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Freshwater transport variation
through Fram and Davis
Strait in� uenced by
atmospheric circulation
Jinlong Zhang1,2 and Ling Du1,2*

1Frontier Science Center for Deep Ocean Multispheres and Earth System (FDOMES) and Physical
Oceanography Laboratory, Ocean University of China, Qingdao, China, 2College of Oceanic and
Atmospheric Sciences, Ocean University of China, Qingdao, China
With global warming, the freshwater content in the Arctic Ocean has been
steadily accumulating since the 21st century, which causes notable alterations in
the export of freshwater from the Arctic Ocean. This paper presents a
comparative analysis of the variations in liquid freshwater transport (FWT)
through Fram Strait and Davis Strait, the primary export pathways of the Arctic
freshwater, spanning from 1980 to 2023. We also use reanalysis data, combined
with atmospheric and sea ice data, to explore the impact of atmospheric
circulation anomaly and the distribution of freshwater content in the Arctic
Ocean on FWT in the straits. The research �ndings reveal that over the past
four decades, the FWT through the straits has not exhibited the anticipated
continuous growth. Instead, we observed distinct temporal shifts in regional
freshwater export patterns: The FWT in Fram Strait experienced signi�cant
increase prior to the 21st century (trend of 10.14 mSv/10yr during 1980-2000),
whereas the FWT in Davis Strait showed acceleration after 2000 (trend of 13.69
mSv/10yr). There are signi�cant interannual variations in the FWT in both straits,
which are linked to the intensity of Atlantic in�ow in the straits. Large scale
circulation has a direct impact on FWT in straits, but there are signi�cant regional
differences. In the positive phase of the Arctic Oscillation (North Atlantic
Oscillation) and the negative phase of the Dipole Anomaly, the cyclonic
circulation anomaly in the Arctic Ocean favors enhanced surface out�ow on
both sides of Greenland. This, coupled with the storage of freshwater content in
the margin of Greenland, leads to an intensi�cation of the freshwater export
through the Davis Strait. The FWT through the Fram Strait remains uncertain due
to con�icting trends of increased out�ow and decreased freshwater content. It
can be determined that the FWT in Fram Strait is related to the upstream FWC,
buffered by the accumulation of freshwater in northern Greenland. Furthermore,
the ongoing Atlantic in�ow warming against the backdrop of the Atlantic
Multidecadal Oscillation phase transition results in sea ice melting in the Arctic
Ocean in the long term, thereby increasing the freshwater content on both sides
of Greenland and tending to boost the freshwater export through the straits.
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1 Introduction

The freshwater (FW) export from the Arctic Ocean is closely
related to the evolution of ocean water masses and circulation in the
Arctic Ocean, as well as changes in sea ice. The high-latitude FW
entering the North Atlantic is not only an important factor for
water exchange between the Arctic Ocean and the North Atlantic
(Aagaard and Carmack, 1989), but also has a signi�cant impact on
the properties of water masses in the subpolar North Atlantic
(Haine et al., 2015), especially on the oceanic convection in the
Labrador Sea, which is an important physical process driving the
Atlantic Meridional Overturning Circulation (AMOC) and
affecting global climate.

Recently, great transitions have taken place in the Arctic FW
system. Especially since the International Polar Year (2007-2008),
the observed data have increased signi�cantly, and long-term
observations of changes of FW in the Canadian Arctic
Archipelago (CAA) and the Nordic Sea have been obtained
(Haine et al., 2015). Due to the response to global warming, the
decline of the Arctic sea ice has led to the freshening of the Arctic,
which leads to the larger reserves of FW in the Arctic Ocean (Li and
Fedorov, 2021). As the largest FW reservoir in the Arctic Ocean, the
freshwater content (FWC) in Beaufort Gyre increased by about 25%
in the �rst 10 years of the 21st century compared with 1980-2000
(Proshutinsky et al., 2019). The continuous increase of FW reserves
in the Arctic Ocean may bring out signi�cant release of FW, which
has prompted the Arctic freshwater transport (FWT) to receive
great attention in the past decades (McPhee et al., 2009; Rabe et al.,
2014; Haine et al., 2015). According to the results of sporadic
observations and combined models in the 20th century, the total
FWT in the Arctic Ocean is mainly determined by the liquid FWT
(35%) in the CAA, the sea ice (25%) and the liquid FWT (26%) in
the Fram Strait (Serreze et al., 2006). Since the 21st century, the
transport intensity and route of FW are changing (Haine
et al., 2015).

