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Abstract A budget of meteoric water (MW 5 river runoff, net precipitation minus evaporation, and gla-
cial meltwater) over four regions of the Arctic Ocean is constructed using a simple box model, regional
precipitation-evaporation estimates from reanalysis data sets, and estimates of import and export fluxes
derived from the literature with a focus on the 2003–2008 period. The budget indicates an approximate/
slightly positive balance between MW imports and exports (i.e., no change in storage); thus, the observed
total freshwater increase observed during this time period likely resulted primarily from changes in non-
MW freshwater components (i.e., increases in sea ice melt or Pacific water and/or a decrease in ice export).
Further, our analysis indicates that the MW increase observed in the Canada Basin resulted from a spatial
redistribution of MW over the Arctic Ocean. Mean residence times for MW were estimated for the Western
Arctic (5–7 years), Eastern Arctic (3–4 years), and Lincoln Sea (1–2 years). The MW content over the Siberian
shelves was estimated (�14,000 km3) based on a residence time of 3.5 years. The MW content over the
entire Arctic Ocean was estimated to be �44,000 km3. The MW export through Fram Strait consisted mostly
of water from the Eastern Arctic (3,237 6 1,370 km3 yr21) whereas the export through the Canadian Archi-
pelago was nearly equally derived from both the Western Arctic (1,182 6 534 km3 yr21) and Lincoln Sea
(972 6 391 km3 yr21).

1. Introduction

The Arctic Ocean is a highly stratified, estuary-like ocean dominated by a salty (34.8� S� 35.0) lower layer
fed by North Atlantic Ocean inflow and a thin (�300 m) fresher layer that receives inputs from a variety of
sources. The total, liquid freshwater content (hereafter FWC) is a concept that has been used at least since
Aagaard and Carmack (1989) to describe the stratification of the Arctic Ocean. The definition of FWC quanti-
fies how much less salty the upper layer (�300 m) of the Arctic Ocean is relative to the lower layer (deeper
than �300 m), where the lower layer has a ‘‘reference salinity’’ of Sref:

FWC5

ð
Sref 2SðzÞ

Sref
dz (1)

There are three main sources of FWC to the Arctic: meteoric water, Pacific water, and sea-ice meltwater.
Meteoric water (MW) is defined as water that has undergone distillation and transport within the atmo-
sphere, including precipitation (snow and rain) falling over the ocean (�2,000 km3 yr21), river runoff
(�3,300 km3 yr21), and glacial meltwater. Input of glacial melt is, at present, relatively small compared to
runoff and precipitation that together constitute the largest annual input of freshwater to the Arctic Ocean
(Serreze et al., 2006). The inflow of Pacific water through Bering Strait (2,500–3,500 km3 yr21; Woodgate
et al., 2012) supplies the second largest source of freshwater to the Arctic. Pacific water is considered a
source of freshwater to the Arctic Ocean as its mean (or ‘‘end-member’’) salinity (SPAC 5 32.5; Woodgate
et al., 2012) is lower than Sref (34.7� Sref� 35; e.g., Carmack et al., 2015). The bulk salinity of sea ice
(0� SSIM� 10; Alkire et al., 2015) is also less than Sref and therefore, like Pacific water, can be considered a
source of freshwater to the Arctic Ocean. However, sea-ice meltwater (SIM) contributes positively to the
freshwater budget only on a seasonal basis (i.e., sea ice formation exceeds melting over the annual time
scale; Steele & Flato, 2000; Yamamoto-Kawai et al., 2005). Together, the sum of MW and the freshwater con-
tributions of SIM and Pacific water should be equivalent to FWC.

The distribution of FWC throughout the Arctic Ocean has important implications for physical, chemical, and
biological processes. Freshwater provides the dominant source of stratification to the Arctic Ocean halocline
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that acts as a barrier between warm and saline Atlantic waters and the sea ice canopy (Rudels et al., 1996).
This same stratification also inhibits the upwelling of nutrient-rich waters to the euphotic zone, thereby lim-
iting primary production (McLaughlin & Carmack, 2010). The distribution of specific components of freshwa-
ter plays a more specific role in physical-biogeochemical interactions. For example, the Pacific inflow
through Bering Strait provides a major source of nutrients, whereas nutrient import via river runoff is much
smaller (Holmes et al., 2012; Torres-Valdes et al., 2013). Total alkalinities also vary considerably among differ-
ent freshwater sources. The lower alkalinities characteristic of sea-ice meltwater (compared to that of major
Arctic rivers) result in lower aragonite and calcite saturation states in regions subject to substantial seasonal
ice melt (Yamamoto-Kawai et al., 2009). Therefore, it is important to understand changes in the distribution,
circulation, import, and export of the various sources of freshwater to the Arctic Ocean to fully appreciate
impacts of changes to the freshwater cycle on the larger Arctic Ocean system.

The FWC of the deep basins of the Arctic Ocean (depths> 500 m) increased by 6,000–8,400 km3 (8–11%)
between the early 1990s and the late 2000s (Rabe et al., 2011, 2014); however, the specific sources of this
change are not known. Increases in Eurasian River runoff (Shiklomanov & Lammers, 2009), net precipitation
(Wu et al., 2005), and variability in the North American river discharge (D�ery et al., 2009) all increase the MW
input to the Arctic Ocean. In addition, the import of FWC through Bering Strait has increased by
�1,000 km3 yr21 between 2001 and 2011 (Woodgate et al., 2012). Steady declines in the sea ice volume
(Krishfield et al., 2014; Kwok et al., 2009; Laxon et al., 2013; Lindsay & Schweiger, 2015; Schweiger et al.,
2011) also potentially increase FWC (assuming no change in ice export).

Changes in the distribution of FWC add complexity to the story. For example, shifts in the pathway of Sibe-
rian shelf waters (Morison et al., 2012) and Ekman pumping that collects freshwater into the Beaufort Gyre
(Giles et al., 2012; McPhee et al., 2009; Proshutinsky et al., 2009) have caused regional changes in FWC
within the Arctic Ocean that are substantially greater than the basin-wide average increase. The Western
Arctic exhibited a large increase in FWC between 2003 and 2008, focused predominantly in the Beaufort
Gyre. In contrast, FWC declined in the Eurasian Basin and along the Siberian continental slope (Morison
et al., 2012). While the changes in MW distribution have been identified, the magnitudes of the intrabasin
fluxes responsible for the redistribution have not been estimated in a combined budget. One of the main
goals of this work is to do so.

The second goal of this study is to determine whether the FWC increase in the Canada Basin observed
between 2003 and 2008 was primarily driven by an increased influence from Siberian shelf waters, as sug-
gested in Morison et al. (2012) and Alkire et al. (2015), using an approach that considers only MW volumes
(i.e., no additional geochemical tracers other than salinity and d18O). The National Science Foundation’s Arc-
tic Observing Network (AON) has supported numerous, sustained observational programs to collect hydro-
graphic data from important regions of the Arctic Ocean throughout most of the 2000s. As such, data are
available to assess the sources of basin-wide FWC changes across the Arctic Ocean during a period when
large changes in the distribution of FWC occurred. For example, the FWC in the Canada Basin, as reported
by Krishfield et al. (2014), increased nearly linearly between 2003 and 2012 (Figure 1a). An estimate of the
MW increase in this same region between 2003 and 2008, as determined by Morison et al. (2012), results in
a slope (annual average MW increase) that is quite similar to the one estimated using Krishfield et al.’s data.
Overlapping this same time period, Alkire et al. (2015) reported a significant and similarly quasi-linear
decline in the MW (Figure 1b) of the central Arctic (specifically the area enclosed by the 858N latitude line,
see Figure 2 inset). The FWC in the Lincoln Sea region, as reported by de Steur et al. (2013), also increased
over this time period and was due, at least in part, to an increase in MW (Figure 1c). These quasi-linear
changes in the MW content of important regions in the Arctic Ocean facilitate the construction of coupled
budgets because the time rates of change in the MW content of these regions can be taken to be approxi-
mately constant. We take advantage of this relative simplicity to construct the first MW budget of the Arctic
Ocean.

In this study, we compile recent estimates of MW fluxes and documented FWC and MW changes over the
deep basins between 2003 and 2008 to construct an overall budget of MW for the Arctic Ocean (sections 2–4).
We then utilize this framework to estimate MW volume fluxes between key regions of the Arctic to gain a
better understanding of recent changes in FWC distributions within the Arctic (sections 5.1 and 5.2) as well
as to evaluate the preferred export pathways (Fram, Nares, and Davis Straits) of MW from the Western and
Eastern Arctic and compare our findings with those of modeling studies (e.g., Jahn et al., 2010; section 5.3).
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Finally, we use the results of the model to estimate residence times of MW in the regions studied
(section 5.4). A summary of our findings and relevant conclusions are presented in section 6.

2. Box Model Setup

Our model is comprised of four boxes representing: (1) the Siberian shelves (Barents, Kara, Laptev, and East
Siberian Seas), (2) the Eastern Arctic (Makarov, Amundsen, and Nansen Basins), (3) the Western Arctic
(Canada Basin, Chukchi Sea, and the Beaufort Sea), and (4) the Lincoln Sea (Figure 2). This division is conve-
nient for three reasons. First, the budget terms can be specified from reported trends or annual changes of
FWC and MW in the literature. Second, Siberian and North American rivers discharge directly into the Sibe-
rian shelves and Western Arctic regions, respectively; rather than attempt to estimate what fractions of vari-
ous rivers enter what shelves and/or basins, it is convenient to define domains that avoid this complexity.
For example, we do not attempt to estimate the fraction of Mackenzie River runoff that enters the Canada
Basin from the Beaufort Sea; instead, we can assume all of the discharge from the Mackenzie River enters
the Western Arctic domain; this MW is then available for exchange with the Siberian shelves via the V1 term
or export from the Western Arctic via the XW term (see Figure 2). Third, these regions are large enough such
that the majority of net precipitation falling over an ice-covered ocean should enter the water column
before being advected by sea ice to an adjoining region (though some transport of snow atop sea ice
undoubtedly occurs near the regional boundaries and at the straits).

