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Continuous measurements from the OSNAP (Overturning in the Subpolar North Atlantic Program) array yield the
first estimates of trans-basin heat and salinity transports in the subpolar latitudes. For the period from August
2014 to May 2018, there is a poleward heat transport of 0.50 + 0.05 PW and a poleward salinity transport of
12.5 £ 1.0 Sv across the OSNAP section. Based on the mass and salt budget analyses, we estimate that a surface
freshwater input of 0.36 + 0.05 Sv over the broad subpolar-Arctic region is needed to balance the ocean salinity
change created by the OSNAP transports. The overturning circulation is largely responsible for setting these heat
and salinity transports (and the derived surface freshwater input) derived from the OSNAP array, while the gyre
(isopycnal) circulation contributes to a lesser, but still significant, extent. Despite its relatively weak overturning
and heat transport, the Labrador Sea is a strong contributor to salinity and freshwater changes in the subpolar
region. Combined with trans-basin transport estimates at other locations, we provide new estimates for the time-
mean surface heat and freshwater divergences over a wide domain of the Arctic-North Atlantic region to the
north and south of the OSNAP line. Furthermore, we estimate the total heat and freshwater exchanges across the
surface area of the extratropical North Atlantic between the OSNAP and the RAPID-MOCHA (RAPID Meridional
Overturning Circulation and Heat-flux Array) arrays, by combining the cross-sectional transports with vertically-
integrated ocean heat and salinity content. Comparisons with the air-sea heat and freshwater fluxes from at-
mospheric reanalysis products show an overall consistency, yet with notable differences in the magnitudes
during the observation time period.

1. Introduction

The ocean’s role in the climate system stems from its ability to store
and transport large amounts of heat (Rhein et al., 2014). Estimates of
ocean heat content (OHC) change have revealed warming trends over
the past few decades throughout the water column (Cheng et al., 2019;
Cheng et al., 2017). Nowhere has this been more apparent than in the
North Atlantic, where the most dramatic changes in OHC are found
during the late 20th century (Zanna et al., 2019). Variability in the
poleward oceanic heat transport (OHT) associated with the Atlantic
meridional overturning circulation (AMOC) has been conjectured to

affect North Atlantic sea surface temperature (SST) and upper OHC
(Bryden et al., 2020; Delworth; Zeng, 2016; Deser et al., 2010; Robson
et al., 2016), mass loss from the Greenland Ice Sheet (GIS) (Holland
et al., 2008; Rainsley et al., 2018; Straneo; Heimbach, 2013), and the
decline of Arctic sea ice (Carmack et al., 2015; Polyakov et al., 2017;
Polyakov et al., 2010).

The freshwater exchange also has important climate implications.
Increased freshwater input (e.g., from the Arctic and GIS) to the subpolar
North Atlantic has been posited to impact the formation of deep waters
(Boning et al., 2016; Yang et al., 2016) and alter AMOC strength (Bakker
et al., 2016; Haskins et al., 2020; Weijer et al., 2012). Evidence also
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Fig. 1. Sea surface temperature and salinity over the Arctic-North Atlantic region. Color shading is (a) sea surface temperature (units: °C) and (b) salinity
climatology from World Ocean Atlas 2018 (WOA18; 2005-2017 averages). White lines indicate the OSNAP and RAPID sections, along with main straits discussed in
this analysis: BS — Bering Strait, DS — Davis Strait, FS — Fram Strait, BSO - Barents Sea Opening, SG - Strait of Gibraltar.

comes from paleo records from the last glacial cycle showing large and
abrupt (over decades) AMOC shifts in response to the addition of
freshwater in the region (see Lynch-Stieglitz, 2017, and references
therein). The oceanic freshwater transport (OFT) across the northern or
southern boundaries of the Atlantic is further suggested to be linked to
the AMOC states (Jackson, 2013; Liu; Liu, 2012; Weijer et al., 2019).

More important than the OHT or OFT is the ocean heat or freshwater
convergence/divergence for an enclosed basin, which induces changes
in the ocean heat or salinity storage that can impact the basin-scale
surface temperature and salinity patterns (Fig. 1). The latter are
closely related to the air-sea heat and freshwater fluxes, which may
influence the atmospheric circulation and provide potential feedbacks
on the oceanic transports (e.g., Sutton et al., 2018). Understanding when
and where the heat and freshwater transport change and how they affect
the divergence is central to the coupled ocean-atmosphere system and
to future climate predictions.