The western Fram Strait is an important pathway for FWT,
exporting liquid FW and sea ice from the central Arctic. In 1989, for
the �rst time, researchers gave the average value of FW export of
Fram Strait as 37mSv (1 mSv=10–3 Sv=103 m�/s) through hydraulic
observation, and the reference salinity was 34.8 (Aagaard and
Carmack, 1989). During the period from 1998 to 2011, further
research showed that the southward average FWT from 10.6° W to
4° E in the Fram Strait was 100 – 23 mSv, and due to the increased
contribution of Paci�c in�ow, a maximum FW �ux of 124 mSv was
observed in the summer of 2011, with no obvious trend
characteristics throughout the entire period (Rabe et al., 2013).
With the joint establishment of the Arctic Out�ow Observatory by
the Norwegian Polar Institute and Alfred Wegener Institute,
scholars have for the �rst time provided a continuous observation
sequence of FWT on a decadal scale in the Fram Strait. Research has
shown that the annual average southbound FWT of the East
Greenland Current remains stable at 66 mSv from 1997 to 2008
(de Steur et al., 2009). With the further maintenance of the
observation system, the timeseries of FWT in the Fram Strait has
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been extended. Scholars have observed that the FW export from the
Fram Strait has signi�cant interannual variation characteristics, and
its seasonal cycle is related to the sea level pressure (SLP) across
Fram Strait (de Steur et al., 2018). There was a signi�cant positive
FWT anomaly between 2010–2015 and 2003-2009. After 2016, the
FWT has signi�cantly decreased (de Steur et al., 2018;
Karpouzoglou et al., 2022).

The most important pathway for liquid FW export from the
Arctic Ocean is via the CAA (Haine et al., 2015). It is dif�cult to
uniformly assess the FWT through the CAA, results of a single strait
in the CAA cannot represent the total FWT of the western pathway.
The Davis Strait, located in the south of Baf�n Bay, almost contains
all the FW export from the CAA (Serreze et al., 2006; Carmack et al.,
2016), so the FWT through Davis Strait can provide another
measurement method for the FWT on the west side of
Greenland. From 2004 to 2010, the average net southward FWT
in Davis Strait was 93 – 6 mSv (Curry et al., 2014). Compared with
the results from 1987 to 1990 (Cuny et al., 2005), the net southward
FWT in the central deep-water area decreased by 26% (from 142
mSv to 105 mSv). However, the results of model simulation show
that since 2000, the sea level decline in the subpolar North Atlantic
has led to a signi�cant increase in the FWT through the Davis Strait,
and even an extreme output event occurred in 2015-2017 (Wang
et al., 2022). Other reference data are shown in Table 1.