Figure 1. Total, liquid freshwater content/inventory (black circles) and meteoric water content/inventory (red squares) in
(a) Canada Basin (Krishfield et al., 2014; Morison et al., 2012), (b) central Arctic Ocean (Alkire et al., 2015), and (c) Lincoln
Sea (de Steur et al., 2013). Mean total freshwater (black cross) and meteoric water (red squares) contents in the Lincoln
Sea region were also computed during this study (supporting information S2) for comparison with de Steur et al. (2013).
Dashed lines in Figures 1a and 1b indicate simple linear regressions. Slopes (m), intercepts (b), and correlation coefficients
(r) corresponding to these regressions are m 5 0.6918, b 5 21369, r 5 0.9451 (Krishfield et al., 2014); m 5 0.68, b 5 21345,
r 5 1 (only two data points; Morison et al., 2012); and m 5 20.57, b 5 1156, r 5 20.8259 (Alkire et al., 2015).
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The Western Arctic includes the Canada Basin and Beaufort Sea since numerous studies have reported the
FWC increase occurring in this region between 2003 and 2008. The inclusion of the Makarov Basin in the
Eastern Arctic box was based on the small, slightly positive change in steric pressure anomaly on
the Makarov side of the Mendeleev-Alpha Ridge shown by Morison et al. (2012) and its inclusion in the
study of central Arctic changes by Alkire et al (2015). FWC and MW changes over this basin were small or
slightly positive, differentiating the Makarov and Canada Basins in terms of freshwater gain or loss. Further-
more, hydrographic fronts such as that generally separating Atlantic and Pacific origin waters typically
meander across the Makarov and Amundsen Basins (e.g., Alkire et al., 2007; Steele & Boyd, 1998; Steele
et al., 2004). During the 2003–2008 period, the Pacific/Atlantic front was generally aligned over the
Mendeleev-Alpha Ridge, resulting in an overall Atlantic characterization of the Makarov Basin (Alkire et al.,
2007, 2015) and justifying its inclusion in the Eastern (or Eurasian) domain.

A schematic representing the model is shown in Figure 2. The equations for the time rates of change in the
MW content of the Siberian shelves (dMWS/dt), Eastern Arctic (dMWE/dt), Western Arctic (dMWW/dt), and Lin-
coln Sea (dMWL/dt) boxes are governed by the following six equations:

Figure 2. Meteoric water budget for the Arctic Ocean. Fluxes given in units of km3 yr21. Exports include the Canadian Arctic Archipelago and Fram Strait. Imports
include North American rivers (RW), the inflow through Bering Strait (B), Eurasian Rivers (RE), the Norwegian Coastal Current (NCC), and net precipitation over evap-
oration (P) that is allocated among the four boxes (PE, PW, PL, and PS). The inset map shows the different regions that comprise the boxes in the model. The Western
Arctic, Eastern Arctic, Lincoln Sea, and Siberian shelf regions utilized in this study are depicted in red, blue, gray, and green boxes, respectively. The area inscribed
by the circle represents the area studied by Alkire et al. (2015) to determine meteoric water inventory changes in the central Arctic. Note fluxes estimated for this
study are highlighted in red front and those computed using the box model are further highlighted in bold. Those fluxes that were adapted from the literature are
presented in black, italicized font.
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dMWS=dt5RS1PS2V12V21NCC (2)

dMWE=dt5PE1V22XE (3)

dMWW=dt5RW 1B1PW1V12XW (4)

dMWL=dt5PL1ð12bÞ � XE1ð12aÞ � XW 2XL (5)

CAA5D2RCAA2PCAA5a � XW 1ð12cÞ � XL (6)

F5b � XE1c � XL (7)

where F is the Fram Strait export, CAA the Canadian Arctic Archipelago and Nares Strait export, D the Davis
Strait export (see section 3.6), P the precipitation minus evaporation allocated to the Siberian shelves (PS), East-
ern Arctic (PE), Western Arctic (PW), and the combined regions of the CAA and Nares Strait (PCAA), RS the Sibe-
rian river runoff, RW the North American river runoff, RCAA the river runoff entering the straits and channels of
the CAA, and B is the Bering Strait inflow. The MW exports from the Western (XW) and Eastern (XE) boxes are
split by the a and b parameters, respectively. A fraction of the Western Arctic MW export (aXW) leaves through
the western passages of the CAA whereas the remainder ((1 – a)XW) enters the Lincoln Sea. Similarly, a fraction
of the Eastern Arctic MW export (bXE) exits directly via Fram Strait and the remainder ((1 – b)XE) enters the Lin-
coln Sea. The MW export from the Lincoln Sea is also split between the CAA/Nares Strait ((1 – c)XL) and Fram
Strait (cXL). The Lincoln Sea therefore acts as a manifold through which waters from the Western and Eastern
Arctic regions may exit via the Fram and Nares Straits, respectively. Transport between the Siberian shelves
and the Western and Eastern Arctic boxes are given by the V1 and V2 terms, respectively, in units of km3 yr21.
The transport terms may be positive or negative, where a negative flux indicates a net transport in the direc-
tion opposite to that depicted in Figure 2. For example, a positive value for the V1 term would indicate a net
mean transport from the Siberian shelves to the Western Arctic (e.g., net flow from the East Siberian Sea to
the Chukchi Sea) whereas a negative value would indicate an opposite flow.

In this study, we solve for the V1, V2, dMWE/dt, XW, XE, and XL terms after assigning specific values or reason-
able ranges (e.g., a, b, c, and dMWL/dt) to all other terms (further details provided in section 5.2). It is
assumed that the exchange of MW between the Western and Eastern Arctic domains was negligible. This
assumption was necessary to solve the equations of the box model since the addition of a third exchange
term rendered the coefficient matrix singular, preventing a unique solution. Although not ideal, this
assumption is generally supported by the relatively low Pacific water influence observed in the Makarov
Basin during the majority of the period of interest (Alkire et al., 2015). The much reduced Pacific influence in
the Makarov Basin is interpreted here as evidence suggesting a reduced exchanged between these basins
during the period of interest. A brief return of Pacific water was observed in the central Arctic in 2005 but it
immediately subsided in 2006 and 2007 (Alkire et al., 2007, 2010a). We therefore argue that our simplifying
assumption is reasonable for the purposes of this study. As a consequence of this simplification, the Lincoln
Sea box was added to the model to allow MW export from the Western and Eastern Arctic regions via Fram
Strait and the CAA, respectively.

3. Imports and Exports

Development of the Arctic Ocean MW budget requires establishment of the mean fluxes entering and exiting
the domain. This is challenging due to limited available data necessary to compute the fluxes over the period
of interest. Data are common for some regions but sparse for others. For example, MW fluxes through Fram
Strait have been estimated from data collected between 1997 and 2011 (Dodd et al., 2012; Rabe et al., 2013)
but very few d18O data have been collected in the passages of the CAA and only one study has estimated
MW fluxes through Davis Strait (2004 only; Azetsu-Scott et al., 2012). We are unaware of any studies that have
directly estimated MW fluxes through Bering Strait. Consequently, a combination of published values from
the literature and publicly available data were used to estimate average MW fluxes.

3.1. On the Differences Between a MW Budget and a FWC Budget
A FWC budget for an ocean volume (e.g., the Arctic Ocean) can be formed by estimating temporal FWC
changes within the volume and FWC fluxes on the lateral ocean boundaries and at the ocean surface. FWC
fluxes are defined similarly to FWC (e.g., de Steur et al., 2009):
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ð ð
Vðx; zÞ Sref 2Sðx; zÞ

Sref
dzdx (8)

where S(x,z) and V(x,z) are the measurements of salinity and velocity, respectively, integrated in the vertical
(z) and horizontal (x) dimensions across a given transect.

Note that Sref for a volume budget should represent not the average salinity of the salty lower layer, but rather
the average salinity of the entire ocean volume. Previous FWC budgets of the Arctic Ocean (Aagaard & Car-
mack, 1989; Haine et al., 2015; Serreze et al., 2006) have utilized reference salinities between 34.8 and 34.9.
Recently, Tsubouchi et al. (2012) and Bacon et al. (2015) pointed out that the common assignment of a refer-
ence salinity in the calculation of FWC fluxes, instead of the mathematically correct boundary-mean salinity of
34.662 (Tsubouchi et al., 2012) that ensures a balance in the mass and salinity conservation equations, may
result in errors on the order 30 mSV (�947 km3 yr21) when individual flux components are considered. Thus,
an accurate FWC budget should utilize fluxes computed relative to the boundary mean salinity of 34.662.

However, assessing the MW content (or flux) is somewhat more complicated. MW measures the dilution of
salty ocean surface water by pure (or nearly pure) fresh water sources (i.e., by precipitation and river inflow).
Following the common terminology in the literature, we call this salty ocean water the ‘‘end-member’’ salin-
ity (as opposed to the FWC ‘‘reference salinity’’). So what should one use as an end-member salinity in this
case, given that Arctic Ocean surface salinities vary widely across the domain? First, we recognize that MW
mixes into ocean water that is derived from inflows from the North Pacific and North Atlantic Oceans. We
might choose the Atlantic water inflow salinity (SATL 5 34.9) as the end-member value; however, this would
positively bias local MW inputs to regions such as the Beaufort Sea and Canada Basin where Pacific water
(SPAC 5 32.5) clearly dominates the upper 100–200 m of the water column. Conversely, simply adopting a
Sref of 34.662 would result in physically unrealistic, negative MW fractions associated with salinities >34.662.

