 by 2100
Fram Strait (in sea ice) −2300 ± 340 −1900 ± 280 −600 by 2100
Barents Sea Opening −90 ± 90 −90 ± 90 ?
Fury and Hecla straits −200 ± ? −200 ± ? ?

Total fluxes (km3 yr−1)
Inflow sources 8800 ± 530? 9400 ± 490 ≳11,000 by 2100
Outflow sinks −8700 ± 700 −8250 ± 550 −10,000 by 2100
Residual 100 ± 900? 1200 ± 730 ~1000 by 2100?

a Taken from Serreze et al. (2006) with some modifications (see Section 2.1).
b See Sections 2.2 and 2.3.
c See Section 4 and Vavrus et al. (2012). These projections are uncertain.
d Seasonal sea ice is the winter minus summer sea ice volume (Fig. 3).
e Multiyear sea ice is the sea ice volume at the end of the summer melt season (Fig. 3).
f See Section 2.4.2.
g Including the Fram Strait deep water and West Spitsbergen Current.
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10,000 km3 freshwater is stored as Arctic sea ice. This number is proba-
bly too low, at least for a climatology representing the late 20th century.
Consider replacing the Serreze et al. (2006) ice thickness estimate of
2 m with 3 m, Aagaard and Carmack's (1989) value and very similar
to the estimate of 3.1 m for 1958–1976 by Rothrock et al. (1999). The
annual-mean freshwater storage estimate in sea ice is then about
15,000 km3, which is much closer to the Aagaard and Carmack (1989)
estimate of 17,300 km3. As shown below in Section 2.3, the volume of
sea ice formed each year is around 13,000 km3 (for 1980–2000), most
of which melts without leaving the Arctic (Section 3.1.1). A fraction of
this seasonal sea ice survives the summer melt to become multiyear
ice, or is exported south.

Freshwater is supplied to the Arctic by three principal mechanisms:
runoff, oceanic inflow, and precipitation minus evaporation (P − E).
Most important, runoff from rivers, streams, and groundwater dis-
charge supplies around 3900 ± 390 km3 yr−1 (assuming 10% error;
see below) for 1980–2000 to the Arctic, CAA, and Baffin Bay.5 This num-
ber is the average of two estimates: First, the runoff from the ERA-
INTERIM atmospheric reanalysis product (Dee et al., 2011) is
4200 km3 yr−1 (see Lindsay et al. (2014) for a comparison of reanalysis
precipitation products, including ERA-INTERIM). Second, the estimate
from river discharge observations, extrapolated to fill the substantial
data gaps, is 3600 km3 yr−1. This value is derived from the data
shown by Shiklomanov (2010) (his Fig. R1) and adjusted to exclude
the Yukon River (about 200 km3 yr−1) and include the contributions
from the CAA and Baffin Bay (which add about 500 km3 yr−1 more).
The average of these two estimates equals 3900 ± 390 km3 yr−1
5 We express freshwater fluxes in km3 yr−1. To convert to a flux in Sverdrups (Sv) note
that 1000 km3 yr−1 equals 31.7 mSv (1 Sv is 106 m3 s−1). Component fluxes are signifi-
cantly affected bydifferent choices of reference salinity Sref, but thenetflux for an enclosed
region is not: see Tsubouchi et al. (2012) for a discussion of the effects of choosing different
Sref.
(assuming 10% error), and is reported in Table 1 and Fig. 2 as the
1980–2000 mean runoff. This number exceeds that of Serreze et al.
(2006) (3200 ± 320 km3 yr−1) for two reasons: First, the present syn-
thesis includes the Arctic and the CAA as far as Davis Strait, not just the
Arctic. Second, the Serreze et al. (2006) value comes from observations
of river discharge only. The difference between the estimates from ERA-
INTERIMand the discharge data reflects the combined uncertainty in es-
timating freshwater runoff from reanalysis products and direct mea-
surements. This error, about 10%, amounts to 390 km3 yr−1 in the
1980–2000 runoff estimate. It is consistent with Lindsay et al.'s (2014)
estimate of a positive bias in the ERA-INTERIM precipitation fields of
about the same size (their Fig. 3b).

The flow through Bering Strait is the next largest source of liquid
freshwater, supplying around 2400 ± 300 km3 yr−1 relative to Sref =
34.80 (Woodgate and Aagaard, 2005; Serreze et al., 2006). This estimate
is based on direct observations for 1990–2004 of themain-channel flow
which accounts for about 1700 km3 yr−1. An additional 700 km3 yr−1 is
added to account for the Alaskan Coastal Current and freshwater flux
due to seasonal stratification which were not observed throughout
this period. Estimating the 1980–2000 average flux is hard because
the only years with adequate observations are 1991, 1998, and 1999.
In the absence of other data, we quote 2400 ± 300 km3 yr−1 in
Table 1, mindful of this uncertainty. The Bering Strait ice flux is small
in comparison, adding another 140 ± 40 km3 yr−1 freshwater into the
Arctic (Travers, 2012) in 2007, for example.

Finally, the difference between precipitation and evaporation over
the region delivers a net flux of around 2000 ± 200 km3 yr−1 (from
ERA-INTERIM; the 10% error is based on the runoff error above). Noting
that about 200 km3 yr−1 is added over the CAA and Baffin Bay, this es-
timate is 10% smaller than the ERA-40 (Uppala et al., 2005) value of
Serreze et al. (2006).6 Input of glacial ice as icebergs or glacial melt
6 It is also derived from the stored reanalysis output fields, rather than the so-called
aerological method (Serreze et al., 2006).



Fig. 2. Schematic Arctic/CAA freshwater budgets. Themain reservoirs andfluxes are shownwith area proportional to the reservoir volume and the integrated flux in one year, respectively
(see the white box for scale). That is, reservoirs: liquid freshwater (fw), freshwater stored as seasonal ice and multiyear ice; the liquid freshwater content of the Beaufort Gyre is shown
with the circle. Incoming fluxes: precipitationminus evaporation (P− E), runoff, and Bering Strait ocean currents. Outgoing fluxes: Fram Strait (liquid and in sea ice) and Davis Strait. The
left panel represents the era before significant Arctic environmental change (1980–2000). Themiddle panel represents the last decade, and the right panel shows the differences between
two periods. The reference salinity is 34.80. See also Fig. 4 and Table 1.
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water into the Arctic and Baffin Bay is relatively small, around 330 ±
20 km3 yr−1, from Bamber et al.'s (2012) estimates. Summing each of
these sources (Table 1), the total freshwater supply is about 8800 ±
530 km3 yr−1.

Freshwater also leaves the Arctic as oceanic liquid freshwater and sea
ice. Themost important liquid freshwater export route is via the CAA and
Baffin Bay at around 3200 ± 320 km3 yr−1 through Davis Strait (sea ice
adds about 160 km3 freshwater each year; Serreze et al. (2006)). This
estimate is inherently uncertain, however, because it is based on
1998–2000 data of the flux at Barrow Strait, not Davis Strait. These obser-
vations are then multiplied by a factor of 2–3, from models, to estimate
the Davis Strait flux. In comparison, direct measurements of Davis Strait
flux were made between 1987 and 1990 using a moored array (Cuny
et al., 2005), although the shelves and the upper 150 m were excluded.
The liquid freshwater flux was 2900 ± 1100 km3 yr−1, extrapolating to
estimate the unobserved parts, which is insignificantly different from
the 3200 ± 320 km3 yr−1 number quoted above.

Export of both liquid freshwater and sea ice through Fram Strait is
also important. The liquid freshwater flux through Fram Strait is around
2700 ± 530 km3 yr−1, while export of freshwater as sea ice in Fram
Strait is about 2300 ± 340 km3 yr−1 (Serreze et al., 2006). The
2700 ± 530 km3 yr−1 Fram Strait liquid freshwater flux includes the
contributions from the deep water and the West Spitsbergen Current.
Freshwater flux across the Barents Sea Opening is relatively weak,
−90 ± 90 km3 yr−1, compared to Sref = 34.80 because inflowing
salty Atlantic water compensates the inflowing fresh Norwegian coastal
current.

The total freshwater export rate for the Arctic, CAA, and Baffin Bay
thus sums to about 8700 ± 700 km3 yr−1 (including the small flux of
about 200 km3 yr−1, of unknown accuracy, through Fury and Hecla
straits based on Straneo and Saucier, 2008). This flux balances
the freshwater sources with a discrepancy that is indistinguishable
from zero within the large uncertainty: the residual is about 100 ±
900 km3 yr−1 leaving the Arctic (Table 1).
This budget, mainly from Serreze et al. (2006), nominally covers the
period 1980–2000, roughly speaking before major adjustment in the
Arctic hydrological cycle. Since publication of Serreze et al. (2006),
results from several studies have updated our knowledge of the Arctic
freshwater system and how it appears to have changed in the last
decade. We now discuss these changes.

2.2. Rapid increase in liquid freshwater storage since 2000

The storage of freshwater in the Arctic Ocean is increasing. The first in-
dication of departure from the climatology of Serreze et al. (2006) was
provided by Proshutinsky et al. (2009). Using data collected in 2003–
2007 and historical observations, they found that the freshwater content
in the Beaufort Gyre increased by over 1000 km3 relative to the pre-1990s
climatology. The 1990swere also found to be fresher than the climatology
of the previous decades. The freshening apparently accelerated during the
late 2000s: McPhee et al. (2009) found that the freshwater content had
increased by 8500 km3 in the Canada and Makarov basins by 2008. This
increase is measured relative to winter climatology (PHC 3.0), and uses
extensive aerial surveys carried out inMarch–April 2008. For comparison,
it corresponds to about one year's worth of import (and export) of fresh-
water in the 1980–2000 budget discussed in Section 2.1.

The rapid freshening is evident in other datasets as well. Rabe et al.
(2011) used summer salinity profiles from ships, drifting ice stations
and autonomous stations between 2006 and 2008 to estimate the fresh-
water content for the entire Arctic Ocean with a bottom depth deeper
than 500 m. Compared to summer salinity profiles obtained during
the period 1992–1999, they found that the freshwater content had in-
creased by 8400 ± 2000 km3 (in this case relative to Sref = 35.00).
The freshwater content m (Eq. (1)) increased across nearly all of the
Arctic between 2006–2008 and 1992–1999. Although the estimated
freshwater content increases of McPhee et al. (2009) and Rabe et al.
(2011) are similar, one should keep in mind that they are not directly
comparable. The two estimates cover different regions, different times



Fig. 3. Freshwater volume stored as Arctic sea ice from the PIOMAS assimilation product (Zhang and Rothrock, 2003). The thin full lines show the seasonally-varying and annual average
values. The averages of theminimum (summer) andmaximum (winter) volumes are shownwith thick dashed lines for the periods 1980–2000 and 2000–2010. Thick full lines show the
averages over these periods. The seasonal and multiyear volumes of freshwater stored as ice are shown, from PIOMAS, as is the early average volume estimate of Aagaard and Carmack
(1989). The estimates of the recent loss of freshwater from multiyear sea ice by Kwok et al. (2009) and Laxon et al. (2013) are shown with arrows. See Table 1 and Fig. 2.
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of the year, are based on different time periods, and use different refer-
ence salinities and different lower levels of integration (McPhee et al.,
2009 integrated from the depth of the 34.80 isohaline surface, whereas
Rabe et al. (2011) integrated from the depth of the 34.00 surface: see
Eq. (1)).7 Despite these differences, the conclusion is the same; the Arc-
tic liquid freshwater content increased rapidly during the 2000s by
about 10%. Our estimate of the 2000–2010 average liquid freshwater
volume is therefore 101,000 km3 (Table 1; see also Fig. 7 below).

The findings ofMcPhee et al. (2009) and Rabe et al. (2011)were cor-
roborated by Giles et al. (2012), who used satellite measurements be-
tween 1995 and 2010 to show that the dome in sea level associated
with the Beaufort Gyre inflated and the sea level slope steepened at
the edges. They estimated that this inflation corresponds to an increase
in freshwater storage of 8000 ± 2000 km3 in the western Arctic Ocean.
Rabe et al. (2014) also recently report that over the period 1992–2012
the liquid freshwater content increased at an average rate of 600 ±
300 km3 yr−1.