Large scale circulation is an important factor that affects the
ocean circulation in the Arctic Ocean, and then affects FW export.
The two primary characteristics of the Arctic Ocean upper ocean
circulation are the remarkable anticyclone circulation in the
Canadian Basin where the FW reservoir is located under the
control of the Beaufort High, and the Transpolar Drift that
transports FW from the Siberian continental shelf to the Fram
Strait (Rudels et al., 2012; Bertosio et al., 2022) (Figure 1A). During
the cyclonic circulation anomaly, the reduced SLP over the central
Arctic Ocean drives surface divergence. This increases the FWC
near the ocean margins and enhances FW export of the Arctic via
FW pathways. On the contrary, anticyclonic circulation anomalies,
typically associated with a strong Beaufort High, elevate the central
Arctic SLP. This promotes surface convergence and freshwater
convergence, thereby increasing freshwater storage within the
Arctic Ocean and reducing southward FWT (Proshutinsky et al.,
2015; Cornish et al., 2020). The stronger Beaufort high can
strengthen the anticyclone circulation, strengthen Ekman
convergence and increase FW reserves; the weaker Beaufort high
will lead to the relaxation of the anticyclone circulation, thus
al lowing FW to be released from the Beaufort Gyre
(Timmermans and Toole, 2023). Model based studies have shown
that the interannual variability of FWT in Fram Strait is strongly
in�uenced by these two Arctic circulations (Proshutinsky and
Johnson, 1997; Karcher et al., 2005; Jahn et al., 2010). The FW
export from the Canadian Arctic Archipelago is predominantly
governed by the pressure gradient between the Beaufort Gyre and
the northern Baf�n Bay (Prinsenberg and Hamilton, 2005; Wekerle
et al., 2013; Wang et al., 2017), whereas high-frequency variations
are wind-driven (Peterson et al., 2012). Furthermore, there exists a
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correlation between large-scale circulation patterns, speci�cally the
North Atlantic Oscillation, and the transmission through the CAA
(Jahn et al., 2009). The in�uence of sea ice cover results in differing
effects of surface stress on FW export across various straits within
the CAA (Grivault et al., 2018). The melting of sea ice closely
impacts the Arctic water component within the FW composition of
Davis Strait (Azetsu-Scott et al., 2012).

While recent observational advances have signi�cantly improved
understanding of liquid FWT variability in Arctic gateways, long-term
FWT of the critical path in eastern and western Greenland still needs
continuous attention. The mechanisms governing the different FW
export regimes need to be further investigated and supported by
extended data records., and the impacts causing the different FW
export from both sides of Greenland deserve detailed study. In this
paper, we calculated the liquid FWT estimates of the main strait
sections since 1980 based on the reanalysis data, and supplemented the
lack of continuity of existing observation data and nonuniform
reference planes. In order to compare the variation of FWT on the
two pathways, the same reference salinity was used in this study to
calculate the southward FWT through the straits. According to the
results, the long-term trend and interannual variation of liquid FWT
Frontiers in Marine Science 03
are given, and the main factors affecting the FWT through the two
straits are discussed.
2 Data and methods

2.1 Data

This study utilizes multiple atmospheric and oceanic reanalysis
datasets to quantify liquid FWT and investigate associated
atmospheric drivers across the two major Arctic out�ow
gateways: Fram Strait and Davis Strait. The distribution of
research area and data is shown in Figure 1B.

The reanalysis freshwater content of Beaufort Gyre Exploration
Project (BGEP) was used to characterize the FWC of Beaufort gyre,
which is calculated by CTD, XCTD and UCTD pro�les collected
from July to October every year (McPhee et al., 2009).

The monthly average reanalysis salinity of the EN4 quality
controlled ocean data provided by the Met Of�ce Hadley Centre
(Good et al., 2013) has a good performance in assessing the
interannual variation of salinity in the North Atlantic (Holliday
TABLE 1 Average estimates of liquid FWT computed with respect to a reference salinity of 34.80.

Section FWT (mSv) Period References Notes

Fram
Strait

65 1948-2002 Karcher et al. (2005) Model Result

37 /
Aagaard and

Carmack (1989)
Sref=34.9

63-95 1997,1998 Meredith et al. (2001) /

78 1990s Karcher et al. (2005) /

80 1998, 2004, 2005 Rabe et al. (2009) /

100 1998-2011 Rabe et al. (2013) /

66 1997-2008 de Steur et al. (2009) /

60 2003-2009

de Steur et al. (2018)
Karpouzoglou et al. (2022)

Arctic Out�ow Observatory
75 2009-2015

57 2015-2019

66 2003-2019

Canadian Arctic Archipelago

88-111 1998-2000
Prinsenberg and
Hamilton (2005)