However, basin-wide measurements of the heat and freshwater (or
salinity) transports are rare, especially in the subpolar region. Previous
estimates of these transports have typically been based on quasi-
synoptic hydrographic sections along with direct ADCP (Acoustic
Doppler Current Profiler) measurements (Holliday et al., 2018; Mercier
et al., 2015; Rossby et al., 2017; Rossby et al., 2018) or derived velocity
fields from inverse models (Fu et al., 2018; Ganachaud; Wunsch, 2003).
In addition, there have been indirect estimates of OHT and OFT derived
from sea level variations (Kelly et al., 2014; Kelly et al., 2016), and of
OHT from the total atmospheric and oceanic energy budget (Trenberth;
Caron, 2001; Trenberth; Fasullo, 2017; Trenberth et al., 2001; Trenberth
et al.,, 2019).

Since 2014, a trans-basin observing system as part of the Overturning
in the Subpolar North Atlantic Program (OSNAP; Lozier et al., 2017), has
provided the first continuous measurements of full water column water
properties and velocities in the subpolar region (Li et al., 2021; Lozier
et al., 2019). The OSNAP array consists of two boundary-to-boundary
segments: OSNAP West from Labrador to Greenland and OSNAP East
from Greenland to the Scottish shelf. The OSNAP records have provided
observational constraints of volume, heat and salinity transports in the
region. They are key measurements as variations in these transports can
cause property changes throughout the water columns and affect the
ocean circulation. Data from OSNAP further provide an unprecedented
opportunity to quantity the heat and freshwater divergence for the do-
mains north and south of the OSNAP line, by combining the OSNAP
transports with other boundary-to-boundary observations in the wider
North Atlantic and Arctic region.

This work presents the 2014-2018 time series of the heat and salinity
transports across the OSNAP section, followed by an examination of the
heat and freshwater divergences over broad regions of the Arctic-

Atlantic north and south of the OSNAP line. The former uses historical
estimates from Bering Strait, Davis Strait, Fram Strait, Barents Sea
Opening, and the latter uses the RAPID Meridional Overturning Circu-
lation and Heat-flux Array (RAPID-MOCHA or typically known as the
RAPID array; Cunningham et al., 2007). Combined with observed ocean
heat and salinity storage changes, the heat and freshwater exchanges
across the surface area of subdomains are subsequently deduced through
the heat and salt budgets. Finally, we compare surface heat and fresh-
water fluxes from atmospheric reanalyses with these new ocean
observation-based estimates.

2. Data and methods
2.1. Data

We use continuous observations of volume, heat and salinity trans-
ports from two trans-Atlantic arrays: (a) Monthly estimates from April
2004 to August 2018 in the subtropics from the subtropical RAPID array
(Johns et al., 2011; McDonagh et al., 2015; Moat et al., 2020), and (b)
30-day estimates from August 2014 to May 2018 from the subpolar
OSNAP array (https://doi.org/10.35090/8hqw-c147). Both the RAPID
and OSNAP transport fields use International Thermodynamic Equation
of Seawater-2010 (TEOS-10, IOC et al., 2010; McDougall; Barker 2011)
in the transport estimates, e.g., for the geostrophic calculations from the
dynamic height moorings.

Monthly gridded temperature and salinity datasets are used to derive
the changes in the OHC and the ocean salt content (OSC), which include:
(a) UK Met Office Hadley Centre Enhanced Ocean Data Assimilation and
Climate Prediction (ENACT) archive version4 dataset (EN4, Good et al.,
2013) between January 2004 and December 2018 (http://www.
metoffice.gov.uk/hadobs/en4), (b) International Pacific Research Cen-
ter (IPRC) gridded Argo products between January 2005 and December
2018 (http://apdrc.soest.hawaii.edu/projects/Argo/data/gridded), (c)
Copernicus Marine Environment Monitoring Service (CMEMS) Gridded
CORA-In-Situ Observations Objective Analysis in Delayed Mode (Gail-
lard et al, 2016) between January 2004 and December 2018
(https://marine.copernicus.eu/), and (d) CMEMS Multi-observation
Global Ocean ARMOR-3D Level 4 Analysis (Guinehut et al., 2012;
Mulet et al., 2012) between January 2004 and December 2018
(https://marine.copernicus.eu/). More details on these datasets are
summarized in Table S1.