In the calculations of FWC fluxes, the inflow of higher salinity waters (i.e., Sobserved> Sref) is interpreted as an influx
of salt that counterbalances freshwater inputs. This interpretation does not strictly apply to MW as it is either pre-
sent in the water column or it is not. As such, MW budgets may prove somewhat simpler than FWC budgets (at
least in this regard) as deeper fluxes may be ignored. Various studies have shown that MW fractions computed
throughout the Arctic basin (e.g., Yamamoto-Kawai et al., 2005) and along Fram and Davis Straits (e.g., Jones &
Anderson, 2008) approach zero at depths> 200–300 m. In fact, the fluxes of MW, SIM, and Pacific water reported
in Rabe et al. (2013) are restricted to the top 300 m of the water column. Similarly, Yamamoto-Kawai et al. (2008)
do not consider depths below 300 m in their calculation of MW, SIM and Pacific water content (or ‘‘inventories’’)
of Canada Basin. Although there is some mixing between MW and Atlantic-origin waters in regions where inter-
mediate and deeper waters are formed (e.g., the Barents Sea) and therefore some contribution of MW at depths
exceeding 300 m, we argue that this MW contribution is very small and may be ignored.

Therefore, instead of choosing a single value for the end-member salinity, it is allowed to vary regionally,
representing regional variations in the mixture of Pacific and Atlantic influences. Such variation is accom-
plished via estimating contributions of Pacific (fPAC) and/or Atlantic (fATL) waters using nutrient relationships
(Jones et al., 1998; Yamamoto-Kawai et al., 2008) or quasi-conservative parameters, such as PO4* (Ekwurzel
et al., 2001). These fractions (fPAC and fATL) are then used to define the salinity and d18O values representing
a saline end-member (SE) that is a mixture of the Pacific and Atlantic water. The fractional contributions of
MW (fMW), SIM (fSIM), and this newly defined saline end-member (fSE) are then estimated via a set of coupled
equations that conserves mass (or volume), salinity, and d18O (e.g., Alkire et al., 2015):

SSIM3fSIM1SMW 3fMW 1 SPAC3fPACð Þ1 SATL3fATLð Þf g3fSE5Sobs (9)

d18OSIM3fSIM1d18OMW 3fMW 1 d18OPAC3fPAC
� �

1 d18OATL3fATL
� �� �

3fSE5d18Oobs (10)

fSIM1fMW 1fSE51 (11)

f �PAC5fSE3fPAC (12)

f �ATL5fSE3fATL (13)

where SSIM, SMW, SATL, SPAC, d18OSIM, d18OMW, d18OPAC, and d18OATL are the salinity and d18O end-members rep-
resenting MW, SIM, Pacific water, and Atlantic water. The Pacific and Atlantic water fractions (fPAC* and fATL*)
are then adjusted via equations (12) and (13).
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Note that equations (9)–(13) require the assignment of seven salinity and d18O end-member values (SMW 5 0
by definition) that are all subject to regional variability and therefore uncertainty in the MW fractions calcu-
lated. Alkire et al. (2015) determined that both MW and SIM fractions calculated using these methods are
relatively robust to variations in salinity and d18O end-member assignments and that median uncertainties
were on the order of 60.01 and 60.006, respectively. However, the most accurate MW budget requires that
MW fluxes across the major gateways are computed utilizing identical end-member assignments.

The end-member values assigned to MW, SIM, Pacific water, and Atlantic water in the studies that have esti-
mated these fluxes through the Fram, Davis, and Bering Straits are given in Table 1. We suggest that the end-
member values assigned to MW and SIM may vary among the straits and still produce accurate MW fluxes as
salinity and d18O in sea ice and river runoff vary considerably across the Arctic (e.g., Cooper et al., 2008; Pfir-
man et al., 2004). However, the salinity and d18O values assigned to Pacific water differ in the calculations uti-
lized to estimate the MW flux through Fram Strait compared to those used in the Bering and Davis Straits. It is
difficult to quantify the exact error/bias introduced to the MW fluxes resulting from this discrepancy without
having direct access to all of the data. However, we have estimated MW flux biases resulting from similar dis-
crepancies to be on the order of 350 km3 yr21 (see supporting information Text S1 for details) and have taken
this bias into account when determining the Fram Strait MW flux (see section 3.6).

The MW budget presented in this study characterizes Pacific water as SPAC 5 32.5 and d18OPAC 5 20.8&

and Atlantic water as SATL 5 34.9 and d18OATL 5 0.25&. Future studies of MW fluxes and/or budgets should
adopt similar salinity and d18O characterizations to facilitate accurate comparisons with the results of this
work. Similarly, budgets and/or fluxes of FWC should adopt a Sref 5 34.9 to enable accurate comparisons.
Otherwise, corrections must be taken into account (see supporting information Text S1 for details).

3.2. River Runoff (RS, RW)
Annual river discharge rates to the Arctic Ocean were computed from the data compiled by Lammers et al.
(2001). A subset of their data is presented in Table 2. The annual discharge from 16 gauged, Siberian rivers
and the Mackenzie River are included for comparison (McClelland et al., 2006). For this study, the sum of
runoff entering the Barents, Kara, Laptev, and East Siberian Seas was taken to represent the discharge enter-
ing the Siberian shelf box (2683 km3 yr21). Similarly, the sum of the Chukchi Sea and Beaufort Sea runoff is
taken as the representative North American river discharge to the Western Arctic box (538 km3 yr21). The
latter discharge estimate is quite close to the sum of Mackenzie plus ‘‘other ungauged rivers’’
(471 km3 yr21) compiled by Vugilisky (1997). For the purposes of this study, the total river runoff entering
the Arctic Ocean is thus 3,221 km3 yr21. This value is nearly identical to the 3,200 km3 yr21 used by Serreze
et al. (2006) in their study of the Arctic Ocean FWC budget and we have adopted their estimate of uncer-
tainty (6110 km3 yr21).

3.3. Precipitation Minus Evaporation (PS, PE, PW, PL)
Annual precipitation and evaporation rates between 2000 and 2011 were compiled from the ERA-Interim
Reanalyses data set (Dee et al., 2011) over 16 subregions (Figure 3) within the Arctic Ocean domain. These
annual rates were then averaged and the net precipitation minus evaporation (P-E) rates computed (Table

Table 1
Characteristic Salinity and d18O Values (i.e., End-Members) Assigned to Meteoric Water, Sea-Ice Meltwater, Pacific Water,
and Atlantic Water in the Calculation of Water Type Fractions and Fluxes at Fram, Davis, and Bering Straits

Fram Straita Davis Straitb Bering Straitc

Salinity d18O Salinity d18O Salinity d18O

Meteoric water 0 218.4 0 218 0 221.4
Sea-ice meltwater 4 0.5 4 22 4 22
Pacific water 32 21.3 32.5 20.8 32.5 20.8
Atlantic water 34.9 0.3 NA NA NA NA

Note: d18O values reported in &. NA, not applicable.
aDodd et al. (2012).
bAzetsu-Scott et al. (2012).
cThis study.
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3). The ERA-Interim Reanalyses was selected as the most reliable of the available reanalyses data sets, based
on the work of Lindsay et al. (2014) that concluded that ERA-Interim, MERRA, and CFSR were most consis-
tent with observations. Error estimates for the regional P-E fluxes were based on a comparison of these
three data sets (see Table 3). Furthermore, we note that ERA-Interim was also used by Haine et al. (2015) to
estimate P-E and river runoff in an update of the FWC budget of the Arctic Ocean. The mean P-E computed

Table 2
Estimates of the River Discharged to Different Regions of the Arctic Ocean

Region
Annual runoff

(mm yr21)
Drainage area

(103 km2)
Gauged area (% of

drainage area)
Discharge
(km3 yr21)

McClelland et al. (2006)
(km3 yr21)

CAA 164 1,231 17 202
Barents Sea 349 1,279 77 446 126
Beaufort Sea 200 2,090 89 418 322a

Bering Strait 256 1,218 83 312 214a

Chukchi Sea 511 234 24 120
East Siberian Sea 181 1,345 70 243 168
Kara Sea 186 6,615 78 1,230 1,213
Laptev Sea 210 3,632 89 763 711
Eurasian TOTALb 2,683 2,218
Beaufort 1 Chukchi 538

Note: Annual discharge estimates computed from data compiled by Lammers et al. (2001) unless otherwise specified.
aFlow-weighted discharge rates from Cooper et al. (2008) for the Mackenzie (Beaufort Sea) and Yukon (Bering Strait)

Rivers.
bEurasian TOTAL 5 Barents 1 Kara 1 Laptev 1 East Siberian Sea.

Figure 3. Division of the Arctic Ocean into subregions for calculation of precipitation minus evaporation (P-E) using ERA
Interim reanalysis. The Beaufort Sea, Chukchi Sea, Bering Strait, and Canada Basin subregions were included in the West-
ern Arctic box. The Makarov Basin, Amundsen Basin, Nansen Basin, and Fram Strait subregions were included in the East-
ern Arctic box. The East Siberian, Laptev, Kara, and Barents Seas subregions were included in the Siberian shelf box. P-E
over the Nares Strait, Baffin Bay, and Canadian Archipelago subregions were estimated to determine the potential magni-
tude of local (e.g., non-Arctic Ocean) contributions of meteoric water to the flux through Davis Strait.
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here (182 mm yr21) was slightly higher than the estimate made for the region north of 708N (163 mm yr21)
by Serreze and Barry (2000) using rawinsonde data collected between 1973 and 1995, but in good agree-
ment with the estimate (182–194 mm yr21) of Bromwich et al. (2000) made via calculating an atmospheric
moisture budget from the predecessor ERA-40 reanalysis over the period 1979–1993.