Lancaster Sound

32 1998-2011 Peterson et al. (2012) Lancaster Sound

123 1968-2007 Wekerle et al. (2013) /

32 2003-2006
Münchow (2016) Nares Strait

54 2007-2009

Davis
Strait

92 1987-1990 Cuny et al. (2005) /

101 1980-2000 Serreze et al. (2006) /

116 2004-2005 Curry et al. (2011)
Davis Strait Observing System

93 2004-2010 Curry et al. (2014)
FWT, freshwater transport.
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et al., 2020). In this paper, the monthly mean salinity of EN.4.2.2
from 1980 to 2023 is selected (Download on February 26th, 2025) to
calculate the FWC of the Arctic Ocean and FWT in straits. The
calculation results from different datasets were compared on a basic
level, and it was found that the combination of SODA and EN4 had
a stronger ability to characterize FWT variations. (See
Supplementary Tables 1, 2).

This paper compute FWT with the monthly average velocity
data from SODA (Simple Ocean Data Assimilation, version 3.15.2,
download on February 27th, 2025) spanning from 1980 to 2023
(Carton et al., 2018) and salinity from EN4.2.2. The reanalysis
velocity is accessible via Ocean Climate Lab. To calculate the data
we need, the salinity is interpolated in the vertical direction
according to the velocity grid.

We also use sea ice motion and sea ice concentration (SIC) from
1980 to 2023, which are provided by the National Snow and Ice
Data Center (NSIDC), to analyze the changes in surface circulation
and sea ice under the background of atmospheric circulation
anomalies. This dataset utilizes passive microwave brightness
temperature and integrates two inversion algorithms, NASA
Team and NASA Bootstrap, to provide a continuous variation
sequence of sea ice (Peng et al., 2013). The SIC integrates data
from multiple sensors including SSMR, SSM/I, and SSMI/S. The sea
ice drift �eld is assimilated from multiple satellite remote sensing
data including AVHRR, 0SMMR, and SSM/I, as well as measured
data from the International Arctic Buoy Program (IABP) (Meier
and Ivanoff, 2017).
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The Arctic Oscillation (AO) index and North Atlantic Oscillation
(NAO) index are derived from Climate Prediction Center, while the
Dipole Anomaly (DA) index is obtained through empirical orthogonal
function decomposition based on monthly SLP derived from ERA5
monthly mean data on single levels (Hersbach et al., 2023) by following
the approach of Wu et al. (2006) (see Supplementary Figure 1). Data
can be downloaded from Climate Data Store for free. The Atlantic
Multi-decadal Oscillation (AMO) Index Data is provided by the
Climate Analysis Section, NCAR, Boulder, USA (Trenberth and Shea,
2006) and can be retrieved from https://climatedataguide.ucar.edu/
climate-data/atlantic-multi-decadal-oscillation-amo (Accessed on
March 13th,2025).
2.2 Methods

This study calculated the liquid freshwater transport (FWT)
and freshwater content (FWC)

FWT � =
Z Z z0

zr
v

sref � s
sref

dzdx (1)

FWC � =
Z z0

zr

sref � s
sref

dz (2)

where Sref is the reference salinity, zr is the depth of Sref, z0 is
the ocean surface, s and v are the salinity and horizontal velocity
FIGURE 1

(A) Schematic of Arctic upper ocean circulation (blue arrows), extracted from (Wang et al., 2021), licensed CC BY 4.0. (B) The climatological FWC
calculated by reanalysis data in the Arctic Ocean (shaded map), FWC observed by Beaufort Gyre Exploration Project (BGEP) (scatter plot) and
location of Fram Strait and Davis Strait (black line). The gray contours show the 1000 and 3000 m isobaths. FWC, freshwater content.
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normal to the section of the grid points. We use southward velocity
to calculate FWT, so the value of which is consistent with FW
export (positive south). FWT refers to the volume transport of pure
water per unit of water column (Equation 1); FWC refers to the
amount of pure water that can be extracted from a unit of water
column (Equation 2). The reference salinity often selects the average
salinity of the study area (Aagaard and Carmack, 1989), and some
scholars have also used the average salinity of 34.9 in the North
European Sea in the calculation of FWT through the Fram Strait (de
Steur et al., 2009, 2018). Different reference salinities often have
little effect on the variation characteristics of FWT. This study
mainly focuses on the variation characteristics of liquid freshwater
export through freshwater channels, so positive FWT is equal to FW
export. In order to unify the standard, 34.8 psu was selected as the
reference salinity following Proshutinsky et al. (2009).