The cause of the inflation, freshening, and increased storage in the
2000s is a wind-driven strengthening of the Beaufort Gyre (see
Section 3 below for an explanation of this mechanism). The extra fresh-
water is, at least in part, redistributed from other parts of the Arctic. For
example, Morison et al. (2012) used a combination of hydrochemistry,
hydrography and satellite altimetry and bottom pressure measure-
ments to show that over the period 2005–2008 the dominant liquid
freshwater content changes involved an increase in the Canada Basin
compensated by a decrease in the Eurasian Basin. The upper waters of
the Canada Basin were 1–3 practical salinity units fresher in 2008 than
the pre-1990s climatology and 1–2 units saltier in the Makarov Basin.
The changeswere found to be due to a re-routing of Siberian river runoff
associated with changes in the phase of the Arctic Oscillation (see
Sections 2.5 and 3.1.2).

2.3. Sea ice changes since 2000

Sea ice is the component of the Arctic freshwater cycle with most
rapid change. Sea-ice extent is declining, especially in summer. For
example, Vaughan et al. (2013) show that the linear trend in northern
hemisphere monthly-mean sea ice extent is −3.8 ± 0.3% per decade
7 We can estimate the impact of the last two factors: Rabe et al.'s (2011) choice of Sref=
35.00, not 34.80, makes their estimate of the liquid freshwater content larger because one
integrates a greater salinity anomaly in Eq. (1). Their choice of the 34.00 surface, not the
Sref surface, as the starting point for integration makes their estimate smaller because
one integrates over a smaller part of the halocline. These two choices have compensating
influence on estimates of freshwater inventory. Using the PHC 3.0 climatology we com-
pute that the net effect is a decrease of 1000 km3 in the total freshwater volume. Presum-
ably the effect on the anomaly in freshwater volume is less and well within Rabe et al.'s
(2011) error bars.
for the period November 1979 to December 2012 (considering all
months). The corresponding trends for winter, spring, summer, and au-
tumn are −2.3 ± 0.5%, −1.8 ± 0.5%, −1.6 ± 0.8%, and −7.0 ± 1.5%,
respectively. These figures show that the decline in sea ice extent is
dominated by loss in summer and autumn. The September sea ice
extent reached record-breaking values of 4.3 × 106 km2 in
2007 and 3.6 × 106 km2 in 2012 (the 1979–2001 average is
7.0 × 106 km2).

Sea-ice thickness is also declining. For example, Kwok and Rothrock
(2009) show that the average ice thickness at the end of themelt season
was 3.02 m during the period 1958–1976 (based on submarine data),
but just 1.43 m during 2003–2007 (based on ICESat satellite data). Sim-
ilarly, Comiso (2012) shows that the trend in the extent ofmultiyear sea
ice — which is thicker than first-year ice — is −16% for 1981–2011
(measured by satellite during winter). This is a faster rate of decline
than for sea ice extent as a whole (−3.8 ± 0.3% per decade, from
above), reflecting the preferential reduction of thick, multiyear ice and
hence a decline in average thickness.

Concomitant with the declines in sea-ice extent and thickness, sea-
ice volume is shrinking. Perhaps the best estimates of sea-ice volume
changes over the last 30 years are from Arctic assimilation products,
such as the Polar Science Center Pan-Arctic Ice Ocean Modeling and
Assimilation System (PIOMAS; Zhang and Rothrock, 2003). The
PIOMAS assimilates ice concentration and sea-surface temperature
data, and its sea-ice thickness estimates are validated against satellite
products and upward-looking sonars on moorings and submarines.
Nevertheless, uncertainty remains in the PIOMAS product, especially
for the absolute ice volume numbers. Fig. 3 shows that between 1980
and 2000 the mean PIOMAS freshwater volume stored in sea ice is
17,800 km3, very similar to the Aagaard and Carmack (1989) estimate
of 17,300 km3, and the number quoted in Table 1. The PIOMAS freshwa-
ter volume stored asmultiyear ice for 1980–2000 is 10,900 km3 and the
seasonal sea ice is 13,000 km3 (Table 1). For the decade 2000–2010, the
PIOMAS annual mean freshwater volume stored in ice decreased to
14,300 km3 (with 7400 km3 as multiyear and 13,400 km3 as seasonal
ice). This loss of freshwater stored in multiyear ice agrees, more or
less, with the satellite-based estimate of Kwok et al. (2009). For 2011
the PIOMAS estimate of annual mean freshwater volume in sea ice is
10,900 km3, a loss of about 40% compared to the 1980–2000 period.
This value accounts for both sea-ice thinning and sea-ice extent
reduction and is similar to Laxon et al.'s (2013) satellite-based estimate
(Fig. 3).

2.4. Freshwater fluxes since 2000

Section 2.1 discusses 1980–2000 conditions. A more updated ac-
count on exchanges through the main oceanic gateways between the



Fig. 4. Synthesis of ocean freshwater flux time series. The upper panel shows runoff and precipitation minus evaporation (P− E) from the ERA-INTERIM reanalysis. An estimate from the
river discharge data of Shiklomanov (2010) is also shown (see text). The second panel shows Bering Strait fluxes fromWoodgate et al. (2012). The fourth panel shows fluxes as liquid and
stored in sea ice through Fram Strait from de Steur et al. (2009) and Spreen et al. (2009). The bottom panel shows Davis Strait fluxes from Curry et al. (2014). Themiddle panel shows the
net freshwater flux (positive means Arctic freshening) and includes the relatively minor Barents Sea Opening (BSO), Fury, Hecla and Greenland fluxes (light color indicates somemissing
components). Circles indicate annual mean values with error bars on the 2000–2010 mean values at the right hand side. Shading indicates uncertainties on the annual averages, where
available. The data gaps in the Fram Strait sea ice record (black) are filled by reverting to the average seasonal cycle. The values from the 1980 to 2000 budget in Table 1 are shown
with lines on the left. The crosses show the quasi-synoptic flux estimates for summer 2005 from Tsubouchi et al. (2012). The stars show the Fram Strait flux estimates from Rabe et al.
(2013) including the contributions from Pacific and meteoric waters. See also Fig. 2.

19T.W.N. Haine et al. / Global and Planetary Change 125 (2015) 13–35
Arctic Ocean and the subpolar seas is provided by Beszczynska-Möller
et al. (2011). Tsubouchi et al. (2012) present a pan-Arctic flux estimate
using mainly hydrographic data and dynamical constraints, plus some
mooring data (relative to Sref = 34.66). Their estimate is quasi-
synoptic because it represents the 32-day period 9 August to 10
September 2005, and so is useful for comparison. Here we discuss
the latest numbers in turn, including variability and trends (see also
Fig. 4).
2.4.1. Runoff and precipitation minus evaporation
Precipitation over the Arctic has increased in recent years, according

to both atmospheric reanalysis and coupled climate models. For exam-
ple, using the ERA-INTERIM product, both runoff into, and P − E over,
the Arctic and CAA were greater in the 2000s than for 1980–2000.
Runoff was around 4600 km3 yr−1 for 2000–2010 compared to
4200 km3 yr−1 for 1980–2000 (long-term terrestrial storage effects are
small so runoff changes derive from precipitation changes over land).



8 The Rabe et al. (2013) flux numbers are decreased by 5% to account for their higher
reference salinity from Table 1 of de Steur et al. (2009).
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Similarly, using the adjusted river discharge data from Shiklomanov
(2010) to estimate runoff change, we find an increase from 3600 to
3800km3 yr−1 between twoperiods. Taking the average of these two es-
timates gives our estimate of 4200±420 km3 yr−1 (Table 1).We rough-
ly estimate the uncertainty in this value to be 10%, based on the
differences between the discharge data and the ERA-INTERIM reanalysis.
ERA-INTERIM P − E was around 2200 ± 220 km3 yr−1 for 2000–2010
compared to 2000 ± 200 km3 yr−1 for 1980–2000 (also assuming 10%
errors; see Table 1 and Section 2.1). Freshwater flux from Greenland is
also higher; about 370 ± 25 km3 yr−1 rather than 330 km3 yr−1

(Bamber et al., 2012).
It is hard to be sure if these increases in runoff and P− E are real or

not. They are both smaller than the nominal uncertainty in Fig. 4 of
±10%, based on the differences between the ERA-INTERIM and ERA-
40 runoff and P − E numbers quoted in Section 2.1. Nevertheless, the
ERA-INTERIM product is among the best available. It is one of three
out of seven reanalysis products that Lindsay et al. (2014) identify as
being more consistent with independent observations. They compare
the ERA-INTERIM precipitation field with the gridded monthly Global
Precipitation Climatology Centre Full Data Reanalysis Version 5
(Rudolf et al., 2010). They find that ERA-INTERIM performs best of all
sevenmodels considered inmatching the observed precipitation anom-
alies (the correlation coefficient is slightly less than 0.8). The ERA-
INTERIM P − E product is therefore a good choice for our purposes.
Moreover, climate models predict increasing precipitation and runoff
during the 21st century. For example, Vavrus et al. (2012) estimate pre-
cipitation increases about 40%, on average, from an ensemble of CCSM4
projections (see Section 4.1). Therefore, we suspect that the Arctic
precipitation did indeed increase between 1980 and the 2000s. To our
knowledge, no study exists that compares Arctic precipitation data
from the 2000s with earlier decades, however.

2.4.2. Bering Strait
The Bering Strait import of Pacific (liquid) freshwater amounted

to 2500 ± 630 km3 yr−1 over the period 1999–2005 (Woodgate
et al., 2006). Bering Strait volume flux increased from 0.7 Sv (22 ×
103 km3 yr−1) in 2001 to 1.1 Sv (35 × 103 km3 yr−1) in 2011 with
insignificant change in salinity (Woodgate et al., 2012). In
consequence, the freshwater flux increased from around
2000–2500 km3 yr−1 in 2001 to 3000–3500 km3 yr−1 in 2011
(Fig. 4). The year 2001 exhibited the lowest freshwater flux at
2200 km3 yr−1 in the period 1998–2011, however. Compared to
the uncertainty in the freshwater flux estimate (around
250–500 km3 yr−1) the 2001 to 2011 increase in Bering Strait fresh-
water flux is significant. In Table 1 and Fig. 1 we estimate the 2000–
2010 Bering Strait liquid flux to be 2500± 100 km3 yr−1. This decad-
al average is indistinguishable from the estimate of 2400 km3 yr−1

which, in the absence of a complete data record, we take as the
best-available, likely poor, value for the period 1980–2000
(Section 2.1). Tsubouchi et al.'s (2012) quasi-synoptic estimate of
the Bering Strait flux for summer 2005 is 2300 ± 400 km3 yr−1,
close to the annual average of Woodgate et al. (2012) for that year.

2.4.3. Fram Strait
The export of liquid freshwater in the East Greenland Current

in Fram Strait was 1960 ± 760 km3 yr−1 over the period 1997–2008
(de Steur et al., 2009). The 2000–2010 average was nearly
2100 km3 yr−1, using an improved method by de Steur et al. (2014)
to fill data gaps. These estimates, frommoorings and model results, ex-
clude the West Spitsbergen Current which carries warm salty water
polewards. From the perspective of the budget this flow counts as a
southward flux of freshwater relative to Sref = 34.8. Serreze et al.
(2006) estimate it exports 760 ± 320 km3 yr−1 which gives a net of
around 2800 ± 420 km3 yr−1 for Fram Strait liquid freshwater flux
(for years 2000–2010; Fig. 4). This number is essentially unchanged
from the 1980 to 2000 value of 2700 km3 yr−1 (Table 1, Fig. 2).
Tsubouchi et al.'s (2012) quasi-synoptic estimate of 2200 km3 yr−1 for
the summer of 2005 is noticeably smaller although within error bars.
de Steur et al. (2009) report that Fram Strait liquid freshwater flux is
lowest in summer, so seasonal variability is the likely explanation for
the difference. Rabe et al. (2013) also provide liquid freshwater flux es-
timates (stars in Fig. 4).8 They are based on six summer-time ship sec-
tions and current meter data and agree with the de Steur et al. (2009)
values. The Rabe et al. (2013) flux estimate for summer 2011 is
3900 km3 yr−1, noticeably larger than the previous 14 years, however,
due to a greater Pacific Water contribution.