The P-E rates for each subregion were multiplied by their corresponding areas to obtain units of km3 yr21.
The total P-E for the Arctic Ocean domain (excluding the Nares Strait, Baffin Bay, and CAA subregions) was
then estimated by taking the sum across these subregions: 1878 6 154 km3 yr21. The P-E fluxes over the
various subregions were allocated to the Siberian shelf (983 6 142 km3 yr21), Western Arctic (405 6

34 km3 yr21), Eastern Arctic (457 6 47 km3 yr21), and Lincoln Sea (32 6 9) boxes as shown in Table 3.

3.4. Bering Strait (B)
Pacific freshwater cannot be differentiated from MW using only salinity and d18O, as it lies on a linear mixing
line between Atlantic water and river runoff in salinity-d18O space (Yamamoto-Kawai et al., 2008). Thus,
freshwater inflow through Bering Strait cannot be distinguished from a simple mixture of Atlantic water
and MW. However, in regions where Pacific water dominates over Atlantic water at relatively shallow
depths, one can assume Pacific water (SPAC 5 32.5; as opposed to Atlantic water, SATL 5 34.9) as the saline
water type against which MW contributions are calculated. This approach has been utilized in studies of the
freshwater composition of the Canada Basin (Yamamoto-Kawai et al., 2008), where Pacific water was
assigned as the saline water type for salinities� 33. This approach essentially characterizes salinities< 32.5
as influenced by ‘‘excess’’ freshwater relative to the mean Pacific water inflow through Bering Strait; this
excess freshwater can be contributed by MW or sea-ice melt and stable oxygen isotopes can be employed
to separate these contributions.

This approach may also be compared to a breakdown of the total freshwater flux entering the Arctic via
Bering Strait reported by Woodgate and Aagaard (2005). The mean annual salinity (S 5 32.5) and volume
transport (0.9 Sv) recorded by moorings deployed in the strait between 2001 and 2011 were used to

Table 3
Annual Mean Precipitation Minus Evaporation (P-E) for the Period 2000–2011 Over Different Regions of the Arctic Ocean

Region Area (103 km2) P-E (mm yr21) P-E (km3 yr21) Unc (km3 yr21)

Barents Sea 1,902 178 339 139
Kara Sea 838 256 217 22
Laptev Sea 1,224 191 234 18
East Siberian Sea 1,082 178 192 12
Siberian shelves (PS) 5,046 983 142
Beaufort Sea 274 102 28 3
Chukchi Sea 702 141 99 9
Canada Basin 1,750 148 260 33
Bering Strait 98 194 19 4
Western Arctic (PW) 2,824 405 34
CAA 874 149 130 29
Nares Strait 90 135 12 6
Baffin Bay 718 181 130 26
Lincoln Sea (PL) 184 176 32 9
Fram Strait 264 191 50 18
Nansen Basin 608 227 138 18
Amundsen Basin 826 204 168 32
Makarov Basin 546 184 101 22
Eastern Arctic (PE) 2,244 457 47
ALL REGIONS 11,979 179 2,150 158
Arctic regiona 10,298 182 1,878 154

Note: P-E values are calculated from daily ERA-Interim reanalysis data that have been reprojected onto a Lambert
equal-area grid with 40 km resolution. Uncertainties computed by using data from ERA-Interim reanalysis, MERRA
(NASA reanalysis), and CFSR (NOAA reanalysis). Regional areas computed by summing grid cells in the ERA Interim land
mask regridded to a 40 km, equal-area projection and excluding grid cells covered with more than 50% land. See Fig-
ure 3 for regional boundaries. The total for the Arctic Ocean domain excludes the CAA and Nares Strait regions.

aExcludes Nares Strait, CAA, and Baffin Bay.
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provide an estimate of the FWC flux (relative to a salinity of 34.8) of �1,877 km3 yr21. However, this fresh-
water transport does not include contributions from the Alaskan Coastal Current (220–450 km3 yr21), salin-
ity stratification (�350 km3 yr21), or sea ice transport through the strait (140 km3 yr21; Woodgate et al.,
2012) that are not effectively measured by the near-bottom moorings. In this study, we take the freshwater
transport recorded by the moorings (�1,877 km3 yr21) as the freshwater contributed by the mean Pacific
inflow whereas the freshwater contributed by the Alaskan Coastal Current and stratification
(�800 km3 yr21) represents the excess MW contribution. Here we outline a method to independently esti-
mate the mean MW inflow via Bering Strait between 2000 and 2010.

Salinity and d18O data were collected during annual cruises of the Canadian Coast Guard vessel Sir Wilfrid
Laurier conducted between July and August of each year between 2000 and 2011 (no data collected in
2009) as part of the Pacific Marine Arctic Regional Synthesis (PacMARS). Data were downloaded from the
PacMARS online archive (http://pacmars.eol.ucar.edu/dsaccess.html) and restricted to the Bering Strait
region, defined here as bounded by latitudes 658N–668N and longitudes 1688W–1708W. Fractional contribu-
tions of MW, SIM, and Pacific water (PW) were computed using equations (14–16):

SSIM3fSIM1SMW 3fMW 1SPW 3fPW 5Sobserved (14)

d18OSIM3fSIM1d18OMW 3fMW 1d18OPW 3fPW 5d18Oobserved (15)

fSIM1fMW 1fPW 51 (16)

Characteristic salinity and d18O values representing the three source waters types were assigned as follows:
d18OMW 5 221.4 6 3& (Cooper et al., 2016), d18OSIM 5 22 6 2&, d18OPW 5 20.8 6 0.5&, SSIM 5 4 6 4, and
SPW 5 32.5 6 0.5. Uncertainties associated with the computed MW and SIM fractions were estimated to be
60.02, based on solutions of equations (14–16) using alternate end-member definitions within the ranges
specified (Alkire et al., 2015). Mean vertical profiles of MW and SIM were constructed by combining all avail-
able fractions into a single, bin-averaged profile. Bins were assigned using a vertical grid with 10 m resolu-
tion and the resulting profiles were then integrated between the surface and bottom (�50 m) to obtain
mean inventories of MW (2.4 6 0.4 m) and SIM (–1.4 6 0.4 m). The mean FWC (4.3 m) was also computed
using similarly bin-averaged profiles of salinity, relative to a reference salinity of 34.8 (for direct comparison
with FWC fluxes reported by Woodgate et al., 2012).

A recent study by Woodgate et al. (2012) indicated that the FWC flux through Bering Strait increased from
2,000–2,500 to 3,000–3,500 km3 yr21 between 2001 and 2011. Despite this flux increase, the mean salinity
(32.5) of the throughflow has remained relatively constant and the change was instead attributed to a
�50% increase in the volume transport from 0.7 to 1.1 Sv. Here we adopt the mean volume transport over
the entire measurement period (0.9 6 0.2 Sv) for the calculation of the MW import through Bering Strait.
The MW flux through the strait was estimated by determining the approximate percentage MW contributed
to the total volume transport. The mean MW inventory was normalized over the Bering Strait region by the
depth of the water column (�50 m) and the resulting fraction (0.048) multiplied by the average transport
(0.9 Sv) to obtain a MW flux of 1,363 6 379 km3 yr21. A similar calculation was conducted to approximate
the FWC flux (2,437 km3 yr21) to show the relatively good agreement between more precise values
reported by Woodgate et al. (2012) (�2,750 km3 yr21) and those obtained using this method.

This estimate of the MW flux through Bering Strait can also be compared with independent estimates of
the MW input to the Bering Sea shelf. Aagaard et al. (2006) estimated MW inputs to the Bering Sea to
include approximately 320 km3 yr21 of river runoff from numerous sources including the Yukon River
(200 km3 yr21), Anadyr River (30 km3 yr21), and smaller rivers (�90 km3 yr21). The annual P-E flux was esti-
mated to be �80 km3 yr21. Aagaard et al. (2006) estimated a volume flux of 13,000 km3 yr21 from the Gulf
of Alaska through Unimak Pass with a mean salinity of 31.7. Taking a reference salinity of 32.5 (equal to the
mean salinity of the Bering Strait inflow) yields a mean freshwater flux of �320 km3 yr21. Assuming this
freshwater is comprised entirely of MW, an upper limit for the MW input to the Bering shelf is
�720 km3 yr21. Although sea ice melt may contribute to the freshwater flux through Unimak Pass, the
freshwater composition in the Gulf of Alaska (Yamamoto-Kawai et al., 2010) suggests river runoff and pre-
cipitation account for nearly 100% of the freshwater in this region, supporting the assumption that contri-
butions from ice melt are comparatively small. Assuming that the estimates of 1,363 and 7,20 km3 yr21

represent upper and lower bounds on the MW flux through Bering Strait, we have assigned the average
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(1,042 6 379 km3 yr21) as the value for the Bering Strait throughflow (B) in the box model. This independent
estimate of the MW inflow through Bering Strait is somewhat higher, but comparable, to the freshwater
fluxes attributed to salinity stratification and the Alaskan Coastal Current (800–860 km3 yr21) computed by
Woodgate and Aagaard (2005) and Woodgate et al. (2012).