The FWT can be decomposed into time-mean and time-varying
components (Jahn et al., 2010). The time-varying components consists
of (1) anomalies in velocity with V; (2) anomalies in salinity with S; and
(3) their coupled variations (de Steur et al., 2018). The various
components of FWT can be represented by the following equation

FWT = � V � � S � +V 0 � S � + � V � S0 + V 0S0 (3)

where brackets � � represent the time-mean and primed
variables ‘ the temporal anomalies.
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In addition, this paper also uses wavelet analysis and Composite
analysis to carry out processing on FWT.
3 Results

3.1 Seasonal cycle and temporal trends

This study quanti�es FWT variability in Fram and Davis Strait,
beginning with an analysis of seasonal cycles and the distinct
contribution of velocity (V) and salinity (S) anomalies (Equation
3) via Reynolds decomposition (Figure 2). The mean seasonal cycle
of FWT in both Fram Strait and Davis Strait exhibits consistent
phasing, characterized by minima in spring (May in Fram Strait;
April in Davis Strait) and maxima in autumn (November in Fram
Strait; October in Davis Strait). This seasonality is primarily
governed by FWT~S anomalies. In Fram Strait, the maximum
contribution of FWT~S can reach 20 mSv, which is more than
twice the maximum FWT~V and in the Davis Strait is even greater,
reaching up to 28 mSv. Seasonal variations of FWT~S aligns with
sea ice dynamics: the sea ice area and volume in the Arctic Ocean
are at their minimum in September and at their maximum from
November to March of the following year (Li and Fedorov, 2021),
suggesting meltwater is related to salinity-driven export. The sea ice
FIGURE 2

Mean seasonal cycle of FWT in Fram Strait (A) and Davis Strait (B), the �lling area is standard deviation. The contribution of Velocity and Salinity in
FWT anomaly in Fram Strait (C) and Davis Strait (D). FWT, freshwater transport.
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melt water in the Arctic Ocean will reach the straits in a few months,
thus increasing the FW in the straits.

The yearly FWT and time-varying components in the straits are
shown in Figure 3, with the black line indicating the linear �tting
results obtained around the year 2000. Simultaneously, this paper
presents the long-term trend table of FWT and their time-varying
components across the straits (Table 2). Since 1980, the annual
FWT through Fram Strait and Davis Strait has increased at rates of
3.13 mSv/decade and 4.33 mSv/decade, respectively. These trends
are statistically insigni�cant (p>0.05) and substantially smaller than
interannual variability, represented by standard deviations of 10.68
mSv (Fram) and 19.52 mSv (Davis). In fact, the weak upward trends
over the past 43 years are related to signi�cant differences in trends
around 2000. The FWT in the Fram Strait increased signi�cantly
from 1980 to 2000, about 10.14 mSv/10yr, while FWT in the Davis
Strait has increased signi�cantly since 2000, about 13.69 mSv/10yr.
In the corresponding time period, the trends of FWT between the
two straits are not signi�cant. The signi�cant difference between the
FWT during two time periods weakens the trends of long-term
changes in the straits.

Although there are obvious differences in the contributions of V
and S on the seasonal scale of FWT, the FWT~V and FWT~S on the
interannual variation scale are equivalent, usually exceeding –20
mSv (Fram Strait) and –30 mSv (Davis Strait). The growth trend of
FWT in Fram Strait is mainly related to the contribution of velocity
anomaly (Karpouzoglou et al., 2024), especially the trend of
FWT~V components from 1980 to 2000 is 11.8mSv/10yr, but the
contribution of salinity is a negative trend. Large anomalies in FWT
are typically associated with salinity anomalies, with FWT~S in
2016 reaching up to 23 mSv (22 mSv). In 1982, despite the negative
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FWT component in velocity, the FWT still exhibited a positive
anomaly (6 mSv) due to a signi�cant positive anomaly from the
salinity component (22 mSv). The upward trend of FWT from 2000
to 2023 in Davis Strait is mainly related to the contribution of
salinity anomalies, especially the trend of FWT~S component since
2000 is 15.3 mSv/10yr, while the contribution of trend in V is
re�ected before 2000, which is 20.7 mSv/10yr. This indicates that
the contribution of velocity and salinity anomalies to FWT in Davis
Strait are equally important.