The Fram Strait export of sea ice is estimated to have carried
2100 km3 yr−1 freshwater averaged over the winters of 2003–2008
(winters are defined as October through May; Spreen et al., 2009). The
annual average for 2000–2010 (1990–2000) is 1900 ± 280 (2000 ±
290) km3 yr−1 when data gaps are filled using the average seasonal
cycle (Fig. 4). The quasi-synoptic value quoted by Tsubouchi et al.
(2012) is 1250 km3 yr−1 for summer 2005. This number is about half
of the annual average, but is unexceptional in light of the annual cycle
in sea ice flux reported by Vinje et al. (1998) and visible for some
years in Fig. 4. For the period 1990–1999, Kwok et al. (2004) estimate
the freshwater flux in sea ice to be 1800 km3 yr−1. Their estimate is sig-
nificantly lower than that of Serreze et al. (2006) (2300 ±
340 km3 yr−1, based on Vinje et al. (1998)), but it is unclear which is
more accurate. Given the large inter-annual variability in sea ice flux
(400 km3 yr−1 according to Kwok et al. (2004)), and the challenge in
observing this variable, there is no evident change in Fram Strait sea
ice flux (Spreen et al., 2009).

It is interesting that the Fram Strait sea ice flux is apparently un-
changed. Changes have been observed in Fram Strait sea ice properties
however. During the 2000s the modal thickness of multiyear sea ice in
Fram Strait decreased by approximately one third compared to the
1990s (Hansen et al., 2013). In the 1990s the mean sea ice thickness
was 3.4 m; for 2005–2010 it had decreased to 2.5 m with a record low
of just 2.0 m in winter of 2010. These changes are consistent with the
strong decline of (thick) multiyear sea ice in the Arctic as discussed in
Section 2.3. As the total freshwater flux (and its liquid and solid compo-
nents) has not been observed to change, a decrease in sea-ice thickness
is consistent with an increase in the area of sea ice exported. Kwok
(2009) and Kwok et al. (2013) report no significant trend in sea ice
area export through Fram Strait since 1980, however, albeit with signif-
icant inter-annual variations. A possible explanation is that the correla-
tion in sea ice speed through Fram Strait and sea ice thickness has
increased (so that more thick ice is exported than before even though
thick ice is less abundant). Alternatively, the absence of evident change
in Fram Strait sea ice area and volume fluxes, despite declining sea ice
thickness, could be explained by observing uncertainty.

2.4.4. Davis Strait
For the period 2004–2010, Curry et al. (2014) report 2900 ±

190 km3 yr−1 liquid freshwater flux and 320± 45 km3 yr−1 freshwater
flux in sea ice. In the absence of other data, we assume these values rep-
resent the decade of the 2000s. They include the flux through thewhole
CAA because the flux south of Baffin Island through Fury and Hecla
straits, and hence through Hudson Strait, is negligible in comparison
(about 200 km3 yr−1 according to Straneo and Saucier (2008)). No sig-
nificant trend exists in the Davis Strait freshwater flux over 2004 to
2010, nor a significant difference from the 1980 to 2000 average of
3400 km3 yr−1 for both liquid freshwater and ice (Section 2.1). Never-
theless, the 2004–2010 liquid freshwater flux is significantly smaller
than the 1987–1990 average for the central part of the Strait: Curry
et al. (2014) estimate the 1987–1990 liquid flux to be 4500 ±
730 km3 yr−1 for this region, but just 3300 ± 220 km3 yr−1 for
2004–2010. The corresponding quasi-synoptic estimate from
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Tsubouchi et al. (2012) for summer of 2005 is 3700 km3 yr−1, similar to
these longer-term averages and consistentwith the 2005 data shown in
Fig. 4.

2.4.5. Sources of uncertainty
All of these flux numbers are uncertain. These uncertainties are

quoted where possible from the original references or based on intui-
tion from detailed knowledge of the primary observations involved.
The uncertainties on the 2000–2010 average fluxes appear in Fig. 4 as
vertical error bars on the right hand side. Where flux error estimates
are available on annual averages, they are shown with shading. The
sources of uncertainty are discussed here.

Uncertainties in estimates of meteoric freshwater supply to the
Arctic, either as precipitation or runoff, stem from uncertainty in atmo-
spheric reanalysis products. In particular, precipitation estimates are
not well known. For example, the estimates of P − E from reanalysis
output fields are lower than those from the aerological method
(Serreze et al., 2006), at least for the MERRA model (by about a third;
Cullather and Bosilovich, 2011). This result suggests that our P − E
estimates are biased low. Lindsay et al.'s (2014) analysis finds that
ERA-INTERIM precipitation is biased high, however, as mentioned in
Section 2.1. An assessment of Arctic precipitation estimates from
ERA-INTERIM that compares the reanalysis output fields with the
aerological method is needed. Comparison with direct precipitation ob-
servations is also needed. Measuring solid precipitation is challenging,
however, and local variability can make interpreting sparse station
data difficult (Lindsay et al., 2014). Therefore, the 10% P − E error in
Table 1 is a provisional estimate.

For the oceanic fluxes, there are several sources of error: First,
moored instruments are threatened by ice. Often, the salinity of the
upper 50m of thewater column is notmonitored because sea ice ridges
extend down tens of meters. In those cases, significant anomalies in
freshwater flux associated with near-surface salinity changes are
missed. Moreover, icebergs threaten shelf moorings, especially in
Davis Strait. Second, a significant flux occurs over the broad East Green-
land Shelf in Fram Strait (270 km wide) of which only a small part is
monitored with the mooring array. This flux is estimated to be 800 ±
400 km3 yr−1 (from a numerical model; de Steur et al., 2009). Third,
the short intrinsic spatial scales in the velocity and hydrography fields
(the baroclinic deformation radius)mean thatmooringsmust be closely
spaced to obtain reliable totalfluxes by interpolation. Obstructed access,
due to heavy ice or clearance issues in territorial waters, is also a prob-
lem that makes deploying or recovering moorings harder and leads to
gaps in coverage. The calculation of annual averages is vulnerable to
data gaps because most of the component fluxes show large seasonal
cycles (Fig. 4; the averages reported here are for a calendar year when-
ever possible). Similarly, inter-annual variations are also typically large
andmissing datamake decadal averages uncertain. For the same reason,
quasi-synoptic estimates, like that of Tsubouchi et al. (2012), do not rep-
resent decadal average fluxes accurately.

Efforts to reduce these errors continue and substantial progress has
beenmade in the last 15 years. Two developments are particularly note-
worthy. Developments in oceanographic instrument technology now
permit continuous flux monitoring efforts in many ice-covered straits.
For example, moored winch systems (such as the ICECYCLER; Fowler
et al., 2004) can provide temperature and salinity profiles in the upper
part of the water column. An acoustic warning system detects and
avoids sea ice and thus prevents damage to the sonde. Other designs
are passive (such as the ISCAT; Beszczynska-Möller et al., 2011) and
are designed to survive being pushed down by the ice. They measure
in the upper water column and have been used in strong currents, for
example in Bering Strait, which can defeat moored winches. These sys-
tems make it possible to determine the freshwater content close to the
surface, where it is concentrated, and improve estimates of freshwater
flux. Seagliders, autonomous vehicles that measure hydrographic prop-
erties among other variables, are now capable of operating under ice
(Webster et al., 2014). They are used in wide deep passages that cannot
bemonitored effectively with traditional moorings. The under-ice capa-
bility expands the coverage so that fluxes in Davis and Fram straits can
be observed on the shelves. Seagliders are unable to operate effectively
in shallow straits with strong currents, however, such as Bering Strait.
The second noteworthy development concerns numerical circulation
models of the Arctic and sub-Arctic seas. They have gained resolution
and fidelity since the end of the last century. Models now include pro-
cesses and dynamical scales relevant to observational oceanographers
(for a recent review of Arctic models see Proshutinsky et al., 2011).
Realistic models are used to fill data gaps, quantify variability, for in-
stance in freshwater fluxes, and elucidate the causes of change.
Examples include the PIOMAS model mentioned in Section 2.1 and de
Steur et al.'s (2009) use of the North Atlantic/Arctic Ocean Sea Ice
Model to fill the East Greenland shelf data gap mentioned above.
2.5. Freshwater origins and pathways

Along with salinity, measurements of chemical tracers, such as ni-
trate, phosphate, oxygen isotopes and alkalinity, reveal the origins of
different freshwater sources in the Arctic. Contributions from Pacific
Water, meteoric water (runoff and precipitation) and sea-ice melt can
all be estimated, as can their changes over time (Schlosser et al., 1994,
1995; Bauch et al., 1995). Pacific Water and river water dominate in
the Canadian Basin although their contributions vary. Pacific Water en-
tering through the Bering Strait is found throughout the Canadian Basin.
Its spread is bounded by two paths: across the central Arctic with the
Transpolar Drift or east along the boundary (Jones et al., 1998; Steele
et al., 2004, see also Section 3.1.2). Meteoric water consists mostly of
river water arriving from the Laptev Sea and East Siberian Shelves and
flows polewards near the Lomonosov and Mendeleyev ridges
(Ekwurzel et al., 2001). Pacific Water can be found down to 300 m
depth in the southern Beaufort Gyre while river water occurs mostly
in the upper 50 m (Jones et al., 2008). Melt water from sea ice is only
found in summer in a surface layer: in the halocline there is a negative
melt water contribution indicating brine formation from freezing
(Macdonald et al., 2012).

In the early 1990s the front between Pacific andAtlantic derivedwa-
ters shifted east from the Lomonosov to the Mendeleyev Ridge.
Ekwurzel et al. (2001), McLaughlin et al. (1996) and Swift et al.
(2005) discuss evidence of earlier variations. This shift is associated
with a change from anticyclonic to cyclonic circulation (Section 3.1.2).
By 2004 the front had shifted back to the Lomonosov Ridge, returning
Pacific Water to the central Arctic (Alkire et al., 2007). Moreover, from
the first half of the 1990s to 2005 the inventory of runoff water in the
central Arctic increased (Jones et al., 2008; Newton et al., 2013). Data
from the 1980s to 1990s show a tight relation between river water
and brine which suggests a common source on the continental shelves.
By 2005 this relation had broken down, likely associated with the gen-
eral retreat of summer sea ice (Section 2.3) so that brine production
from freezingnowalso occurs in the central Arctic (Newton et al., 2013).

Freshwater leaving the Arctic through the CAA consistsmostly of Pa-
cificWater (Rudels and Friedrich, 2000; Jones et al., 2003). The total vol-
ume flux through the Archipelago is about twice, perhaps evenmore, as
large as the Bering Strait inflow, however (see Table 1 of Beszczynska-
Möller et al., 2011). Therefore, a substantial fraction of Atlantic water
must also pass through the CAA and in particular through Nares Strait,
the easternmost gap. Bailey (1956) noticed that the deep and bottom
water in Baffin Bay has similar properties to the water at 250 m in the
Arctic Ocean and proposed that a deep inflow through Nares Strait
could be the source. Rudels et al. (2004) showed that the properties of
the Baffin Bay deep water are similar to those of the lower halocline in
the Canada Basin, which can be traced to the Barents Sea winter
mixed layer. Therefore, they suggested that the Barents Sea inflow
branch of Atlantic water makes the largest contribution to the CAA
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outflow, both in the deep outflow and, by mixing with Pacific-derived
water, the upper layer outflow to Baffin Bay.

Freshwater leaving through Fram Strait consists mostly of meteoric
water (Falck et al., 2005; Jones et al., 2008; Dodd et al., 2009, 2012;
Rabe et al., 2013). Brine dominates over sea-ice melt and the Pacific
Water contribution is small and variable (Taylor et al., 2003; Falck
et al., 2005). Rabe et al. (2013) show that on average 50% less freshwater
was extracted by freezing from the water present in Fram Strait in the
summers of 2009 and 2010, compared to 2005 and 2008. There was
on average 30% less meteoric water in 2009 and 2010 compared to
2005 and 2008. In 2011, nearly four timesmore PacificWater contribut-
ed to the freshwater flux compared to the average from 2008, 2009, and
2010. There was a similarly high fraction of PacificWater in 1998. These
changes can be seen in Fig. 4where the Pacific andmeteoric water com-
ponents are plotted (stars) from Rabe et al. (2013).9 The extra melt and
extra PacificWater that reached Fram Strait are likely related to a fresh-
water anomaly seen in the Lincoln Sea between 2007 and 2010 (de
Steur et al., 2013). Clearly the rates and/or pathways of Arctic freshwa-
ter transport are changing: mechanisms behind these changes are
discussed in Section 3.1.2.