3.5. Norwegian Coastal Current (NCC)
Previous studies concerning the FWC budget of the Arctic Ocean (Aagaard & Carmack, 1989; Dickson et al.,
2007; Serreze et al., 2006) have utilized the transport (0.7 Sv) and mean salinity (34.4) estimates provided by
Blindheim (1989) to compute the freshwater import to the Barents Sea via the Norwegian Coastal Current
(NCC). Using these same estimates of the mean transport and salinity an upper bound of 320 6 50 km3 yr21

was computed (relative to a reference salinity of 34.9) to represent the MW influx by the NCC, although this
is likely to be an overestimate because a portion of the freshwater carried by the NCC may include sea-ice
meltwater.

3.6. Fram Strait (F)
The magnitude and composition of the FWC flux exiting the Arctic through Fram Strait is highly variable on
interannual time scales (de Steur et al., 2009; Jahn et al., 2010). However, various studies have found that
the majority of the FWC flux is composed of MW from Siberian shelves (i.e., Siberian river runoff) and/or
Pacific water with little influence from North American river runoff (Guay et al., 2009; Jahn et al., 2010; Taylor
et al., 2003). Pacific water was mostly absent from Fram Strait between 1998 and 2010, with the exception
of a small increase observed during 2008 (Dodd et al., 2012); thus, the dominant source of freshwater to the
liquid Fram Strait export during the period of interest was Siberian shelf water. A recent study by Rabe et al.
(2013) indicates that, despite significant interannual variability, there was no trend in the MW flux through
Fram Strait over the period 1998–2011. Furthermore, the fluxes reported for 2005 and 2008 were quite simi-
lar, further suggesting no significant trend in the MW flux for 2003–2008. However, de Steur et al. (2009)
found large seasonal variability in the FWC flux through Fram Strait with the largest fluxes occurring during
late summer/autumn. The mean FWC flux estimated by de Steur et al. (2009) for 1998–2008 (Sref 5 34.9) was
2,081 km3 yr21 (including a flux of 807 km3 yr21 over the Greenland shelf), lower than the estimate
(3,160 km3 yr21; Sref 5 34.9) by Rabe et al. (2013) for the period of 1998–2011. This suggests that the sum-
mer bias in the bottle chemistry data likely resulted in a positive bias in the MW fluxes. This discrepancy
highlights the intrinsic uncertainty involved in the construction of an Arctic MW budget using data collected
primarily during summer months. Bottle chemistry data are needed from fall and winter months to evaluate
seasonal variations in MW fluxes in order to improve the accuracy of the budget.

We have assigned the MW flux through Fram Strait to be 4,000 6 1,140 km3 yr21, the mean reported by
Rabe et al. (2013) for the period 1998–2011 (note that the MW flux can exceed the FWC flux due to a nega-
tive SIM flux). This value is lower than the fluxes reported for 2005 (4,355–5,428 km3 yr21) and 2008
(4,923 km3 yr21). As described in the supporting information Text S1, we have estimated a bias of
360 km3 yr21 in the Fram Strait MW flux due to the use of different salinity and d18O end-member values to
characterize Atlantic and Pacific water compared to those used in this study (to estimate the Bering Strait
flux, see section 3.4) and Azetsu-Scott et al. (2012; to estimate the Davis Strait flux, see section 3.7). Given
this bias, the lack of data from 2003, 2004, and 2006, and the unknown seasonal variability in the MW flux,
we have chosen this lower estimate of the MW flux through Fram Strait, rather than an average of the 2005
and 2008 fluxes. We also briefly note that assigning a lower MW flux (e.g., 4,000 – 360 5 3,640 km3 yr21)
does yield a more positive balance to the MW budget (see section 5.1) but does not significantly impact the
results of the box model (see section 5.2).

3.7. The Canadian Arctic Archipelago (CAA) and Nares Strait
Estimates of the FWC flux through the channels of the CAA and Nares Strait have varied widely from as low
as 1,100 km3 yr21 (Rudels, 1986) to 3,500 km3 yr21 (Prinsenberg & Hamilton, 2005). Although there have
been numerous model-based and observation-based estimates of the FWC flux through these channels,
very few estimates of the MW flux have been compiled. Davis Strait integrates the fluxes that exit the Arctic
through the CAA and Nares Strait (Curry et al., 2011, 2014). In fact, an estimate of the MW flux through Davis
Strait (2,020–2,430 km3 yr21) was recently published using data collected in summer 2004 by Azetsu-Scott
et al. (2012). As is the case with Fram Strait, the interannual variability in the FWC flux through the CAA is
quite high; however, this variability is due mostly to velocity anomalies rather than variations in the
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freshwater composition (Jahn et al., 2010). Curry et al. (2014) reported the lack of a trend in the FWC flux
through Davis Strait from 2004 to 2010, though there was evidence suggesting a decrease in the FWC flux
through the strait compared to previous observations in 1987–1990. We suggest that, as variations in the
FWC flux through the CAA are mostly caused by anomalies in velocity and there was no discernible trend in
the FWC flux through Davis Strait during the period of interest, the MW export through the CAA and Davis
Strait likely did not exhibit a significant trend between 2003 and 2008. However, because we do not have
data firmly establishing whether the MW flux increased or decreased during the period of interest, we can-
not dismiss the possibility.

We also recognize that adopting a MW flux estimated from data collected during a single summer as repre-
sentative of the mean annual flux over a 5 year period is not ideal. For example, both the volume transport
(–2 6 0.5 Sv) and FWC flux (–100 6 16 mSv) through Davis Strait in 2004 was somewhat larger than the
2004–2010 mean values (–1.6 6 0.5 Sv and 93 6 6 mSv, respectively; Curry et al., 2014). Therefore, the MW
flux reported by Azetsu-Scott et al. (2012) may not necessarily be representative of the mean over the
period of interest. Additional data are need from the strait in order to further refine the MW flux and
improve upon the accuracy of the budget.

Azetsu-Scott et al. (2012) developed their own unique definitions, based on relationships between dissolved
inorganic nitrogen and phosphate, to separate Atlantic and Arctic-derived waters in Davis Strait. As a result,
they reported two separate, southward fluxes of MW exiting the strait: Arctic-derived MW and local MW.
The local MW export (14–20 mSV, or 442–631 km3 yr21) includes contributions of river runoff from Baffin
Island, P-E falling over Baffin Bay, and glacial runoff. Curry et al. (2011) independently estimated values for
each of these fluxes: 88 km3 yr21 (Baffin Island runoff), 221 km3 yr21 (P-E), and 227 km3 yr21 (Greenland Ice
Sheet); the sum of which (536 km3 yr21) is in good agreement with the southward flux of local MW com-
puted by Azetsu-Scott et al. (2012). In contrast, the southward component of the Arctic-derived MW flux
(64–77 mSV or 2,020–2,430 km3 yr21; relative to a SPAC 5 32.5) should represent freshwaters originating
from the Arctic Ocean and entering Baffin Bay from the straits and channels of the CAA (e.g., Smith, Jones,
and Lancaster Sounds). However, this flux implicitly includes contributions of runoff and P-E local to the
straits and passages of the CAA. Thus, while the analysis of Azetsu-Scott et al. removes the MW contribution
local to Baffin Bay, it is necessary to remove similar contributions from the CAA that add to the MW export
from the Arctic region (as defined in this study).

We have estimated and subtracted the river runoff (RCAA) and net precipitation (PCAA) from the Arctic-
derived MW export through Davis Strait (D) reported by Azetsu-Scott et al. (2012) in equation (6). Recently,
Alkire et al. (2017) estimated the mean annual discharge of smaller Canadian rivers from six geographic
regions that empty directly into the straits and passages of the CAA (�223 km3 yr21). However, Baffin Island
was one of the regions included in this analysis, contributing �37 km3 yr21; therefore, we assign
RCAA 5 186 km3 yr21. Combined with our estimate of the P-E falling over the CAA and Nares Strait regions
(PCAA 5 142 6 30 km3 yr21; see Table 3), a total potential MW contribution from local CAA sources is esti-
mated to be 328 km3 yr21. This local MW addition is quite similar to the difference between the high and
low estimates reported by Azetsu-Scott et al. (2012); we have therefore simply adopted the lower estimate
(2,020 6 410 km3 yr21) reported by Azetsu-Scott et al. (2012) as the MW flux through the CAA.

Briefly, we note that the simple subtraction of local additions of MW from the Davis Strait flux to estimate
the MW fluxes through the passages and straits of the CAA implicitly assumes no significant rate of change
in the MW volume contained within the CAA and Baffin Bay (i.e., dMWCAA1Baffin/dt 5 0). This assumption is
necessary as there are not sufficient data (to the authors’ knowledge) to independently estimate either the
MW volumes within these domains or the MW fluxes through Jones and Lancaster Sounds.

Together, the Davis and Fram Strait exports suggest that the majority of MW (66%) exits the Arctic Ocean
via Fram Strait compared to only �34% through the CAA. This result is in generally good agreement with
those derived from modeling studies (e.g., Jahn et al., 2010) and observations (e.g., Dodd et al., 2012) that
indicate the majority of the Siberian river runoff (representing �42% of the total MW input to the Arctic
Ocean) is exported via Fram Strait. Serreze et al. (2006) argued that the FWC flux through the CAA is likely
to be equal to, if not greater than, that transported through Fram Strait. A comparison of the FWC fluxes
through Fram Strait (2,081 km3 yr21; de Steur et al., 2009) and Davis Strait (3,080 km3 yr21; Curry et al.,
2014), both relative to Sref 5 34.9, supports this argument, but this does not necessarily apply to MW
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exports. In contrast to MW, the Pacific freshwater export through Davis Strait (2,772–3,307 km3 yr21; Azetsu-
Scott et al., 2012) was much larger than that through Fram Strait (315–693 km3 yr21; Rabe et al., 2013) for
2003–2008. Thus, while the MW export is higher through Fram Strait, freshwater from the Pacific input
through Bering Strait exits the Arctic mostly via the CAA, resulting in a FWC flux through the CAA exceeding
that of Fram Strait.