Changes of temperature and salinity structure in the strait
section is the basis of determining FW export. The decadal
evolution of thermohaline properties in the Arctic gateways are
shown in Figure 4. The main water masses in the Fram Strait are
divided into low-temperature and low salinity polar water (PW;
q<0°C, S<34.8) and the high temperature and high salinity
Atlantic Water (AW; q>0°C) that enters the Arctic Ocean
northward. According to the T-S diagram (Figures 4A, C), Polar
and Atlantic Waters in the Fram Strait exhibited negligible long-
term salinity changes but persistent warming since 2000. The
intensity of the Atlantic in�ow can affect FW export by affecting
the intensity of polar water. The extreme low anomaly of FWT in
2016 is the result of the signi�cant strengthening of the Atlantic
water: the high-temperature water mass at 4°C can reach the
position of 5°E (Figure 4C), which greatly compresses the salinity
of PW so that the FWT~S decreased. The Davis Strait has similar
water mass structure to the Fram Strait, which can be divided into
the out�ow of Arctic Water (AW: q � 2°C, S � 33.7) and
Transitional Water (TrW: q>2°C, S>33.7) and the in�ow of
West Greenland Irminger Water (WGIW: q>2°C, S>34.1) and
West Greenland Shelf Water (WGSW; q<7°C, S<34.1), while the
FIGURE 3

Yearly FWT through Fram Strait (A) and its time-varying components in velocity and salinity (C). The same as (B, D) but for FWT in Davis Strait. Black
lines are linear trends. FWT, freshwater transport.
frontiersin.org

https://doi.org/10.3389/fmars.2025.1608187
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Zhang and Du 10.3389/fmars.2025.1608187

Frontiers in Marine Science 07
transitional water is mainly the product of local adjustment and
mixing of Atlantic water entering Baf�n Bay and Arctic water
�owing out of Baf�n Bay. For a long time, the Davis Strait water
mass has shown characteristics of warming and weakening, with
the most signi�cant warming occurring in the 2010s (Figures 4B,
D). The FWT through the Davis Strait saw several unusually high
peaks in 1990s, reaching approximately 143mSv (Cuny et al.,
2005). In the process of continuous warming at the end of the 20th
century, the abnormal weakening of the Atlantic in�ow led to
surface freshening, which resulted in a signi�cant FWT~S.
3.2 Interannual variability characteristics

According to the above analysis, we found that under the
background of the continuous accumulation of FW, the FWT in
straits did not show the expected continuous increase trend, but the
FIGURE 4

Decadal evolution of thermohaline properties in the Arctic gateways. Temperature-salinity diagrams in Fram Strait (A) and Davis Strait (B). Hovmöller
Diagram of Salinity (color shading) and Potential Temperature (contour line) in Fram Strait (C) and Davis Strait (D) during 1980 to 2024.
TABLE 2 Contrasting trends of FWT, time-varying components of FWT
in straits and the trend of FWC in the Arctic Ocean basins during 1980 to
2023 (units: FWC, m/10yr; FWT or FWT anomalies, mSv/10yr).

Section/
Basin

Components 1980-
2000

2001-
2023

1980-
2023

Fram Strait

FWT 10.14 0.55 3.13

FWT~V 11.82 5.04 6.38

FWT~S -4.62 -4.52 -3.58

Davis Strait

FWT 3.07 13.69 4.33

FWT~V 20.66 -6.84 4.27

FWT~S -10.3 15.32 2.34

Canada Basin FWC -0.65 1.07 0.41

Eurasian
Basin

FWC -0.88 -0.21 -0.45
FWT, freshwater transport; FWC, freshwater content.
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