2.6. Summary of freshwater status and export

Straightforward interpretation of the information in Table 1 suggests
the following: Freshwater sources to the Arctic and CAA have increased
in the 2000s compared to the 1980–2000 period. Both runoff and P− E
have increased by about 10%. The freshwater sources sum to 9400 ±
490 km3 yr−1 for the 2000s rather than 8800 ± 530 km3 yr−1 for
1980–2000. The freshwater sinks sum to 8250 ± 550 km3 yr−1 for the
2000s rather than 8700 ± 700 km3 yr−1 for 1980–2000. The
1980–2000 budget therefore sums to 100 ± 900 km3 yr−1 freshening
the Arctic; the 2000s budget sums to 1200 ± 730 km3 yr−1 freshening
it.10 Therefore, these estimates suggest that the Arctic and CAA accumu-
lated an extra 12,000 ± 7300 km3 freshwater due to unbalanced fluxes
over the decade of the 2000s (see also Section 3.4 and Fig. 7 below). In
light of the uncertainty, this extra freshening is significant, but not
strongly. Maintaining the existing boundary mooring arrays, and
adopting the improved observing technologies described in
Section 2.4.5 where possible, will likely detect future changes in the
Arctic freshwater system.

Another likely explanation for the increased storage in the Beaufort
Gyre liquid freshwater reservoir is the smaller sea ice reservoir
(Section 2.3). According to chemical tracers in the study by
Yamamoto-Kawai et al. (2009), an extra 2.7 m per unit area of sea ice
melted in the central Canada basin in 2006 and 2007. Satellite data sug-
gests that melting of multiyear ice in the Beaufort Gyre accumulated up
to 1100 km3 freshwater between 2004 and 2009 (Kwok and
Cunningham, 2010). Multiyear ice volume also decreased because of
less replenishment from first year ice. Indeed, this is the main reason
for recent decreased total sea ice volume. Over the whole Arctic
Ocean, freshwater stored as ice dropped by approximately 4300
(2800) km3 between the autumns (winters) of 2004 and 2008 (Kwok
et al., 2009). This extra liquid freshwater is a substantial fraction of the
observed increase.

A third possibility exists, albeit less likely: The extra freshwater
could come from a redistributionwithin theArctic Ocean, driven, for ex-
ample, by a change in thewind (see Section 3). The studies claiming in-
creased liquid freshwater volume in the western Arctic (Section 2.2) do
not comprehensively sample the entire Arctic, CAA, and Baffin Bay.
9 The brine contribution to the Fram Strait liquid freshwater flux is not plotted but can
be deduced as the (positive) flux that must be added to the Pacific and meteoric fluxes
(small stars) to equal the total flux (large stars). The brine contribution equals the amount
of freshwater that was extracted by freezing to make sea ice.
10 The Serreze et al. (2006) budget sums to 700 km3 yr−1 salinifying the Arctic, but ex-
cluded theCAAand used ERA-40 reanalysis product, not ERA-INTERIMwhichhas a greater
precipitation estimate.
Some type of extrapolation to unsampled areas is unavoidable. There-
fore, it is conceivable that freshwater missed in early inventory esti-
mates was sampled and recorded in the decade of the 2000s. In this
way, the increase in liquid freshwater reservoir volume could be due
to a redistribution from unsampled to sampled areas without there ac-
tually being any real change in the total volume. The size of this effect
still needs to be quantified.

On this basis, the state of knowledge of the Arctic freshwater budget
is as follows (see Figs. 2–4, Table 1, and the cited sections for details):

• Nearly all the Arctic freshwater reservoirs are changing. Liquid fresh-
water stored in the Arctic is significantly higher in the 2000s com-
pared to 1980–2000 (Section 2.2). Multiyear sea ice storage is lower
(Section 2.3). Themost uncertain reservoir term is the sea ice volume,
reflecting the challenge of measuring sea ice thickness.

• It is hard to detect changes in freshwater fluxes. Nevertheless, general
circulationmodels suggest that precipitation increased for the decade
of the 2000s compared to the estimate for 1980–2000 (Section 2.4).
Similarly, models and river discharge data show increased runoff.
Despite flux increases from 2001 to 2011, it is uncertain if the marine
freshwater source through Bering Strait has changed, as observations
in the 1980s and 1990s are incomplete. Estimates of FramStrait sea ice
and liquid fluxes are unchanged, within error bars, since measure-
ments began in the 1990s (Section 2.4.3). The ice is thinner and the
area export flux is apparently unchanged, however, suggesting that
thick ice is being exported faster, or that the ice volume flux has in
fact decreasedwithout being detected. The FramStrait liquid freshwa-
ter contains more ice melt. Observations of Davis Strait liquid fluxes
are shorter in duration, and show no obvious changes. The liquid
freshwater flux in the central part of the strait was reduced by 26%
for 2004–2010 compared to 1987–1990, however. The total net fresh-
water flux to the Arctic has apparently increased in the 2000s com-
pared to 1980–2000 (Fig. 4, Table 1). Measuring oceanic freshwater
fluxes remains a challenge although technology now exists for this
purpose (Section 2.4.5).

• A shift in the balance of sources and sinks can explain the increase in
liquid freshwater stored in the western Arctic although the signifi-
cance of the shift compared to the total uncertainty is not very high
(Section 2.6; see also Section 3.4 and Fig. 7). A smaller reservoir of
sea ice is also probably important. Internal redistribution of freshwa-
ter and insufficient sampling of the freshwater reservoirs may also
contribute to the observed freshwater increase.

3. Freshwater mechanisms

Herewe discussmechanisms relevant to storage and export of fresh-
water from the Arctic.We consider observations, numerical models and
theory, where possible. The overarching question is: What processes
govern Arctic Ocean freshwater storage and export?

3.1. Storage and distribution

Mechanisms controlling how Arctic freshwater is stored – as ice or
liquid – and distributed in space – both horizontally and vertically –

are central to understanding the Arctic's role in the hydrological cycle
(Carmack and McLaughlin, 2011). Insight into these mechanisms can
be found by first asking, why, in its basic state, is the Arctic Ocean so
fresh?

3.1.1. Fresh basic state
As described in Section 2, the sources of Arctic freshwater are river

runoff, the influx of fresh surfacewaters through Bering Strait, and the re-
gional imbalance of P− E. These are relatively large sources. For example,
the Arctic basin contains approximately 1% of the global ocean volume,
but receives 11% of the global river runoff (Shiklomanov et al., 2000).
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The total annual supply of freshwater (relative to Sref = 34.80) is around
8800 km3 (Table 1).With a total surface area of 9.7 × 106 km2 (excluding
the CAA andBaffinBay), this implies that 0.91mof freshwater is added to
the Arctic Ocean each year, similar to high values of P− E in the equato-
rial Atlantic ocean (Schmitt et al., 1989).

The large seasonal cycle in sea ice also promotes a fresh upper layer.
Freezing in winter produces very fresh ice and rejects salt which drains
away from the surface as dense brine. Melting in summer returns fresh-
water to the surface thus distilling, namely un-mixing, the freshwater
from the sea (Aagaard and Carmack, 1989). About 13,400 km3 of fresh-
water freezes each winter, and about 11,300 km3 of freshwater is pro-
duced by melting each summer, accounting for the fraction that is
exported (Table 1). Therefore, about 1.2 m of freshwater is temporarily
added to the surface of the Arctic Ocean by melting, on average, each
summer.

Moreover, the Arctic is a place where freshwater tends to remain
fresh and concentrated in a small part of the water column. The reason
is that the density, and thus stratification, of the Arctic Ocean is primar-
ily a function of salinity rather than temperature (a regime referred to as
a β-ocean; Carmack, 2007). Therefore freshwater tends to remain near
the surface and is vertically separated from underlying saltier waters
(Rudels et al., 2004). Indeed, the Arctic halocline is strongly stratified,
stronger than the typical subtropical stratification above a few hundred
meters depth and stronger in summer than the typical equatorial strat-
ification in the upper 30 m. The strong halocline suppresses mixing.
Wind-driven mixing and upwelling are further weakened by ice cover-
age which reduces the wind's fetch and rate of injection of turbulent ki-
netic energy. For these reasons turbulent vertical diffusion of heat and
salt across the halocline is weak. The vertical diffusivity is around
10−6 m2 s−1 in the central Arctic from a salinity analysis by Rudels
et al. (1996). This value is ten times larger than themolecular diffusivity
of heat and ten times smaller than that observed in the quiescent ther-
mocline of the eastern subtropical Atlantic (Ledwell et al., 1993). Simi-
larly, turbulence measurements in the central Arctic by Fer (2009)
imply a halocline diffusivity (of heat) in the range 10−6–10−5 m2 s−1.
This range implies a negligible diffusive loss of liquid freshwater content
of O(10−3–10−2) myr−1 across the base of the Sref surface, based on the
salinity stratification from the PHC 3.0 climatology.
3.1.2. Wind-forced variability
Given that Arctic freshwater exists primarily near the sea surface, the

freshwater storage and distribution are strongly influenced by the wind.
Here we briefly summarize the main features of Arctic atmospheric
flow involved. Thenwe discuss wind-forced variability distinguishing be-
tween the western Arctic and the central and eastern Arctic.

The main mode of variability in the Arctic troposphere is the Arctic
Oscillation, or Northern Annular Mode (Thompson and Wallace,
1998).11 This mode involves sea-level pressure variations that strength-
en orweaken the pressure difference between the polar andmiddle lat-
itudes. The positive phase brings relatively low sea-level pressure to the
Arctic and high pressure in mid-latitudes. The Arctic Oscillation is a
pressure anomaly pattern that depends mainly on latitude but it is not
exactly symmetric about the pole. Instead, the variability in the central
and eastern Arctic, and the Nordic Seas, exceeds that in the west
(Morison et al., 2012). This asymmetry reflects the mean sea-level
pressure field which shows low pressure in the Barents Sea and high
pressure in the Canada Basin(Serreze and Barrett, 2011).12

The Beaufort High is a prominent anticyclone inmean sea level pres-
sure north of Alaska. A strong Beaufort High is correlated with the
summer-time negative phase of the Arctic Oscillationwhen air pressure
11 The Arctic Oscillation is defined by the first empirical orthogonal function (EOF) of
non-seasonal sea-level pressure north of 20°N. It is closely related to theNorth AtlanticOs-
cillation (NAO) which characterizes the sea-level pressure difference between the Azores
High and the Icelandic Low.
12 The asymmetry is greater in winter than in summer (Ogi et al., 2004).
is high across the whole Arctic. It is also associated with the Pacific–
North American pattern, and (less strongly) with the Arctic dipole
anomaly and the Pacific decadal oscillation.13 The Beaufort High is a
center-of-action (that is, a region of high variance) for all these modes
of atmospheric variability (Serreze and Barrett, 2011).

Now consider the surface ocean and ice circulation driven by these
winds and the impact on freshwater pathways (see also Section 2.5).
Fig. 5 (upper panel) illustrates this flow by showing trajectories of sur-
face particles moving with the 1980–2000 average sea ice velocity
(from the Polar Pathfinder dataset; Fowler et al. 2013). In the eastern
Arctic, including the Barents and Kara Seas, the flow is to the north
and/or west. Liquid freshwater and sea ice move into deep water
above the Makarov and Eurasian basins forming the Transpolar Drift
over the pole towards FramStrait (see Section 2.5). In thewestern Arctic
the anti-cyclonic Beaufort Gyre is prominent. The surface ocean and ice
circulation is mainly aligned with the sea-level pressure contours, con-
sistent with geostrophic flow in the atmosphere and ocean.

This surface circulation varies according to thewind in the central and
eastern Arctic (Proshutinsky and Johnson, 1997; Rigor et al., 2002; Rigor
and Wallace, 2004; Morison et al., 2012). When the Arctic Oscillation is
negative the sea-level pressure is higher across the whole Arctic, but
mainly in the east. At these times, Eurasian runoff flows directly into the
Transpolar Drift near the Lomonosov Ridge. When the Arctic Oscillation
is positive Eurasian runoffflows further east, penetrating the East Siberian
Sea, before leaving the continental shelf (Steele and Boyd, 1998).

In thewestern Arctic the ocean and ice flow is driven into one of two
regimes, either cyclonic or anticyclonic (Proshutinsky and Johnson,
1997): The cyclonic regime involves a weak (or absent) Beaufort High
sea-level pressure andweakened anticyclonicwinds (or a shifting to cy-
clonic winds; see Fig. 5 left panel). Then, the Ekman convergence rate
decreases, the halocline ascends, sea level drops, and isopycnic
(isohaline) surfaces flatten. These changes reduce the freshwater vol-
ume stored in the weakened Beaufort Gyre. Freshwater is released
and redistributed. Some fraction of this redistributed freshwater flows
towards the export channels and drains to the Atlantic (Karcher et al.,
2005; Condron et al., 2009; Stewart and Haine, 2013).