3.8. Transport of Meteoric Water Within Sea Ice
Attempting to estimate the exchange of sea ice between the Siberian shelves, Western Arctic, Eastern Arc-
tic, and Lincoln Sea is beyond the scope of this study. However, the exchange terms (V1, V2, XE, XW, and XL)
are computed estimates and may implicitly include transport of MW in both liquid and solid forms. The
only explicit distinctions between liquid and solid MW transports are made when estimating the import or
export of MW through the gateways as these are either adapted from the literature or computed here using
available salinity and d18O measurements in the water column. The total freshwater transports (Sref 5 34.8)
due to sea ice through Nares (–260 6 70 km3 yr21; M€unchow, 2016), Davis (–320 6 45 km3 yr21; Curry et al.,
2014), and Bering (140 6 40 km3 yr21; Woodgate et al., 2012) Straits are rather low (negative fluxes indicate
exports whereas there is a net import of sea ice through Bering Strait). No significant freshwater flux due to
sea ice transport through the Barents Sea Opening is expected; in fact, no such flux has been considered in
previous freshwater budgets of the Arctic Ocean (Haine et al., 2015; Tsubouchi et al., 2012). However, the
export of freshwater by sea ice through Fram Strait (2,300 km3 yr21) is comparable to the liquid freshwater
export (Haine et al., 2015; Serreze et al., 2006).

There are few available data to accurately evaluate the flux of MW via sea ice through any of the straits.
However, we can apply a number of assumptions to come up with a rough estimate of the MW transport
by sea ice through Fram Strait using data reported by Pfirman et al. (2004). Assuming the bulk average d18O
for sea ice in the Transpolar Drift Stream ranges between 21 and 0& and a fractionation factor of 12&

(see Pfirman et al., 2004, Figure 2a), the fractional contribution of MW can be calculated using a simple
mixing model by Eicken et al. (2005) after also assigning d18O values for average Arctic meteoric water
(–18.8&; Cooper et al., 2008) and Atlantic water (0.24&; Alkire et al., 2015). The resulting calculation indi-
cates MW comprises between 12 and 17% of the bulk sea ice. Multiplying the freshwater export through
Fram Strait due to sea ice by these fractions yields a rough estimate of the MW flux exiting Fram Strait as sea
ice: 276–391 km3 yr21. If one assumes a similar MW contribution to sea ice transported through Nares, Davis,
and Bering Straits, the total MW transport by sea ice results in a net export on the order of �400 km3 yr21.

While these calculations provide a first-order estimate of the MW export from the Arctic as sea ice, they are
highly uncertain as they are derived from a number of assumptions and little available data. Therefore, this
MW export is not included in the box model solution described in the subsequent sections.

4. Constraining the Time Rates of Change in the MW Volumes of the Four Boxes

The data accumulated in various regions of the Arctic Ocean over the period of interest can be used to con-
strain mean changes in the MW content of the domains specified by the boxes in the model and further
use these constraints to estimate the exchange terms (V1 and V2) between the deep basins as well as the
distribution of MW export between the Fram and Davis Straits (XW, XE, and XL). First, prior studies and avail-
able data collected by three separate AON programs are used to constrain the dMWW/dt, dMWS/dt, and
dMWL/dt terms.

4.1. Western Arctic
Morison et al. (2012) found, from a comparison of geochemical observations collected from similar stations
in southern Canada Basin during summer 2003–2004 and spring 2008, an approximate 3.4 m increase in
the FWC (Sref 5 34.87), attributed entirely to an increase in MW. Multiplying this estimate by the approxi-
mate surface area of the Canada Basin (1.6 3 106 km2; Yamamoto-Kawai et al., 2008) yields a MW volume
increase of 5,440 km3 over 5 years (or 1,088 km3 yr21). Estimates of the FWC increase in the Canada Basin
during this period (Sref 5 34.8) compiled by Proshutinsky et al. (2009) and Krishfield et al. (2014) were some-
what lower (�800 km3 yr21) and included a contribution from melting sea ice. If we adjust this FWC change
such that it reflects a Sref 5 34.9, we obtain a value of �934 km3 yr21. For this study, we have chosen an
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intermediate value of 950 6 150 km3 yr21 to represent the MW increase in the Western Arctic domain
(dMWW/dt).

4.2. Eastern Arctic
Alkire et al. (2015) estimated a mean annual decrease in the MW volume of the central Arctic (an area that
included parts of the Amundsen and Makarov Basins) of 2389 6 194 km3 yr21 (34.85� Sref� 35;
0.25� d18Oref� 0.35 &) between 2000 and 2012. However, the MW loss over the Eastern Arctic domain
may be larger than that estimated for the smaller area of the central Arctic studied by Alkire et al. (2015).
For example, Morison et al. (2012) showed a significant FWC decrease along the Siberian continental slope
and southern Eurasian Basin. These regions were not included in the analyses conducted by Alkire et al.
(2015). Thus, we may expect a larger MW loss from the Eastern Arctic domain than that calculated for the
central Arctic. We have therefore left the dMWE/dt term as an unknown in the box model solution.

4.3. Siberian Shelves
For the remaining two domains (Siberian shelves and the Lincoln Sea), there are little available data to
enable reliable estimates of MW changes over the study period. The storage or release of shelf waters from
the Laptev and East Siberian Seas has been related to both large-scale and local atmospheric conditions
(Dmitrenko et al., 2005; Guay et al., 2001; Steele & Boyd, 1998). In fact, Dmitrenko et al. (2008) estimated a
FWC volume anomaly of �500 km3 associated with variations between predominately anticyclonic versus
cyclonic atmospheric forcing. Interannual variability in the volume of MW in the Laptev Sea has been found
to be 100–500 km3 (Sref 5 34.92, d18Oref 5 0.3&; Bauch et al., 2013; Thibodeau et al., 2014), resulting in shelf
water residence times ranging from 1 to 3 years (Bauch et al., 2009, 2013). However, while the Laptev Sea
exhibits regular gains and losses of MW, there is no evidence to support a sustained loss between 2003 and
2008.

Recent work by Thibodeau et al. (2014) indicates that the mean MW content over the Laptev Sea between
2007 and 2010 was 1,472 6 110 km3. While the MW content was relatively low in 2007 and 2009
(�1,400 km3), it was counterbalanced by higher values (1,500–1,600 km3) in 2008 and 2010. The MW con-
tent was anomalously high in 2011 (2,000 km3), a 500 km3 increase from the previous year, indicating that
large swings in the MW volume over the Laptev Sea can occur on a time scale of �1 year. Indeed, a large
pulse of MW observed in the central Arctic Ocean during 2007–2008 (Alkire et al., 2010a; Bauch et al., 2011)
and later in the Lincoln Sea between 2008 and 2010 (de Steur et al., 2013) was attributed (at least in part) to
an export event from the Siberian shelves during summer 2005. Such an event may have released a MW
volume of similar or greater magnitude than that retained on the shelf in 2011, but likely cannot account
for a large, sustained loss between 2003 and 2008. However, the work by Thibodeau et al. (2014) and Bauch
et al. (2009, 2013) has been focused on the Laptev Sea and does not necessarily represent the gain or loss
of MW over the Siberian shelf complex (Barents, Kara, Laptev, and East Siberian Seas).

In order to help further constrain the dMWS/dt term in the model, trends in FWC anomalies were computed
using satellite data for the Barents, Kara, Laptev, and East Siberian Seas via methods similar to those
reported in Morison et al. (2012). Briefly, FWC anomalies were derived from the difference between ocean
bottom pressure, estimated from GRACE, and dynamic ocean topography, estimated from ICESat; observa-
tions were limited to the months of February and March of each year due to restrictions associated with the
ICESat orbit (see supporting information Text S2 for the full description of data and calculations). The esti-
mated FWC anomaly trends in the Siberian Seas were not significant at the 95% confidence level during the
period 2004–2008 (no data available from 2003); however, the Laptev Sea did exhibit a small decrease of
20.46 6 1.14 m yr21 between 2004 and 2008 (Figure 4a). In contrast, the Barents, Kara, and East Siberian
Seas exhibited small gains (<0.1 6 1 m yr21). Between 2008 and 2009, the Laptev and East Siberian Seas
both exhibited declines in FWC whereas the Barents Sea exhibited a modest increase (Figure 4b). Despite
these changes in FWC, the trends for the extended period 2004–2009 remained statistically insignificant at
the 95% confidence level (see supporting information Figures S2–S4). Thus, FWC over the Siberian shelves
did not significantly change during the period of study (2003–2008). The lack of trend in FWC does not nec-
essarily preclude a significant trend in either MW or SIM; however, the lack of a FWC trend is, at least, in gen-
eral agreement with a similar lack of a sustained trend in the MW content in the Laptev Sea during the
period of study. We have therefore chosen to set the dMWS/dt 5 0 in the box model solution.
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4.4. Lincoln Sea
An anomalous FWC increase was observed in the Lincoln Sea
(1,100 6 250 km3; Sref 5 34.8) between 2008 and 2010 (de Steur
et al., 2013) and was attributed to a combination of freshwater
inputs from northern Canada Basin and the central Arctic (Makarov
Basin), but this anomaly quickly subsided as the FWC was exported
from the Lincoln Sea by 2011 (see Figure 1c). Thus, although the vol-
ume of FWC increased in the Lincoln Sea between 2005 and 2008,
this increase was expressed as a short-lived event and not a sus-
tained trend. What was the corresponding change in MW volume
over the period of interest and how should such change be inter-
preted for the box model?