Monthly atmospheric air-sea heat and freshwater flux datasets are
from: (a) National Centers for Environmental Prediction Climate Fore-
cast System version 2 (NCEP CFSv2, Saha et al., 2014) for January 2011
to December 2018 (https://doi.org/10.5065/D69021ZF), (b) the Japa-
nese 55-year Reanalysis (JRA55, Harada et al., 2016; Kobayashi et al.,
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Heat or temperature transport across the trans-basin sections, and the derived surface heat exchange Q. for the enclosed ocean basins within the broader-Arctic
region. All values are the time-mean plus/minus uncertainty. The uncertainty in the mean OSNAP transports includes the standard error in the 4-year mean trans-
port (0.01, 0.01 and 0.004 PW for the full OSNAP array, OSNAP East and West, respectively) and a bias error that accounts for any possible biases in the observing
system (0.04, 0.04 and 0 PW for the full OSNAP array, OSNAP East and West, respectively, Li et al., 2017). The uncertainty in Qg is derived by combining the
uncertainty in individual oceanic transports. Positive (negative) values indicate heat sources (sinks) for the respective ocean basin.

OSNAP Bering Strait Qg OSNAP Davis Strait Qste OSNAP Fram Strait Barents Sea Qstc
West East Opening
Heat 0.50 + 0.012 + —0.51 + 0.079 + —0.030 + —0.049 + 0.43 + —0.036 + -0.072¢ —0.32 +
PwW) 0.05 0.001° 0.05 0.004 0.006" 0.007 0.05 0.006° 0.05

# 2003-2015 mean, referenced to freezing temperature —1.9 °C (Woodgate, 2018).

> 2004-2006 mean, averaged of the 2004-2005 temperature transport of 0.02 + 0.009 PW into the Arctic (referenced to 0 °C) (Curry et al., 2011) and the 2005-2006
temperature transport of 0.04 &+ 0.009 PW into the Arctic (referenced to 1 °C) (Tsubouchi et al., 2018).

€ 1997-2009 mean, derived from closed volume budget (Schauer; Beszczynska-Moller, 2009).

41997-2009 mean, referenced to 0 °C; sum of the temperature transport of 0.050 PW for the Atlantic Water and 0.034 PW for the Norwegian Coastal Current both
into the Barents Sea, and 0.012 PW for the Bear Island Trench out of the Barents Sea (Skagseth et al., 2008; Smedsrud et al., 2010).

2015) for January 2004 to December 2018 (https://jra.kishou.go.
jp/JRA-55/index en.html#download), and (c) Fifth generation of the
European Centre for Medium-Range Weather Forecasts (ECMWF) at-
mospheric reanalyses (ERA5, C.C.C.S., 2017) for January 2004 to
December 2018 (https://cds.climate.copernicus.eu/cdsapp#!/home).
Details on atmospheric reanalyses are in Table S2. Air-sea heat flux was
calculated as the sum of latent, sensible, shortwave and longwave heat
fluxes. Freshwater flux was a combination of evaporation, precipitation,
and water run-off.

2.2. Calculations of heat, salinity transports and surface freshwater
exchange

Oceanic heat and salinity transports
The OHT is defined as,

OHT = // pCpvOdxdz, (€]

where v is velocity normal to the trans-basin section, p is water density,
Cp = 4000Jkg 'K~ is the specific heat capacity of water, 6 is potential
temperature of water, and the double integral is taken over the full area
of the section (x and z are horizontal and vertical coordinates, respec-
tively). Only when the net mass flux is zero, Eq. (1) yields a true heat
transport that is independent of any reference temperature. Otherwise,
it gives a temperature transport relative to 0 °C.
The oceanic salinity transport (OST) is defined as,

OST = // vSdxdz, 2

where S is sea water salinity on the practical salinity scale (PSS-78). Note
that there are no formal units for salinity on this scale and thus the unit
of OST is Sv. This is equivalent to the traditionally used Sv psu (practical
salinity unit).

The OHT and OST are derived from the cross-sectional velocity,
potential temperature, salinity data at individual sections.