Also during the cyclonic regime, as during the positive phase of the
Arctic Oscillation, Eurasian runoff penetrates further to the east on the
shelves and enters the Canada Basin (Steele and Ermold, 2004;
Dmitrenko et al., 2008). The Transpolar Drift shifts east towards the
Mendeleyev Ridge and directs freshwater stored in the Beaufort Gyre
and Canada Basin towards Fram Strait, increasing the fraction of Pacific
freshwater exiting there. North American runoff tends to remain on the
shelf and exits through the CAA and not east of Greenland (Taylor et al.,
2003; Dodd et al., 2009). The summer of 1989 represents this regime
(Fig. 5 left panel).

In contrast, the anticyclonic regime is characterized by a strong
Beaufort High sea-level pressure and anticyclonic surface winds in the
Canada Basin (see Fig. 5 right panel). These winds drive an Ekman con-
vergence of surface freshwater. The halocline in the Beaufort Gyre is de-
pressed deeper, sea level rises up, and the isopycnic (isohaline) surfaces
steepen around the edges. In tandem the ocean currents around the
edges are stronger leading to a strong Beaufort Gyre. This strengthening
is evident as increased sea ice circulation velocity within the Beaufort
Gyre (Kwok et al., 2013). These factors cause anomalously large
(small) storage of freshwater in the Canada (Eurasian) Basin, as has
been seen for the past several years (Section 2.2).

During the anticyclonic regime, as during the negative phase of the
Arctic Oscillation, Eurasian runoff flows off the shelves and into the
Eurasian Basin and Transpolar Drift near the Lomonosov Ridge (Steele
13 Loosely speaking, the Pacific–North American pattern is based on a variance analysis
of the height of the 500-hPa surface north of 20°N, the Arctic dipole anomaly is the second
EOF pattern in polar sea-level pressure, and the Pacific Decadal Oscillation is the leading
EOF of North Pacific sea-surface temperature. Serreze and Barrett (2011) provide details
and cite the primary literature.



Fig. 5. Atmospheric drivers of Arctic freshwater variability. Each panel shows sea-level pressure (colors; hPa) from the NCEP/NCAR reanalysis product (Kalnay et al., 1996) for the periods
indicated. Thewhite lines show the surfaceflowmovingwith the average sea ice velocity (from the Polar Pathfinder Sea IceMotion dataset; Fowler et al., 2013). The small red circles show
the starting points for the sea ice trajectories which last two years.
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and Ermold, 2004; Dmitrenko et al., 2008). Eurasian runoff is prevented
from entering the Canada Basin and exits directly via Fram Strait in-
stead. At these times, Pacific freshwater tends to be incorporated into
the Beaufort Gyre and Canada Basin and, subsequently reduces the Pa-
cific contribution to Fram Strait export (Falck et al., 2005; Dodd et al.,
2012). The pathway for North American runoff varies; either exiting
through the CAA, or entering the Beaufort Gyre (Yamamoto-Kawai
et al., 2009). This regime is represented in Fig. 5 by the conditions of
winter 2007 (right panel).

This evidence suggests that the Arctic Oscillation and Beaufort High
are sometimes linked, sometimes distinct, atmosphericmodes that con-
trol inter-annual variability in the freshwater system (Morison et al.,



Fig. 6.Mechanisms of Arctic freshwater fluxes discussed in Sections 3.2 and 3.3. ϕFW is the freshwater flux, ϕvol is the volume flux, ϕice is the ice flux (positive fluxes are poleward),ΔSSH is
the sea-level difference (for example between the Bering Sea and the Chukchi Sea in the case of Bering Strait), and va is the along-strait component of the surface atmospheric wind (pos-
itive poleward). NAOmeansNorth Atlantic Oscillation. The proportionality signmeans that fluctuations in the two quantities are highly correlated. Colors show the liquid freshwater con-
tent (meters, see Eq. (1)) from the PHC 3.0 climatology (Steele et al., 2001) representing, nominally, the period 1980–2000.

25T.W.N. Haine et al. / Global and Planetary Change 125 (2015) 13–35
2012; Mauritzen, 2012). The wind interacts with the sea ice cover to
drive the surface circulation. The surface circulation redistributes fresh-
water by changing its pathways and residence times. For example, over
the period 2005–2008 the Canadian Basin accumulated freshwater
while a compensating freshwater loss occurred in the Eurasian Basin
(Section 2.2, Morison et al., 2012). Evidently, the Arctic Oscillation de-
termines the freshwater source (runoff, melt) and delivery to the
Canadian Basin while the Beaufort High determines Beaufort Gyre
freshwater storage. Consistent with these ideas, accumulation of fresh-
water during the 2000s coincides with increased anti-cyclonic wind
over the western Arctic (Proshutinsky et al., 2009; Rabe et al., 2014,
Section 2.2, Fig. 5 right panel). The western Arctic can clearly accumu-
late or release freshwater according to the Beaufort High strength inde-
pendent of changes in freshwater sources (Stewart and Haine, 2013).

It is also true that changes in the sea ice characteristics may change
surface circulation and hence affect freshwater accumulation. For in-
stance, Giles et al. (2012) argue that the increased freshwater seen be-
tween 1995 and 2010 (Section 2.2) is because looser sea ice allowed a
more efficient momentum transfer from the wind to the ocean, not
from more anticyclonic winds. This mechanism may become more im-
portant in the future as the summer ice cover disappears.
3.2. Import

Clearly, changes to the long-term (decadal) Arctic Ocean freshwater
inventory involve fluctuations in freshwater sources and sinks, not just
the wind. We turn to mechanisms controlling sources and sinks of
freshwater next. Fig. 6 provides a schematic summary.
3.2.1. Bering Strait
Inter-annual variability in freshwater import to the Arctic through

Bering Strait matches or exceeds variability from other sources
(Woodgate et al., 2012). For example, the standard deviations of the
2000–2010 annual mean freshwater fluxes shown in Fig. 4 are 200,
270, and 270 km3 yr−1 for P − E, runoff, and Bering Strait inflow, re-
spectively. This estimate for Bering Strait variability is probably biased
low, however, because it derives from changes in the lower layer only
and neglects variability in the surface-intensified Alaskan Coastal
Current and in the water column stratification (Woodgate et al., 2012).

Mooringmeasurements show that Bering Strait freshwater variabil-
ity is strongly correlated with volume-flux variability. Volume-flux
changes explain more than 90% of the freshwater-flux changes. In
turn, volume-flux changes are related to both changes in the local
wind (about 1/3 of the volume-flux variability) and changes in the
far-field forcing of the flow (about 2/3 of the variability). The latter is
often related to a sea-level difference between the Pacific and the Arctic
(Woodgate et al., 2012; references in Woodgate et al., 2005), which in
turn is often attributed to a net atmospheric flux of freshwater from
the Atlantic to the (fresher) Pacific Ocean (Stigebrandt, 1984).
3.2.2. Runoff and precipitation minus evaporation
The inter-annual changes in runoff to theArctic and in P− E are con-

trolled by the polar troposphere. Both freshwater sources are ultimately
related to the atmospheric moisture flux convergence across the do-
main boundaries. For variability on inter-annual periods and longer,
the effects of water storage in land ice, snow, and watersheds are rela-
tively minor. Thus, variability in atmospheric supply of moisture and
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hence precipitation controlwater supply variability to the Arctic Ocean. In
general, positive phases of the Arctic Oscillation correspond to greater
precipitation in the Arctic and sub-Arctic (Serreze et al., 2008). For exam-
ple, Peterson et al. (2006) document howpositive anomalies in Arctic P−
E becamemore frequent as theNAO changed frommainly negative in the
mid-1960s to positive in the early 1990s. Nevertheless, the links between
runoff, P− E, and the Arctic Oscillation are not straightforward and other
large sources of variability exist. For instance, summer-time convective
precipitation over land has little to do with the Arctic Oscillation.

3.3. Export

Now consider mechanisms affecting the export fluxes of freshwa-
ter from the CAA through Davis and Fram straits. We discuss the
individual channels in the CAA because mechanisms controlling
them are better understood than mechanisms controlling the net
flux at Davis Strait.14

3.3.1. Canadian Arctic Archipelago
Arctic freshwater export through the CAA toBaffinBay occurs by three

main routes; via Barrow Strait to Lancaster Sound, via Nares Strait to
Smith Sound, and via Cardigan Strait and Hell Gate (which is narrower)
to Jones Sound (Fig. 1). The volume flux through Cardigan Strait is less
than half that through Nares or Barrow straits and the freshwater flux is
still unobserved (Melling et al., 2008). For this reason we omit Cardigan
Strait from the discussion.

3.3.1.1. Barrow Strait. Since 1998 a currentmeter array has been deployed
in Barrow Strait west of Lancaster Sound. The net volume flux is eastward
and concentrates at the southern side of the channel. The volume flux is
highly variable, with variations as large as the long-term mean of 0.7 Sv
(22 × 103 km3 yr−1). It is stronger in spring and summer than in autumn
and winter, perhaps due to land fast ice in winter which retards the sur-
face flow (Prinsenberg and Hamilton, 2005; Melling et al., 2008). The
long-term mean freshwater flux is 1500 km3 yr−1 (Prinsenberg and
Hamilton, 2005; Prinsenberg et al., 2009; Peterson et al., 2012) accounting
for over half of the total Arctic export through the CAA (Beszczynska-
Möller et al., 2011).

The freshwater flux at Barrow Strait is highly correlated with the vol-
ume flux (the correlation coefficient exceeds 0.96; Prinsenberg et al.,
2009); high-resolution numerical models concur (Jahn et al., 2012;
McGeehan and Maslowski, 2012). Volume flux is highly correlated with
wind conditions in the Beaufort Sea, the latter determining the along-
channel sea level difference (the correlation coefficient exceeds 0.80;
Prinsenberg et al., 2009). In particular, Peterson et al. (2012) show that
northeastward winds in the Beaufort Sea, parallel to the CAA coast,
drive the sea-level difference, and hence the volume transport through
Barrow Strait. Melling et al. (2008) show that the positive phase of the
NAO (and hence the Arctic Oscillation) correlates well with increased
freshwater flux at Lancaster Soundwith an 8-month delay. These authors
suggest that 8months is the timescale for the Beaufort High to respond to
the NAO, weaken the Beaufort Gyre and raise sea level upstream of
Barrow Strait.

3.3.1.2. Nares Strait. Volume and freshwater flux observations in Nares
Strait are limited, challenging to acquire, and the flow structure is
complicated (Münchow et al., 2006, 2007; Melling et al., 2008). Although
occasional and short term current observations were made in the 1960s
and 1970s (Day, 1968; Sadler, 1976), Nares Strait was the last Arctic
14 Melling et al. (2008) and Beszczynska-Möller et al. (2011) discuss observations of
freshwater flux in the CAA.
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ateway where an extensive current meter array was deployed, and not
ithout hardship.15 The current observations, both from the ship
nd the moorings, indicate a volume flux at Kennedy
hannel (North of Smith Sound) for early August 2003 of about
.7 Sv (22 × 103 km3 yr−1) towards Baffin Bay (Melling et al.,
008). A more recent geostrophic estimate is lower, namely,
.47 ± 0.05 Sv (15 ± 2.8 × 103 km3 yr−1) (Rabe et al., 2012), but it
an average over 2003–2006 and excludes the contribution from
e upper 35m, where the strongest flow is expected.16 The freshwa-

er flux through Nares Strait, 890 km3 yr−1 (Rabe et al., 2012), is
maller than that in Lancaster Sound because the Nares Strait out-
ow is saltier (it carries more Atlantic water; Section 2.5). These
easurements suggest that Nares Strait provides 30–50% of the
tal CAA volume flux and a similar fraction of the total freshwater
ux (Beszczynska-Möller et al., 2011).
Nares Strait freshwater flux is driven by the along-channel pressure

ifference (Münchow and Melling, 2008; also seen in the model of
cGeehan and Maslowski, 2012). In summer when the ice is mobile,
e along-channel wind is also important in driving the freshwater
ux (Rabe et al., 2012). The freshwater flux is influenced by the state
f the sea ice, which is either mobile (in summer) or land fast
Samleson et al., 2006; Kwok et al., 2007).Withmobile ice the freshwa-
r flux is 20% larger than for land fast ice conditions.