Work by Alkire et al. (2015) indicated that increases in both MW and
SIM contributions to the Lincoln Sea region occurred during this
time period (i.e., the freshwater pulse moving through this region
was not entirely driven by an increase in MW). Therefore, only an
estimate of the maximum MW increase in the Lincoln Sea region
between 2003 and 2008 can be approximated from the difference in
FWC reported by de Steur et al. (2013). Their data suggest the FWC
increased in the region from �2,500 km3 in 2003 to �3,100 km3 in
2008, yielding a mean annual trend of 120 km3 yr21; thus, a range of
0–120 km3 yr21 was assigned to the dMWL/dt term. We note that,
since we are concerned with the change in FWC (presumed as an
upper limit in the change of MW content) in the Lincoln Sea region,
the Sref utilized to compute the FWC is not important.

5. Results and Discussion

5.1. A Balanced MW Budget for the Arctic Ocean
Adding together the MW export through Fram Strait (4,000 6

1,140 km3 yr21) and Davis Strait (2,020 6 440 km3 yr21) yields a total
MW export of 6,020 6 1,222 km3 yr21. The sum of the MW imports
from river runoff (3,221 6 110 km3 yr21), P-E over the model domain
(1,878 6 154 km3 yr21), the Bering Strait inflow (1,042 6

379 km3 yr21), and the NCC (320 6 50 km3 yr21) yields a total of
6,461 6 427 km3 yr21. The apparent imbalance of 441 6

1,295 km3 yr21 is small relative to the large uncertainty and is similar
in magnitude to the first-order approximation of MW export due to
sea ice (excluded from the balance due to high uncertainties). There-
fore, the MW budget of the Arctic Ocean appears to be in approxi-
mate balance (or slightly positive) during the period of interest.
However, we note that there are likely to be significant biases associ-
ated with estimating mean annual MW exports through the major
Arctic gateways using bottle chemistry data collected exclusively

during summer months. Additional uncertainty is introduced as a result of relying on a single year (2004) of
data to constrain the MW export through Davis Strait. Thus, while the results presented in this study suggest
an approximate balance of the MW budget, additional data are necessary to further constrain the gateway
fluxes and verify this outcome.

The apparent, Arctic-wide balance of the MW budget during this time period has interesting implications.
The FWC of the Canada Basin clearly increased between 2003 and 2008 (Krishfield et al., 2014; Proshutinsky
et al., 2009) and it has been argued that the majority of this increase was due to a deflection of Siberian
river runoff from the Eurasian Basin toward the Canadian Basin (Alkire et al., 2015; Morison et al., 2012). Fur-
ther, recent work by Rabe et al. (2014) suggests a FWC increase over the deep (depth> 500 m) Arctic Ocean

Figure 4. Area-averaged total, liquid freshwater content (FWC) anomalies for
(a) Barents Sea, (b) Kara Sea, (c) Laptev Sea, and (d) East Siberian Sea. The areas
are delimited in the map. Shading represents the combined uncertainty (equal
to 1.06 m in FWC) from instrumental errors in ICESat and GRACE. The dotted
line is the linear trend fitted to the 2004–2008 period, and the dashed line is
the linear trend fitted to the 2004–2009 period. Uncertainties represent the
95% confidence intervals of the linear model fits.
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of 6,000–8,400 km3 between the early 1990s and the late 2000s (or 550–730 km3 yr21 assuming a constant,
annual increase). The results of this study, while noting the high uncertainties in the gateway fluxes, indicate
that while MW may have made some contribution to this FWC increase, the greater part was likely some
combination of a decrease in the annual average sea ice mass and/or export and an increase in Pacific water
influence (i.e., changes in non-MW components).

5.2. Box Model Solution
After computing estimates for the imports and exports of MW to the box model and assigning estimates for
the time rates of change in the Western Arctic (dMWW/dt) and Siberian shelf (dMWS/dt) boxes, we are left
with six unknowns: dMWE/dt, V1, V2, XE, XW, and XL. Equations (1–6) can be solved simultaneously by allowing
the a, b, c, and dMWL/dt parameters to vary uniformly within probable ranges. The a, b, and c parameters
were each varied between 0.4 and 1.0 using increments of 0.1. The dMWL/dt was not varied like the other
parameters as the assigned value effectively determines the dMWE/dt estimate via the box model balance
(i.e., dMWS/dt 1 dMWE/dt 1 dMWW/dt 1 dMWL/dt 5 Imports – Exports 5 441 km3 yr21). Therefore, three val-
ues were assigned to the dMWL/dt term (0, 60, and 120 km3 yr21) to test the impact of this assignment on
the model solution. These cases result in estimates of 2510, 2570, and 2630 km3 yr21 for the dMWE/dt
term, respectively. The results for the remaining unknowns are summarized in Table 4. We note that solu-
tions containing negative values for the export terms (XE, XW, and XL) were removed as negative net export
fluxes are physically unrealistic. Of the 343 solutions that resulted from each case, 7 (dMWL/
dt 5 0 km3 yr21), 14 (dMWL/dt 5 60 km3 yr21), and 14 (dMWL/dt 5 120 km3 yr21) solutions were removed
from consideration.

We have chosen the set of solutions for the dMWL/dt 5 120 km3 yr21 (dMWE/dt 5 2630 km3 yr21) case for
subsequent analysis and discussion as the results most closely matched those derived from the sensitivity
test (described below); however, the median results for the V1, V2, XE, XW, and XL terms do not greatly
change among the three cases (see Table 4). Histograms showing the distributions of the box model solu-
tions for this case are plotted in Figure 5. The median values of these distributions were taken as the opti-
mal solution to the box model: V1 5 1,153 km3 yr21; V2 5 2,833 km3 yr21; XE 5 3,920 km3 yr21;
XW 5 2,188 km3 yr21; and XL 5 1,971 km3 yr21.

A separate model run was constructed to determine the sensitivity of the calculated variables in response
to fluctuations in the known variables. Similar to the treatment of the a, b, and c parameters, all input varia-
bles were varied uniformly within their estimates of uncertainty. For example, instead of simply setting the
MW export through Fram Strait equal to 4,000 km3 yr21, a range between 2,860 and 5,140 km3 yr21 was
assigned. Each variable was assigned a vector consisting of 10 equally spaced values within their associated
ranges of uncertainty. A total of 106 iterations were run. During each iteration, values were randomly
selected from each variable range using the randi function in MATLAB. This function produces pseudoran-
dom integers in a specified range (here the range 1–10 was used), from a uniform distribution. As a result,
the input variables were selected from uniform, not normal (Gaussian), distributions; this provides equal
weight to each value within a specified vector range rather than more heavily weight the central value (as
would be the case in a normal distribution). This approach produces somewhat larger uncertainties

Table 4
Medians of dMWE/dt, V1, V2, XE, XW, and XL Terms Estimated From Box Model Solution Distributions Conducted for Three
Cases: dMWL/dt 5 0, 60, and 120 km3 yr21

Variable

Median values for three cases Sensitivity test

dMWL/dt 5 0 dMWL/dt 5 60 dMWL/dt 5 120 Median Stdev

dMWE/dt 2510 2570 2630 2763 1,867
V2 2,890 2,850 2,833 2,825 1,054
V1 1,096 1,136 1,153 1,151 1,025
XE 3,857 3,877 3,920 3,914 1,659
XW 2,131 2,171 2,188 2,167 988
XL 2,024 2,001 1,971 1,774 793

Note: In addition, median values and standard deviations of these terms are reported from sensitivity tests conducted
to determine associated uncertainties.
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compared to an analysis using normal distributions. We suggest this conservative approach is warranted
due to uncertainties associated with seasonal and interannual variations in MW fluxes that are not well cap-
tured by the available observations. The results of the sensitivity analysis is reported in Table 4; median val-
ues are reported for each of the exchange terms (for comparison with the three solution cases described
above) and standard deviations are taken as estimates of uncertainty associated with each term (e.g.,
V1 5 1,153 6 1,025 km3 yr21).

5.3. Meteoric Water Exports
The values for the XE, XW, and XL terms derived from the final solution can be used to describe the composi-
tion of the freshwater export divided between the Fram Strait and the channels of the CAA. However, values
for the a, b, and c parameters must first be assigned. Unfortunately, equations (5–7) cannot simply be simul-
taneously solved for a, b, and c as the coefficient matrix is singular (i.e., has an infinite number of possible
solutions). These parameters are linearly related, so values must only be defined for one parameter and
then the remaining two can be calculated. Here we utilize results from prior work to inform the selection of
a specific value for the a parameter.

Jahn et al. (2010) conducted a modeling study to evaluate the variability in the composition of FWC export
leaving the Arctic via Fram Strait and the western passages of the CAA. Nares Strait was not explicitly
included in their study due to limitations in model grid resolution; therefore, the Fram Strait export was con-
sidered to include the Nares Strait export. The data published in their Table 2 suggested the MW exiting via
Fram Strait (and Nares Strait) was 4,540 km3 yr21 (Sref 5 34.8). In order to accurately compare the MW flux
estimate reported in Jahn et al. (2010) with that adopted for this study, we must adjust our Fram Strait MW
export to reflect the lower reference salinity of 34.8. According to the estimates described in the supporting
information Text S1, the Fram Strait MW flux should be reduced by 350 km3 yr21, resulting in a MW flux of
3,650 km3 yr21. Comparing this flux with that of Jahn et al.’s indicates a difference of �890 km3 yr21 that
can be attributed to the MW flux through Nares Strait.