Surface heat exchange

Heat exchange across the surface area of an ocean basin, Q, can be
estimated as,

Ose = Quav + Qonc, 3)

where

Qv = *//pCPVdedz, 4)
dOHC d

Qonc = - E///pCPHdV. (5)

In Egs. (4) and (5), v is inwards-positive velocity normal to the

boundary of the basin, and the integral follows the complete circuit of
the boundary, V is the total volume of water in the basin. Qqq is the air-
sea heat exchange required to compensate any OHT at the ocean
boundary. For example, a negative Q4 (heat loss to the atmosphere
through the sea surface) is needed to account for a positive OHT (heat
gain into the basin at the boundary). Qogc is associated with the change
in the OHC, and its relationship with Qy is straightforward. A negative
Qg (heat loss) is required to account for a cooling basin (decreasing
OHC). Note that the diffusive term has been neglected due to its negli-
gible effect on the heat divergence over the time scales of interests. In
addition, using a constant Cp has no appreciable effect on the results.

In this study,Qonc estimates are derived from the ensemble mean of
four gridded temperature products, and their uncertainty is derived
based on typical measurement errors and differences between the in-
dividual products (Appendix B).

Surface freshwater exchange

There is a relationship between ocean salinity and freshwater, where
salinity changes are related to the addition (or removal) of freshwater to
(or from) the ocean (e.g., Aagaard; Carmack, 1989). It allows for an
indirect way to estimate the freshwater input across the ocean surface in
terms of oceanic salinity transports. Such an approach is based on the
conservation of mass and salt within a fixed volume of ocean, so that
freshwater added to (removed from) the ocean through its surface is
accounted by the net salinity transport across the boundary and changes
in the OSC itself (e.g., Bacon et al. (2015); Ganachaud; Wunsch, 2003;
Tsubouchi et al., 2012). This approach yields a true freshwater transport
across the ocean surface that depends on advective salt flux divergence.
It thus avoids the problems associated with arbitrary reference salinities
that can lead to an ambiguous estimate of freshwater transport (Schauer;
Losch, 2019).

The freshwater exchange across the surface area of an ocean basin (i.
e., precipitation, evaporation, river runoff, ice melt), FWy., can be
estimated as,

FWy = FW a4, + FWosc, (6)
where

1 R
FW 4 = E//S’V dxdz, 7)

FWosc = — % [% /// de} (8

In Egs. (6)-(8), S is the boundary-mean salinity averaged over the
whole boundaries of the basin, and S are deviations from the mean.
Similarly, v' are deviations from the boundary-mean velocity. By con-
struction, integrating v’ and S’ along the whole boundary yields zero.
FW,q, accounts for the salinity change induced by the volume and
salinity transports across the boundary. For example, if inward-flowing
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waters are more saline than outward-flowing waters at the boundary, a
positive FW,q, (an addition of freshwater) is required to account for the
salinity increase. FWos is associated with the change in the OSC in the
basin. That is, a positive FWysc (an addition of freshwater) is required
for a freshening basin (decreasing S). The reader is referred to Appendix
A for the full derivations. Similar to the OHC changes,FWosc is derived as
the ensemble mean based on four gridded salinity products (Appendix
B). Finally, we note that the diffusive term has been neglected due to its
negligible effect on the salt divergence over the time scales of interests.

FW,. may be considered as an equivalent OFT through the boundary
section that compensates FW, at each time step. That is, a positive FW,
(freshwater added to the basin at the surface) can be thought of as a
negative OFT (freshwater exported from the basin across the boundary).
This equivalence provides a practical way for comparing FW;, estimates
with historical OFT estimates. Because earlier OFT estimates typically
used an arbitrary choice of reference salinity (Schauer; Losch (2019)),
these estimates would need to be recalculated using the corresponding
boundary-mean salinity before they could be appropriately compared to
FW,.. Unless otherwise specified, the freshwater transport estimates in
the subsequent analysis represent FW, not OFT.