.3.2. Davis Strait
Arctic water exported through Baffin Bay ultimately transits Davis

trait before entering the Labrador Sea and leaving our control volume.
he freshwater flux at Davis Strait does not simply equal the summed
AA fluxes, however. It includes contributions from sea ice processes
freeze/melt); glacial and river runoff; precipitation less evaporation;
nd contributions from the West Greenland Current. The West Green-
nd Current enters Baffin Bay at the eastern side of Davis Strait along
e West Greenland shelf, flows cyclonically around Baffin Bay to
erge with CAA outflows, and exits the western side of Davis Strait as
e Baffin Island Current. The West Greenland Current salinity is less
an the reference salinity Sref = 34.8 so it adds freshwater to Baffin
ay relative to Sref (Curry et al., 2014). Some of this freshwater was ear-
er exported from the Arctic through Fram Strait in the East Greenland
urrent and re-enters the control volume at Davis Strait. Freshwater
rocesses along the path of the East Greenland Current, such as east
reenland runoff and sea ice melt, influence the freshwater content of
e West Greenland Current. The net flux across Davis Strait sums
ese sources of freshwater. As there are several sources to sum there
re several mechanisms at work and no single mechanism dominates,
nlike in Barrow and Nares straits (see above). Moreover, the relative
portance of each contributing mechanism depends on the choice of

eference salinity Sref (see Footnote 5).
Some facts hint at the mechanisms controlling the net freshwater

ux at Davis Strait, however. First, most of the freshwater flux through
avis Strait comes from the near-surface outflow driven by the CAA in-
ows to Baffin Bay and theWest Greenland Current (Curry et al., 2014,
eir Fig. 9). Second, observations of the near-surface outflow indicate
at freshwater and volume fluxes peak between August and December

Curry et al., 2014). Barrow Strait has peaks in July and August, with
inima in November and December (Peterson et al., 2012, their
ig. 4a). Nares Strait freshwater flux is greatest when the sea ice is mo-
ile, rather than land fast in late winter and spring (Rabe et al., 2012).
inally, high-resolution modeling indicates that the freshwater and

tary Change 125 (2015) 13–35
15 The array, comprising 16moorings, was deployed in 2003 fromUSCGCHealy in a joint
US–Canadian experiment and was planned to be retrieved from the ice in spring 2005.
Due to a severe storm the recovery ice camp had to be abandoned the same day it was
established and the retrieval was postponed for a year (Melling, 2011).
16 The mooring deployments neglect the upper ~30 m to avoid instrument damage by
ice keels (Münchow et al., 2006; Rabe et al., 2012).



17 The area of the region is 9.7 × 106 km2 (Section 3.1.1) and the 1980–2010 average liq-
uid freshwater volume is 97,000 km3 (Table 1).
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volume fluxes at Davis Strait are less well-correlated than at Barrow
Strait (McGeehan and Maslowski, 2012). This finding suggests that
CAA freshwater and volume anomalies de-couple in Baffin Bay and/or
that other freshwater sources vary significantly too, disrupting the
CAA correlation. Better understanding is needed of how flux variations
at Davis Strait inherit from the CAA and the West Greenland Current.

3.3.3. Fram Strait
Fram Strait supports flow in both directions. To the west is the East

Greenland Current which carries virtually the entire Arctic sea ice ex-
port (Kwok, 2009). To the east the West Spitsbergen Current supplies
warm salty water of Atlantic origin to the Arctic, one of the primary At-
lantic inflow branches (Section 2.4.3). The net freshwater flux at Fram
Strait sums these sources.

Observations show strong correlation between sea ice flux through
Fram Strait, which shows large intra- and inter-annual variability, and
the cross-strait air pressure difference, which is a proxy for through-
strait southward wind (Vinje, 2001; Kwok et al., 2004). The through-
strait wind in turn relates to the large-scale atmospheric circulation, in
particular the NAO (Köberle and Gerdes, 2003; Kwok et al., 2004).
Positive NAO phases correspond to strong Fram Strait winds and thus
high sea ice export flux. During times of negative NAO the sea ice flux
can be either above or belownormal. Theflux is highwhen the Transpo-
lar Drift strengthens and directs ice towards and through Fram Strait
(Kwok and Rothrock, 1999; Rigor et al., 2002; Nghiem et al., 2007;
Sections 3.1.2, 3.5). Large sea ice export events require a precondition-
ing of the upstream sea ice field by the large-scale atmospheric circula-
tion, followed by favorable wind conditions local to the Fram
Strait (Kwok, 2009). In the last decade it appears that cross-strait air
pressure difference increased while sea ice concentration decreased
(Kwok, 2009).

The mechanisms governing the Fram Strait liquid freshwater flux
are poorly known. Liquid freshwater is exported through the western
end of Fram Strait over the Greenland shelf and shelf break within the
East Greenland Current (between 3° and 8°W; de Steur et al., 2009;
Rabe et al., 2013). The interaction and exchange with the warm salty
West Spitsbergen Current to the east is hard to observe and notwell un-
derstood. Observations show that the freshwater and volume fluxes ex-
hibit large inter-annual variability (visible in Fig. 4). A seasonal cycle
also exists with flux peaks in September and March (Jahn et al., 2010;
Dodd et al., 2012). During winter the East Greenland Current is mainly
barotropic: in summer there is also a baroclinic component (Aagaard
and Coachman, 1968). Fluctuations in both outflow salinity and speed
apparently influence freshwater flux anomalies based on Jahn et al.'s
(2012) analysis of eightmodel hindcasts for the last 20–60 years. Unlike
the CAA, the correlation between freshwater and volume flux through
Fram Strait is weak, however. At times of large liquid freshwater export
the halocline deepens over the Greenland shelf in the western
Fram Strait and the front with the West Spitsbergen Current steepens
(Rabe et al., 2013; Köberle and Gerdes, 2007).

3.4. Rotational export control model

We now discuss controls on freshwater outflow due to rotational
dynamics, which are relevant to the Arctic straits. Rotational controls
lead to a simple model of freshwater export fluxes. The model flux re-
sults are compared to the observed fluxes from Section 2 (Fig. 4) and
provide a context for interpreting the predictions of climate models
discussed in Section 4 (Fig. 9).

Arctic outflow through an opening wider than the first baroclinic
Rossby radius is affected by the Earth's rotation (Jakobsson et al.,
2007). In these cases, the outflowing layer adheres to the right of the
strait (Werenskiold, 1935). The outflow of the East Greenland Current
through Fram Strait was described this way by Wadhams et al.
(1979). Similarly, Stigebrandt (1981) used rotational control in a two-
layer model of Arctic outflow. Later elaborations by Björk (1989) and
Rudels (1989) introduced water mass formation processes on the
shelves and Hunkins and Whitehead (1992) studied Fram Strait ex-
changes with a laboratory experiment. Rotational controlled outflows
have recently been studied by Nilsson and Walin (2010) and Rudels
(2010).

Salinity controls stratification in the upper Arctic Ocean, and the
Rossby radius is determined by the freshwater export flux, lower layer
salinity, and Coriolis parameter. The Rossby radius is independent of
the mixing rate and volume flux in the upper layer (Rudels, 2010).
This means that the Rossby radius is controlled by the freshwater thick-
ness at the strait,ms (see Eq. (1) in Footnote 1), not by the total depth of
the upper layer. The freshwater export flux through the channel is pro-
portional to ms

2. If one assumes that ms equals the average value of m
(the liquid freshwater content; Eq. (1)) over the Arctic, then the export
flux is related to the storage of freshwater in the Arctic Ocean interior.
Then, if the total freshwater export flux is known, or can be estimated,
it is possible to estimate the freshwater storage, and vice versa
(Rudels, 2010).

Barrow, Nares, and Fram straits are wide enough to support a rota-
tional outflow in the upper layer of this type. By taking the lower layer
salinities and the upper layer depths to be equal in these passages,
Rudels (2010) estimated the mean thickness of the freshwater layer in
the interior Arctic Ocean to be about 8 m. In the absence of ice export,
the freshwater storage must increase to more than 10 m to maintain a
freshwater balance (Rudels, 2010). The average liquid freshwater thick-
ness over the Arctic Ocean is 8 m, in good agreement.17 The assumption
of equal salinity in the lower layers in all three straits is unrealistic. The
deep salinity in Fram Strait is about 35, but in the CAA it is 33.5–34. Nev-
ertheless, this discrepancy is compensated by a fresher upper outflow
through the CAA than through FramStrait so that the differences in den-
sities between the upper and lower layers in each passage are similar.

Davis Strait is also wide enough to support rotational outflow and a
two-way exchange between Baffin Bay and the Labrador Sea
(Section 3.3.2). Rudels (1986) and Rudels (2011) estimated thesefluxes
using geostrophic balance. To obtain unique solutions hemade assump-
tions about ice formation in Baffin Bay (Rudels, 1986) or applied a sea-
level difference between the Lincoln Sea and the Labrador Sea that
drives the deep outflow throughDavis Strait (Rudels, 2011). Two effects
appeared in this model. First, freshwater input to Baffin Bay (directly or
through Davis Strait) freshens the upper layer in Baffin Bay and can re-
duce volume flux entering through the CAA. The fresh Arctic Ocean
upper layer exits the Arctic Ocean through Fram Strait instead. It may
eventually arrive in Baffin Bay via theWest Greenland Current, thus fur-
ther freshening the upper layer and reducing the CAA outflow. Second,
the Lincoln Sea/Labrador Sea sea-level difference also drives a rotational
flow through the passages, but was not considered. For this reason the
Rudels (2011) estimate of the Arctic Ocean freshwater storage is likely
too high.

It is instructive to apply this idealized rotational export model to the
flux time series shown in Fig. 4. As above, we assume that at Davis and
Fram straits the freshwater thickness ms equalsm, the average value of
the freshwater thicknessm over the domain. The freshwater budget is:

A
dm
dt

¼ F in tð Þ þM tð Þ−αA2m2
; ð2Þ

dI
dt

¼ F ice tð Þ−M tð Þ: ð3Þ

Here, A is the area of the domain (including the CAA and Baffin Bay),
Fin is the total inflowing freshwater flux,M is the freshwater flux due to



Fig. 7. Idealized outflowmodel predictions of liquid freshwater (fw) (a) volume (for the Arctic, CAA, and Baffin Bay), and (b) export flux (through Davis and Fram straits). The blue lines
show the predictions of the idealized liquid export fluxmodel (see Eq. (2) in Section 3.4). The red lines show the observed liquid export fluxes (in (b)) and the volume estimate from the
integral of the net flux (in (a); see text). The shading indicates the uncertainty in the 2000–2010 average liquid export flux (in (b)), and the corresponding accumulated volume uncer-
tainty (in (a)). Dashed lines show average freshwater volume and export fluxes. Arrows show the estimates of Rabe et al. (2011) and Rabe et al. (2014) (Section 2.2).
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melting ice, and α is the proportionality coefficient between flux and
ms.18 Also, I is the volume of freshwater stored in ice and Fice is the ex-
port ice flux through Fram Strait (which is negative leaving the Arctic
as in Fig. 3; we neglect any inflow of ice). We have estimates of I(t),
Fin(t), and Fice(t) from Figs. 3 to 4 for the last two decades (Fin is the
sum of the runoff, P − E, and Bering Strait inflows). Using them we in-
tegrate Eq. (2) starting in 1990. Fig. 7 shows the results for the time-

varying freshwater volume, Am, and the total liquid export flux, αA2

m2. The figure also shows the sum of the observed liquid freshwater
fluxes through Davis and Fram straits from Fig. 4. Finally, it shows the
corresponding liquid freshwater volume obtained by integrating the
net flux convergence (that is, by replacing the final term in (2) with
the observed export flux; the red line in Fig. 7b). The observed fluxes
imply convergence of freshwater in the 2000s. The implied freshwater
accumulation is similar to, but somewhat greater than, the independent
accumulation estimates of Rabe et al. (2011) and Rabe et al. (2014).
They consider only the Arctic Ocean with a bottom depth deeper than
500 m, however, which is smaller than our domain (see Section 2).
The average for the period 2000–2010 is 101,000 km3, the value quoted
in Table 1 and Section 2.