Figure 5. Histograms of V1, V2, XE, XW, and XL fluxes (km3 yr21) estimated from box model solutions computed for dMWL/
dt 5 120 km3 yr21 and varying a, b, and c parameters between 0.4 and 1.0. The medians and means of each distribution
are exhibited as solid black and dotted red lines, respectively (note they are very similar).
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The total freshwater flux through Nares Strait (relative to Sref 5 34.8) has been previously estimated to be
977 6 127 km3 yr21, of which the majority was argued to be of Pacific origin (M€unchow et al., 2006). How-
ever, M€unchow et al. (2006) did not take the contributions from MW and net sea-ice meltwater into account.
Work by Alkire et al. (2010b) in Nares Strait and Baffin Bay suggested nearly equal contributions from MW
and Pacific water to FWC in this region, balanced by the removal of freshwater due to net ice formation.
Thus, both the Pacific and MW contributions to the FWC flux through Nares Strait are likely on the order of
900 km3 yr21, in good agreement with the difference in the Fram Strait MW fluxes estimated above.

Adjusting this estimate of the Nares Strait MW flux so that it reflects a reference salinity of 34.9 yields a flux
of 982.5 km3 yr21. Assigning values of a 5 0.54, b 5 0.83, and c 5 0.51 result in an estimate of the Nares
Strait export (i.e., (1 – c)XL � 972 6 391 km3 yr21) that compares well with expectations based on previous
studies.

These values for a, b, and c indicate that about half of the MW export leaving the Western Arctic and Lincoln
Sea regions exits via the passages of the CAA whereas most of the MW export originating from the Eastern
Arctic exits via Fram Strait. Jahn et al. (2010) estimated a MW export via the western CAA of 649 km3 yr21

(Sref 5 34.8), in relatively good agreement with the MW export leaving the Western Arctic via the CAA
(1,182 6 534 km3 yr21) computed in this study, after accounting for differences in reference salinities.

5.4. Meteoric Water Residence Times and Storage
First-order estimates of the residence times of MW in the Western Arctic, Eastern Arctic, Siberian shelves,
and Lincoln Sea were computed using the results of the box model. Using the sum of inputs to the Western
Arctic box (3,138 6 1,099 km3 yr21), the residence time of MW in the Western Arctic was estimated to range
between 5 and 7 years assuming a MW content between 15,800 km3 (Yamamoto-Kawai et al., 2008) and
21,240 km3 (Morison et al., 2012). We do not have a recent, comprehensive estimate of the MW content
over the Eastern Arctic domain. We therefore use the FWC (12,200 km3) estimated by Aagaard and Carmack
(1989) as an upper limit and the sum of inputs to the Eastern Arctic box (3,290 6 1,055 km3 yr21), to obtain
a residence time of <3.7 years.

The residence time of Siberian shelf water has been previously estimated as 3.5 6 2 years (Schlosser et al.,
1994); however, work by Bauch et al. (2009) suggests that the residence time of river runoff in the Laptev
Sea can vary considerably on an interannual basis, with minimum residence times as short as 1 year. Taking
the mean residence time for the Siberian shelves as 3.5 years and the sum of annual inputs from this work
(3,986 6 186 km3 yr21), the MW content was estimated to be 13,951 6 7,999 km3. This estimate can be com-
pared with prior MW and FWC volumes computed for the Laptev and East Siberian Seas. Using mean sum-
mer salinity data reported by Dmitrenko et al. (2008) for subregions of the Laptev and East Siberian Seas,
we estimated FWC (relative to Sref 5 34.9) of 7,310 km3 over the Laptev (3,069 km3) and East Siberian
(4,240 km3) Seas for the period 1920–2005. Although these estimates may include positive contributions
from SIM, work by Bauch et al. (2013) suggests the volume of river water on the Laptev Sea shelf typically
exceeds the FWC volume as SIM contributions are negative (on the order of 2300 km3) due to net ice for-
mation over melt. While this is not necessarily the case in the East Siberian Sea, the FWC volumes estimated
from the Dmitrenko et al. (2008) data yield a rough approximation of the upper bound of MW volume
within the Laptev and East Siberian Seas that represents �52% of the total MW storage on the Siberian
shelves. Using a coupled, ice-ocean model of the Kara Sea region Harms and Karcher (2005) suggested a
FWC volume (relative to Sref 5 34.8) ranging between 3,500 and 5,000 km3 during the period 1996–2001, of
similar magnitude as the FWC volumes estimated using the data reported in Dmitrenko et al. (2008) for the
Laptev and East Siberian Seas. Thus, the Kara, Laptev, and East Siberian Seas account for upward of 77% of
the FWC and/or MW content stored on the Siberian shelves.

A rough estimate of the residence time of MW can be constructed for the Lincoln Sea by combining the
work of de Steur et al. (2013) and available hydrochemical data collected during the Freshwater Switchyard
project (http://psc.apl.washington.edu/switchyard/) between 2008 and 2012. Although the requisite geo-
chemical tracers have been measured in the Lincoln Sea region since 2003, the spatial coverage of available
data was not sufficient to allow for a reasonable approximation of the mean freshwater composition over
the area specified in the de Steur et al. study (83.58N–87.58N, 208W–908W) until 2008. Mean inventories of
MW (10.6 m), FWC (12.4 m), and the freshwater contributions from Pacific water (7.0 m) and SIM (–5.7 m)
were calculated from data collected between 2008 and 2012 using methods outlined in Alkire et al. (2015;
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further details provided in the supporting information Text S3). We note that the FWC estimated in this
study was close to those reported by de Steur et al. (2013) during the same time period. These inventories
suggest that MW accounts for �86% of the FWC in the Lincoln Sea region (e.g., Figure 1c). Assuming a simi-
lar ratio for the period of interest (2003–2008), the MW content for the Lincoln Sea can be estimated as 86%
of the range in FWC (2,500–3,600 km3) reported by de Steur et al. (2013) between 2000 and 2010, or 2,150–
3,096 km3. Dividing this MW content range by the sum of MW inputs to the Lincoln Sea estimated in this
study (1,705 6 535 km3 yr21), a residence time of between 1 and 2 years is computed.

Combining estimates of MW content among the four boxes, the total liquid MW storage in the Arctic Ocean
can be roughly approximated to be between 44,101 and 50,487 km3 with a mean residence time between
7 and 8 years.

6. Summary and Conclusions

A MW budget was constructed for the Arctic Ocean with focus on a time period (2003–2008) marked by a
significant increase in the FWC of the Canada Basin and a concomitant reduction in the Eurasian Basin that
was captured by intensive observations made by the scientific community. A combination of archived data
and literature values were compiled to estimate the total inputs and outputs of MW to the Arctic Ocean
domain. The resulting MW budget was found to be in approximate balance (despite an apparent MW
excess of 441 6 1,295 km3 yr21), suggesting that the large changes observed in the MW contents of the
Western and Eastern Arctic were due to a spatial redistribution of MW rather than a large gain of MW by
the Arctic Ocean. Using the data compiled to estimate imports and exports and the results from the box
model solution, average MW residence times were estimated for the Western Arctic (5–7 years), Eastern Arc-
tic (�4 years), and Lincoln Sea (1–2 years) domains. The total MW storage was estimated at �44,100 km3.
However, despite the dominance of MW in the FWC budget in the Arctic Ocean, recent increases to the
FWC volume over the Arctic Ocean, such as that reported by Rabe et al. (2014), likely resulted from an
increase in Pacific water and/or SIM contributions (with a possible reduction in freshwater export through
Davis Strait; Curry et al., 2014).

A comparison of MW export fluxes through the Fram (4,000 6 1,140 km3 yr21) and Davis (2,020 6

410 km3 yr21) Straits indicates that two thirds (�66%) exits via Fram Strait and is comprised predominately
of waters from the Eastern Arctic domain (3,237 6 1,370 km3 yr21) whereas MW from the Western Arctic is
split more or less evenly between the the passages of the CAA (1,182 6 534 km3 yr21) and the Lincoln Sea
(1,006 6 454 km3 yr21). MW inputs to the Lincoln Sea were found to originate mostly from the Western
(1,007 6 454 km3 yr21) versus Eastern (666 6 282 km3 yr21) Arctic regions, in slight contrast with results
reported by Jackson et al. (2014). The MW exports from the Lincoln Sea were divided evenly between Fram
(999 6 402 km3 yr21) and Nares (972 6 391 km3 yr21) Straits. Comparing results from this study with those
of Jahn et al. (2010) indicated relatively good agreement in both the Fram Strait and CAA exports.

Remote sensing data were used to determine that no significant trend in FWC occurred over the Siberian
shelf seas during the period of interest; however, MW trends were not explicitly determined in this study.
More observations and modeling studies are needed to fully comprehend interannual variations in the
freshwater composition of the entire Siberian shelf complex. The MW loss from the Eastern Arctic was much
higher than that estimated for the central Arctic by Alkire et al. (2015) due to the contrast in the areal
domains considered. The regions highlighted by Morison et al. (2012) as having undergone significant FWC
decrease (<–2 m yr21) between 2005 and 2009, such as the southern Makarov, Amundsen, and Nansen
Basins likely accounted for this large difference. These areas may be very important to monitor, particularly
in the case of freshwater composition, to assess sources of future changes in the freshwater distribution.

The construction of budgets for the various components contributing to FWC in the Arctic Ocean (MW, SIM,
and Pacific water) offer a better understanding of the processes responsible for regulating freshwater stor-
age and export as well as its redistribution. A more thorough analysis of the MW budget of the Arctic Ocean
would greatly benefit from a large compilation of available stable oxygen isotope (and other geochemical
tracers) data spread across the entirety of the Arctic and sub-Arctic seas. Future work considering the fresh-
water composition of the Arctic Ocean should include simple box models, or preferably more complex and
coupled general circulation models that incorporate and constrain d18O and/or total alkalinity in addition to
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salinity. Such models would facilitate better approximations of the storage, import, and export of MW, SIM,
and FWC of the Arctic Ocean.
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