3. Results
3.1. Subpolar heat transport across OSNAP

The 2014-2018 mean heat transport across the OSNAP line is
0.50 + 0.05 PW (Table 1). This is a true heat transport because of a
zero-net-throughflow constraint across the full section (Lozier et al.,
2019). We note that the application of such a constraint is typically
required for determining the missing barotropic component of the flow
fields at the boundary-to-boundary section (e.g., McCarthy et al., 2015;
Lozier et al., 2019). Due to a small magnitude of the throughflow (~1
Sv), its omission has no impact on the total transport estimates (up to ~
0.01 PW). The poleward heat transport across OSNAP is associated with
the cooling of warm Atlantic waters (~10 °C) to the colder North
Atlantic Deep Water (NADW; <4 °C), which essentially constitute the
upper and lower limbs of the AMOC in the region (Fig. S1). The upper
limb temperature transport is concentrated in the eastern part of the
section in the eastern Iceland basin and the Rockall Trough through
main branches of the North Atlantic Current (NAC; Fig. 2). The tem-
perature transport carried in the lower limb is accomplished by deep

Iceland
Basin

2500

3000 3500

boundary currents carrying the NADW in the Labrador, Irminger and
Iceland basins. Those boundary currents move both poleward and
equatorward across the OSNAP array, showing considerable spatial
variations. In total, the subpolar heat transport is a residual between the
poleward temperature transport of 0.69 PW in the AMOC upper limb
(with a volume transport of 16.6 Sv, Li et al., 2021) and the equatorward
transport of 0.19 PW in the lower limb.

The temperature transports vary geographically in different basins
and in association with major boundary currents. Overall, the mean
subpolar heat transport is mostly (86%) contained at OSNAP East in the
eastern subpolar basin (0.43 PW) with a small fraction at OSNAP West in
the Labrador basin (0.079 PW). We note that for the OSNAP West and
East segments separately, it is a temperature transport relative to 0 °C
because the mass flux is not zero across the section (net volume transport
of 1.6 Sv equatorward across OSNAP West while 1.6 Sv poleward across
OSNAP East, Lozier et al., 2019). The main branches of the NAC carry a
poleward temperature transport, with about 0.5 PW through the eastern
Iceland basin and 0.3 PW through the Rockall Trough (black line, Fig. 2;
see Table S3 for more information on the associated volume and tem-
perature transports). West of the NAC, the circulation across the western
Iceland basin, and the Irminger and Labrador basins contributes to an
equatorward temperature transport of 0.3 PW. We have estimated the
transport associated with other main boundary currents intercepted by
the OSNAP boundary arrays. In the mean, there is a temperature
transport of —0.3 PW carried by the East Reykjanes Ridge Current
(ERRC) in the western Iceland basin, 0.1 PW by the Irminger Current
(IC) in the eastern Irminger basin, and —0.5 PW by the East Greenland
Current (EGC) in the western Irminger basin. Within the Labrador Sea,
there is a temperature transport of 0.5 PW in the West Greenland Cur-
rent (WGC) and —0.4 PW in the Labrador Current (LC).

The total heat transport across OSNAP exhibits substantial month-to-
month variations throughout the 2014-2018 time period, with a range
of ~ 0.4-0.6 PW (Fig. 3a). The record shows a weak seasonal cycle, and
a longer time series will be needed to fully evaluate its seasonality. The
heat transport can be broken down to components that are associated
with the throughflow, and overturning and gyre (isopycnal) circula-
tions, which describe the heat transport accomplished by the net volume
transport (throughflow), zonally-averaged circulation along density
surfaces (overturning component) and the deviation of velocity and
temperature from these zonal averages (isopycnal component) (Lozier
et al., 2019). Fig. 3a shows that the overturning component dominates
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Fig. 3. Time series of the heat transport across the (a) full OSNAP array, and the temperature transport relative to 0 °C across (b) OSNAP West and (c) East. Also
shown are the overturning and isopycnal components. Positive transport is poleward. Shading indicates the uncertainty for each monthly estimate obtained via the
Monte Carlo simulations (Lozier et al., 2019). Note that the y-axis ranges are different.

the subpolar heat transport, which accounts for 74% of the mean
(Table S4) and 68% of the total variance. It suggests a significant
contribution from the isopycnal component especially in the total sub-
polar transport variability. The main characteristics of the subpolar heat
transport are consistent with the earlier publication using the first 21-
month OSNAP record (Lozier et al., 2019).