The idealized outflowmodel (2) predicts an increasing exportflux in
the 2000s and hence a smaller increase in liquid freshwater volume.
These changes were not observed. A simple explanation for the differ-
ence between the predictions of the idealized outflow model and the
observed freshwater volumes and fluxes is that the freshwater thick-
ness at Davis and Fram straits did not increase. In other words, ms was
unchanged and was not proportional to m in the 2000s. The wind se-
questered the extra freshwater in the Beaufort Gyre, away from the
drainage channels (as discussed in Sections 2.2 and 3.1.2).

Finally, the idealized outflow model connects the export flux to the
freshwater thickness squared. This nonlinearity is unimportant in
18 α=7× 10−7 km−3 yr−1 and ensures balance on average over the period 1980–2000
between Fin, M = Fice, and the outflowing liquid freshwater flux.
practice, however, because the volume fluctuations are relatively
small. Solutions of Eq. (2) therefore show nearly exponential relaxation
with characteristic timescale 1/(αVavg)≈ 15 yr, where Vavg is the aver-
age liquid freshwater volume for 1980–2000 (taken as 93,000 km3 from
Table 1). This relaxation period is the timescale needed to restore bal-
ance between freshwater input and export. It is about ten times longer
than the timescales over which the wind modifies the export fluxes
through the different channels (Stewart and Haine, 2013).

3.5. Historical freshwater export events: Great Salinity Anomalies

What canwe learn about freshwatermechanisms from thehistorical
record of variability? Perhaps the most remarkable example of a large
freshwater variation is the Great Salinity Anomaly (GSA) of the late
1960s and 1970s. This event was a propagating, decadal-scale,
surface-intensified freshening of the subpolar North Atlantic and Nordic
Seas (Dickson et al., 1988). It has been attributed to Arctic freshwater
export anomalies of about 10,000 km3 over 5 years (Curry and
Mauritzen, 2005). Two similar events have been observed: in the
1980s (Belkin et al., 1998), and 1990s (Belkin, 2004). Others may have
gone unobserved (Wadley and Bigg, 2004). Indeed, time series of salin-
ity in the North Atlantic reveal several smaller anomalies (Sundby and
Drinkwater, 2007), and by “GSA” we refer collectively to the 1970s
GSA and other GSA-like events. On reaching the Labrador Sea, GSAs ap-
parently follow similar cyclonic paths around the subpolar North Atlan-
tic and Nordic Seas. The 1970s, 1980s, and 1990s anomalies are
detectable in salinity data for about a decade.

A link may exist between GSAs and the large-scale wind circulation
regime, especially the NAO, although it is not well understood (Dickson
et al., 2000). Cyclonic winds over the Canada Basin tend to increase
freshwater export from the Arctic and anticyclonic winds tend to retain
freshwater there (Section 3.1.2). The 1980s and 1990s events occurred
when the winds were cyclonic and both of these anomalies apparently
emerged west of Greenland. The 1970s GSA occurred when the winds



19 CMIP is the Coupled Model Intercomparison Project serving coupled climate model
projections to the Intergovernmental Panel on Climate Change (IPCC). CMIP3(5) models
are from the fourth (fifth) assessment reports in 2007 (2013).
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were strongly anticyclonic, however, suggesting that freshwater should
have been strongly retained in the western Arctic. This “paradox”
(Dickson et al., 2000) can be understood by recalling that the Transpolar
Drift strengthens under anticyclonic wind forcing (as in 2007; Fig. 5
lower right panel). Fram Strait freshwater export can increase at these
times (mainly due to the export of sea ice) even as Beaufort Gyre fresh-
water content rises. Hence, a GSA during cyclonic (anticyclonic) winds
likely results from an increased liquid freshwater export through the
CAA (increased sea ice export through Fram Strait). Recent work sug-
gests that a large wind-driven freshwater release, around 10,000 km3

in 5 years, can only occur if freshwater storage in the Beaufort Gyre is al-
ready anomalously high (Stewart and Haine, 2013). Otherwise, the
freshwater volume released is significantly smaller.

Themechanism of GSA propagation is an open question. Specifically,
the decadal lifetime is hard to understand. One idea is that anomalous
packets of freshwater are advected passively by the otherwise un-
changed currents (Belkin et al., 1998). Numerical models of GSA propa-
gation implicate freshwater flux anomalies and/or circulation
anomalies, however (Wadley and Bigg, 2006). Time series observations
reported by Sundby and Drinkwater (2007) seem to agree. A positive
feedback may be important: the fresh surface damps deep convection,
reducing both sea-surface temperature and ocean–atmosphere heat
flux (Gelderloos et al., 2012). This cooling favors precipitation, further
reinforcing the fresh anomaly.

3.6. Summary of freshwater mechanisms

The main points are summarized as follows (see the cited sections
and figures for details):

• The Arctic upper Ocean is relatively fresh because it has a large supply
of freshwater from runoff, Bering Strait inflow, and precipitation com-
pared to its volume. Seasonal freezing and melting promote a fresh
surface by ice distillation. Also, the turbulence intensities in the halo-
cline are exceptionally small, reducing the flux of salt mixed up from
below (Section 3.1.1).

• Wind stress over the Arctic controls ice motion and the surface ocean
currents, and hence determines freshwater pathways and accumula-
tion (Section 3.1.2; Fig. 5). The Arctic Oscillation and fluctuations in
the atmospheric Beaufort High sea-level pressure are particularly in-
fluential. In the last decade there has been an increase in Ekman
pumping driven by the Beaufort High that has increased freshwater
storage in the Beaufort Gyre at least partly by drawing freshwater
from other regions.

• Convergence of tropospheric moisture, and hence precipitation, con-
trols the net supply of freshwater to the Arctic from the atmosphere
(Section 3.2.2). The Arctic Oscillation is an important, but not domi-
nant, influence on this mechanism.

• The marine freshwater inflow through Bering Strait is believed to be
controlled by the Pacific-to-Arctic sea level difference and moderated
by the local southward wind (Section 3.2.1, Fig. 6). In Bering Strait the
fluctuations in volume flux are highly correlated with those in fresh-
water flux.

• Similarly, fluctuations in volume flux and freshwater flux are highly
correlated in Barrow and Nares straits (Section 3.3.1). In both these
channels the volume flux is highly correlated with the along-
channel sea level difference. In Barrow Strait the along-channel sea
level difference correlates with the Beaufort Sea wind field. In Nares
Strait the along-channel southward wind correlates with the volume
and freshwater fluxes in summer when the ice is mobile.

• Davis and Fram straits support two-way exchange and several mech-
anisms compete because there are several sources of freshwater con-
tributing to the net flux through these straits (Sections 3.3.2 and
3.3.3). Fram Strait ice flux is driven mainly by the local southward
wind. Sea ice decline in the 2000s is apparently compensated by in-
creased flow speed to maintain about the same sea ice flux through
Fram Strait.
• An idealized model of a rotational outflow predicts that the liquid
freshwater flux is controlled by the liquid freshwater content at the
export straits (Section 3.4). The characteristic response timescale of
the model is 15 years. Over the 2000s, the model predicts an increas-
ing outflow through Davis and Fram straits (Fig. 7). The observed
freshwater fluxes did not change significantly, however, because the
excess freshwater was stored in the Beaufort Gyre away from the
drainage channels. The observed fluxes (Fig. 4), and loss of sea ice
(Fig. 3), suggest accumulation of liquid freshwater that is consistent
with observations, although the uncertainties are large (Fig. 7).

• Three major freshwater export events seem to have occurred since
themid-1960s; two through the CAA and Baffin Bay, and one through
Fram Strait (Section 3.5). They caused Great Salinity Anomalies that
moved through the subpolar North Atlantic and Nordic Seas in
about ten years. The export mechanism apparently involves wind
shifts in the Beaufort Sea, but the details are not understood. The
mechanism behind the long lifetime is also unknown.

To conclude this section on freshwater mechanisms, the importance
of unforced, internal variability should not be forgotten. By unforced
variability we mean fluctuations that are not due to changes in forcing
from the atmosphere or due to changes in sources and sinks of freshwa-
ter. Instead, the variability is caused by intrinsic chaotic dynamical pro-
cesses in the ocean/ice system. It is hard to quantify the magnitude of
such variability, but for the total freshwater volume it appears to be sev-
eral thousand km3 based in Arctic/sub-Arctic Ocean/ice models with
steady forcing (Stewart and Haine, 2013). Almost certainly, the decline
in sea ice since 2000 is due to anthropogenic climate change, not inter-
nal variability (Notz andMarotzke, 2012), but the contribution of natu-
ral variability to changes in the freshwater reservoir volume is unclear.
The forcing and supply mechanisms identified in this section compete
with these unforced internal fluctuations and are often hard to
distinguish.

4. Prospects for Arctic freshwater

Climate model projections of Arctic freshwater variables are diverse
and thus uncertain. Nevertheless, most climate model projections of
Arctic freshwater variables are similar enough to infer some probable
changes in the future Arctic liquid freshwater storage and export. Here
we discuss these prospects and compare the freshwater changes de-
scribed in Section 2 with climate model projections. The overarching
question is: How do we expect the freshwater system will change in
the future?

4.1. Robust climate signals

There are several robust signals that emerge consistently from cli-
matemodel projections: First, a warmer climate features a stronger hy-
drological cycle with greater atmospheric moisture transport to high
latitudes. Therefore, precipitation over, and runoff to, the Arctic Ocean
is projected to increase based on coupled climate models (see Kattsov
et al. (2007), for an overview of CMIP319 models and Vavrus et al.
(2012), for an example of a CMIP5model). For example, the Community
Climate System Model, version 4 (CCSM4) shows about a 40% increase
in precipitation polewards of 70°N over the 21st century (Vavrus
et al., 2012). The main reason Arctic precipitation increases in CMIP5
models is increased local evaporation (in winter), signifying an acceler-
ated freshwater cycle within the Arctic itself (Bintanja and Selten,
2014). Increased atmospheric moisture transport is less important



Fig. 8. Arctic Ocean liquid freshwater content differences between the end (2090–2100 average) and the beginning (2000–2010 for the upper panels, 2010–2020 for the lower panels) of
the 21st century from four CMIP climate models. Upper panels show two CMIP3 models (A1B scenarios; CCSM3 and ECHAM5-OM-MPI). Lower panels show two CMIP5 models (RCP4.5
scenarios; MPI-ESM-LR and GFDL-CM3).
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(and peaks in late summer and autumn). Second, sea ice extent declines
in the northern hemisphere in all seasons (IPCC (2007), Chapter 10).
The rate of decline differs greatly among models and most models un-
derestimate the recently-observed summer sea ice retreat seen in
Fig. 3 (Section 2.3). The aforementioned acceleration in Arctic precipita-
tion and evaporation is linked to winter-time sea-ice retreat (Bintanja
and Selten, 2014). Third, ice volume decreases in all CMIP5 models
over the 21st century (Julienne Stroeve, pers. comm., 2012). The volume
of sea ice at the end of the 20th century and the rate of change in Arctic
sea ice volume again vary greatly among models. The declining ice vol-
ume results in smaller ice thickness in FramStrait and decreasing ice ex-
port rates (Holland et al., 2007; Koenigh et al., 2007; Vavrus et al., 2012).
Because both sea ice volume and export flux decrease over time, the net
(annual-mean) thermodynamic growth ratemust also decline. It is pos-
sible, however, that the seasonal cyclemight increasewith higher freez-
ing and melting rates in the Arctic Ocean.