Applying the same decomposition across OSNAP West and East re-
veals distinct features in the two sections. The overturning component
dominates the temperature transport across OSNAP East (Fig. 3 and
Table S4): it accounts for 79% of the mean and 90% of the total variance.
Conversely, the temperature transport across OSNAP West in the Lab-
rador basin is mostly carried by the isopycnal component, which ac-
counts for 78% of the mean. This is consistent with earlier studies
showing the dominance of the horizontal circulation in the temperature
transport in the Labrador basin (Pickart; Spall, 2007; Straneo, 2006).
However, the isopycnal or overturning component alone can only
explain 19% and 36% of the variance in the Labrador basin temperature
transport, respectively. This is due to a general anti-correlation of the
seasonal cycles of the overturning and isopycnal heat transports (cor-
relation coefficient is —0.45 at zero lag; statistically significant at the

95% level). The seasonality in the overturning component is associated
with the seasonal variation in the strength of the overturning circulation
(Holte; Straneo 2017; Li et al., 2021), which has its maximum in winter-
spring. The seasonality in the isopycnal component has similar ampli-
tudes with maximum in fall through early winter, which arises mainly
from the variations in the transport of warm Irminger Water in the WGC
(Pacini et al., 2020).

3.2. Heat transport divergence between OSNAP and Bering Strait

The heat transport divergence north of the OSNAP line can be
derived from the heat/temperature transport across the OSNAP sections
together with historical estimates of the temperature transports across
the main straits of the Arctic Ocean. To be specific, we examine the heat
divergence in the broader-Arctic basin enclosed by the Bering Strait and
the complete OSNAP section, and additionally in two subarctic-subpolar
basins west and east of Greenland, respectively: one is enclosed by the
Davis Strait and OSNAP West, and the other is by the Fram Strait-Barents
Sea Opening and OSNAP East (Fig. 1). Note that the transport estimate at
different locations represents the mean condition over the respective
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Fig. 4. Heat budget for the ocean basin between the Bering Strait (BS) and OSNAP, and between OSNAP and RAPID. Black (red) arrows indicate the direction of the
heat or temperature transports (or surface exchanges). For the change in the OHC, a positive value indicates a heat accumulation for the domain. Values for OSNAP
and RAPID are derived from 2014 to 2018 observations, while it is the 2003-2015 mean estimate for BS (Tables 1 and 2). (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)
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time period (Table 1).

The results indicate an overall heat convergence of 0.51 PW in the
broader-Arctic domain between the Bering Strait and OSNAP. In the
absence of any net heat storage over this domain, this implies a net heat
loss form the ocean to the atmosphere of 0.51 PW over this region
(Fig. 4), which we denote as Q. Similarly, we estimate a surface heat
loss of 0.049 PW over the Labrador Sea between the Davis Strait and
OSNAP West, and 0.32 PW over the region east of Greenland between
the Fram Strait-Barents Sea Opening and OSNAP East. The dominance of
the heat loss over the subarctic-subpolar basins north of OSNAP East is
consistent with the characteristics of water mass transformation at high
latitudes (Desbruyeres et al., 2019). In addition, the net heat loss east of
Greenland is nearly the same (0.16 PW) north and south of the
Greenland-Scotland Ridge if we take into account the poleward heat
transport of 0.26 PW across the Ridge (Rossby et al., 2018).

The results provide important observational constraints for the air-
sea heat exchanges, which have been shown to be underestimated
significantly in the eastern subpolar region by atmospheric reanalyses
(by ~ 50%, Chafik; Rossby, 2019). Uncertainty in our estimates remains
due to the different time periods covered by the observations at OSNAP
and other locations. Specifically, the temperature transport estimates
across the Bering Strait, Fram Strait and Barents Sea Opening are
representative of the 2000s’ mean condition, while the estimate at Davis
Strait represents 20042006 conditions and the OSNAP estimate rep-
resents the 2014-2018 condition (see Table 1). However, previous
modeling studies suggest a weak decadal variability in the temperature
transport across the Arctic straits (typical of ~ 0.005 PW, Ilicak et al.,
2016). The OSNAP transports appear to dominate the heat transport
divergences (both mean and variability) in the domain north of the
section. This is likely the same prior to the OSNAP observations. As such,

01/2016  01/2018

the contemporary and continuous OSNAP measurements across the
entire subpolar basin offer best estimates of the heat divergences in
respective subdomains during the 2014-2018 time period. Longer
OSNAP records will be needed to evaluate the robustness of the obser-
vational estimates on longer time scales. Finally, the temperature
transports at the Arctic straits are calculated from different methods, e.
g., with different reference temperatures, which however cause only a
negligible impact on the transport estimate due to the relatively small
volume transport at each strait (typically ~ 1-2 Sv).