4.2. Consequences for freshwater storage and export

Increasing freshwater input into the Arctic Ocean through P− E and
runoff and decreasing ice export flux implies either (transient) liquid
freshwater storage or increasing liquid freshwater export rates from
the Arctic (or both). Different models behave differently in these re-
spects. For example, the freshwater content changes over the 21st



Fig. 9. Twenty-first century liquid freshwater (fw) prospects from CMIP models. The volume of liquid freshwater for the Arctic Ocean, CAA, and Baffin Bay is shown. The estimates from
Table 1 and Fig. 7 are shown at the bottom left. The CMIP3 (CMIP5) models are realizations of the A1B (RCP4.5) scenario.
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century are shown for four CMIP models in Fig. 8. The upper panels
show the differences in liquid freshwater content between the end
(2090–2100 average) and the beginning (2000–2010 average) of the
21st centuries for the CCSM3 and ECHAM5-OM-MPI models (both
from CMIP3). Only one realization of the IPCC's A1B scenario is shown
although the decadal variability can be substantial. We see gains of sev-
eral meters in CCSM3 in the western Arctic whereas the eastern Arctic
loses freshwater (compare to Fig. 6). In the ECHAM5-OM-MPI model,
freshwater content increases by 10–20mover virtually thewhole Arctic
Ocean. The total liquid freshwater content increases by 24,000 km3

(from 118,000 to 142,000 km3) in the CCSM3model over the 21st cen-
tury. For the ECHAM5-OM-MPI model, the corresponding increase is
63,000 km3 (from 110,000 to 173,000 km3). These models begin the
21st century with moderately realistic total liquid freshwater volumes:
for the decade of the 2000s the estimate from Section 2 is 101,000 km3

(Table 1).
A likely reason for these striking freshwater differences is different

ocean volume (and freshwater) fluxes between the Arctic and the sub-
polar North Atlantic. In the ECHAM5-OM-MPI model, increasing mete-
oric freshwater input and reduced sea ice export lead to increased
storage of liquid freshwater. The CCSM3 model responds to these
input and ice changes by increasing oceanic volume exchange with
the subpolar Atlantic. For example, the surface salinity decreases along
the export pathways east and west of Greenland and in the western
Labrador Sea (not shown). As a consequence, more saline Atlantic
water enters the Arctic, reducing the freshwater content in the eastern
Arctic Ocean. The integrated response in Arctic and CAA freshwater
storage is smaller in CCSM3 compared to ECHAM5-OM-MPI for these
reasons.

Liquid freshwater content differences are shown for two CMIP5
models in the lower panels of Fig. 8 (RCP4.5 scenario). They behave sim-
ilarly to the CMIP3 calculations with CCSM3 and ECHAM5-OM-MPI.
Again, in some places the freshwater content increases, but in others it
decreases. The same is true for the surface salinity (not shown). For ex-
ample, the MPI-ESM-LR model freshens in all deep basins of the Arctic
Ocean and increases salinity onmost shelves. Enhanced import of saltier
Atlantic waters causes salinity to increase below the halocline whereas
liquid freshwater content increases in the Beaufort Gyre. TheMPI-ESM-
LR model accumulates 33,000 km3 (from 125,000 to 155,000 km3)
liquid freshwater in the 21st century. In contrast, the GFDL-CM3
model accumulates freshwater in the Beaufort Gyre and Lincoln Sea
and loses it in the Eurasian Basin; the shelf salinities change only
weakly. The GFDL-CM3 model accumulates 36,000 km3 (from 117,000
to 153,000 km3) liquid freshwater over the 21st century for this
realization.

Vavrus et al. (2012) describe the Arctic Ocean evolution over the
21st century in the CCSM4, the NCARmodel used for CMIP5. CCSM4 in-
cludes an open Nares Strait, unlike CCSM3, which allows an increased
freshwater export through the CAA. Vavrus et al. (2012) find a freshen-
ing of the surface in the Arctic Ocean over the 21st century. There is a
28% increase in liquid freshwater storage in the Arctic Ocean. This in-
crease is very similar to those for the MPI-ESM-LR and GFDL-CM3
models, quoted above (although the details of the liquid freshwater
content calculations differ: Vavrus et al. (2012) consider only the
upper 250 m of the Arctic Ocean and exclude the CAA and Baffin Bay).
The CCSM4 sea ice stores 80% less liquid freshwater by the late 21st cen-
tury. Together, liquid and sea ice account for a moderate increase of 9%
in the total freshwater storage. CCSM4 Bering Strait freshwater flux into
the Arctic also increases. The liquid freshwater export through Fram
Strait increases through the 21st century (by about 3200 km3 yr−1),
whereas sea ice export drops substantially (by about 1800 km3 yr−1

to about 600 km3 yr−1). The liquid freshwater export through the
CAA first increases (by about 900 km3 yr−1) then decreases after
2070 (by about 300 km3 yr−1) when decreasing CAA volume flux
dominates the decreasing salinity. This development is attributed
to weakening convection in the Labrador Sea, which grows fresher
over the 21st century. If CCSM4 behaves similarly to CCSM3, the
downstream freshening would raise sea level and decrease the sur-
face pressure gradient between the Arctic and the Labrador Sea,
hence reducing the CAA volume flux. Details of this mechanism re-
main unclear, however. Finally, Vavrus et al. (2012) find strongly in-
creasing temperature of the CCSM4 Atlantic Water layer indicating
stronger inflow of Atlantic Water.
4.3. Summary of freshwater prospects

Fig. 9 condenses the results from these CMIP climate models. It
shows time series over the 21st century of the volumeof liquid freshwa-
ter, and includes the results of the budget analysis in Section 2 and the
freshwater model in Section 3. Given the various sources of error, and
variability, we see good agreement in general. The models over-
estimate the liquid freshwater volume somewhat, but the discrepancy
is only 10–20% of the total. The increasing freshwater trend inferred
from observations in Fig. 7a (the red line) is similar to, but generally
greater than seen in the models. Recall that the models underestimate
the decline in ice volume, however, compared to the observations. In
otherwords, themodels underestimate the increasing liquid freshwater
trend in the first few decades of the 21st century for this reason. Finally,
the models show consistent increases in freshwater until at least mid-
century. After that, some reductions in freshwater volume of
5000–10,000 km3 over 5–10 years occur, for the GFDL-CM3 model, in
particular. These events may resemble GSAs (Section 3.5), although it
is presently unknown if the CMIP climate models can realistically simu-
late GSAs.

Summarizing:
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• The CMIPmodels consistently predict an increasing hydrological cycle
with greater precipitation, evaporation, and runoff, polewards of 70°N
by 2100 (Section 4.1; Vavrus et al., 2012; Bintanja and Selten, 2014).
Sea ice extent and volume are projected to decrease, with large vari-
ability between models (Section 4.1) and loss rates significantly
lower than observations. The total liquid freshwater volume is
projected to increase by about 50,000 km3 between 2000 and 2100
(Fig. 9). Liquid freshwater in the Beaufort Gyre will likely also in-
crease, although there is significant variability among models (Fig. 8).

• The best evidence to date on climate projections of marine freshwater
fluxes comes from the CCSM4 model (Vavrus et al., 2012). In CCSM4,
Bering and Fram Strait liquid freshwater fluxes increase (Section 4.2).
The CAA liquid flux increases to 2070 then declines thereafter in this
model. Sea ice export through Fram Strait declines substantially
through the 21st century.

To conclude this section on freshwater prospects, refer to the final
column in Table 1. The prospects for the freshwater budget for the
21st century are quantified where possible based on the CMIP climate
models. Each value derives from numbers quoted in Section 4.20 Ignor-
ing changes in the minor components (which have question marks in
Table 1), we anticipate that the sources of freshwater to the Arctic will
increase, from about 9400 to perhaps 11,000 km3 yr−1, by 2100.21 The
sinks of freshwater draining the Arctic will also likely increase, from
about 8250 to perhaps 10,000 km3 yr−1. These numbers indicate that
the Arctic freshwater cycle will accelerate in the 21st century with sig-
nificantly increasing inflow, outflow, and storage of freshwater. It is like-
ly that the freshwater budget in 2100 will not be balanced: the
freshwater sources will probably exceed the sinks and the Arctic will
continue freshening. These estimates are provisional and uncertain, as
discussed above.

5. Conclusions

This paper has reviewed published literature on the status, mecha-
nisms, and prospects for freshwater, and especially freshwater fluxes,
in the Arctic and Subarctic Ocean.Where possible, we have synthesized
these prior works. The main findings are:

• Freshwater is accumulating in the Arctic, CAA, and Baffin Bay
(Section 2.2): about 8000 km3more freshwaterwas present in the de-
cade of the 2000s compared to the 1980–2000 average (Table 1).
Accumulation is mainly in the Beaufort Gyre, where the increase
was about 5000 km3.

• Sea ice extent, volume, and age have decreased in the2000s compared
to 1980–2000 (Section 2.3, Fig. 3).

• The meteoric fluxes supplying freshwater (runoff and precipitation)
have increased in the 2000s compared to 1980–2000 (Section 2.4,
Table 1, Fig. 4; most of the evidence comes from models). Despite
flux increases from2001 to 2011, it is uncertain if themarine freshwa-
ter source through Bering Strait for the 2000s has changed, as obser-
vations in the 1980s and 1990s are incomplete. The total marine flux
draining freshwater (liquid and as ice through Fram and Davis straits)
has not changed significantly. The net flux of freshwater has therefore
increased, to about 1200 ± 730km3 yr−1.

• The observed increase in liquid freshwater storage in the 2000s is
20 To estimate the runoff increase we take Vavrus et al.'s (2012) 40% precipitation in-
crease and reduce it to 30% based on Fig. 1a of Bintanja and Selten (2014), which shows
precipitation over land increases less than over the ocean. The P − E increase is estimated
as 300 km3 yr−1 from Bintanja and Selten's (2014) Fig. 2a (inset). The entry for the Green-
land flux is based on extrapolating Bamber et al.'s (2012) estimates (see Section 2).
21 This estimate excludes changes in the Bering Strait inflow, which increases in CCSM4
but has not been quantified (Vavrus et al., 2012).
consistent with the shift in freshwater fluxes and the loss of freshwa-
ter as sea ice, although the uncertainty is large (Fig. 7).

• Understanding of the mechanisms controlling Arctic freshwater
fluxes and storage points to the importance of the surface wind field
(Sections 3.1.2–3.3, Fig. 6). The wind controls the surface ocean circu-
lation (Fig. 5) and hence freshwater transport rates and pathways
(Section 2.5).

• The characteristic timescale for changes in the freshwater system due
to source or sink changes is about 15 years (Section 3.4). The timescale
for export flux changes driven by the wind is much shorter, perhaps
O(1–10) months (Section 3.4). Because the wind controls these
changes, they are less predictable than those caused by variability of
freshwater sources. Large freshwater export events, Great Salinity
Anomalies (GSAs, Section 3.5), have been observed in the last 50
years, probably triggered by changes in the Arctic surface winds.

• Although inherently uncertain, coupled climate models simulate Arc-
tic freshwater processes in several realistic ways (Section 4, Fig. 9).
Their predictions for the 21st century show continued acceleration
of the hydrological cycle, with roughly an extra 50,000 km3 liquid
freshwater stored by 2100 (Section 4.3, Table 1). Climate models
predict that themarine export fluxes of liquid (ice) freshwaterwill in-
crease (decrease) enough to be detected by the export monitoring ar-
rays. They underestimate the speed of sea ice decline, however. Also, it
is unclear if they capture GSAmechanisms, and thereforemay be inca-
pable of simulating rapid freshwater discharge events.

• The impacts of these changes in the Arctic freshwater system are
diverse. They include effects within the Arctic Ocean, such as albedo
and upper-ocean stratification changes, which in turn may affect
the heat budget, mineral nutrient supply to phytoplankton, and the
light environment near the surface. And they reflect the view that
climate change in the Arctic is amplified. A thorough review of these
impacts is beyond the current scope, but would be interesting and
valuable (for example, see Bhatt et al., 2014 on implications of
sea-ice decline).

Future work on Arctic freshwater should continue to focus on the
gateway fluxes through straits. Although no significant changes in ex-
port fluxes have yet been seen, it is likely they will occur, perhaps sud-
denly, in response to changes in Arctic wind. Future work should
maintain the hydrographic sampling of the Arctic Ocean to determine
freshwater storage changes. Chemical tracers are essential too, in
order to distinguish different freshwater origins and pathways. The
mechanisms discussed in Section 3 are valuable because they provide
a basis to test and refine the coupled climate models discussed in
Section 4, and discriminate between them. Understanding the freshwa-
ter processes in these models is another priority, as is examining their
freshwater budgets in detail, for example using the framework of
Section 2. Future work to deepen understanding of the mechanisms
controlling freshwater accumulation and release will potentially aid in
observing strategies. For example, processes controlling sea level are
important because sea level differences are linked to volume fluxes
and hence freshwater fluxes, especially west of Greenland. Finally, it
seems likely that many Arctic freshwater mechanisms will change
with the impending loss of summer sea ice. They include some of the
processes that maintain the fresh basic state of the upper ocean
(Section 3.1.1). Anticipating, observing, and understanding those
changes is an unprecedented opportunity that will further elucidate
the dynamics of the Arctic freshwater system.
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