3.3. Heat budget between OSNAP and RAPID

The total surface heat exchange Qy over the North Atlantic basin
south of the OSNAP line can be derived by taking into account the OHT
across the bounding OSNAP and RAPID sections (Qqq), and the OHC
change within the domain (Qopc)-

3.3.1. Oceanic heat transport and divergence

The Atlantic Ocean’s heat transport is known to be strongest in the
subtropical North Atlantic (Ganachaud; Wunsch, 2000; Trenberth et al.,
2001). The 2004-2018 mean heat transport across RAPID at 26°N is
1.20 + 0.10 PW. The corresponding heat transport across the RAPID line
for the 2014-2018 period that is in common with the OSNAP observa-
tions is 1.18 + 0.13 PW. A slight increase in the uncertainty is due to the
shorter temporal coverage.

Comparisons of the RAPID and OSNAP estimates reveal several
contrasting features of the subtropical and subpolar heat transports
(Fig. 5). First, the subtropical heat transport is more variable over
monthly to interannual time scales. The poleward heat transport at
RAPID is more than twice as large as that observed at OSNAP and its
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monthly standard deviation (0.28 PW) is ~ 5 times as large as that at
OSNAP (0.05 PW). Second, the overturning circulation accounts for
more than 90% of the heat transport in the subtropics in terms of both its

mean and variance (see Johns et al., 2011; McCarthy et al., 2015), while
in the subpolar gyre the overturning component, though still dominant,
explains about 70% of the mean and variance. Thus, the isopycnal
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Fig. 8. Freshwater budget for the ocean basins between the Bering Strait (BS) and OSNAP, and between OSNAP and RAPID. Arrows indicate the direction of the
surface freshwater exchange. For the FWosc, a negative value indicates a freshwater removal from the ocean (increasing salinity). The surface freshwater exchange
related to the oceanic volume and salinity transports across RAPID, the Strait of Gibraltar (SG), OSNAP and BS are indicated by the black arrows. Values for OSNAP
and RAPID are obtained from 2014 to 2018 observations; those for BS and SG are estimates of the long-term means (Tables 3 and 4). Note that the net poleward
salinity transport across OSNAP causes opposing surface freshwater exchange for the basins north and south of the section.
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Table 2

Extratropical North Atlantic heat budget (units: PW). The numbers are de-seasonalized time-mean plus/minus uncertainty. The observation-based Q. estimate is
obtained as the sum of Q,4, and Qqyc. Qs derived from the atmospheric reanalysis products are included for comparisons. The uncertainty in the RAPID heat transport
includes the standard error of the time-mean heat transport (0.06 PW for 2014-2018, 0.03 PW for 2004-2018) and a possible bias error in the estimate (0.07 PW, Johns
etal., 2011). Qo is derived from gridded temperature datasets (Appendix B). The uncertainty in Q,q4, and in the observation-based Q. are derived by combining the
component errors in quadrature. The uncertainty in those atmospheric reanalyses only contain the standard error of the mean estimate, which is derived from the de-
seasonalized values to exclude the large (quasi-deterministic) variance associated with the seasonal cycle of the surface fluxes. Positive (negative) values indicate heat
sources (sinks) for the enclosed basin.

OSNAP RAPID Quav Qonc Qe
Observation NCEP CFSv2 JRA55 ERAS5
8/2014-5/2018 —0.50 + 0.05 1.18 £0.13 —0.68 + 0.14 0.10 £+ 0.07 —0.58 £ 0.16 —0.48 + 0.03 —0.79 +£ 0.03 —0.47 £ 0.03
4/2004-8/2018 —0.50 £+ 0.07 * 1.20 £+ 0.10 —0.70 + 0.12 0.03 £ 0.02 —0.67 £ 0.12 —0.46 + 0.02" —0.80 £ 0.01 —0.49 £ 0.01

@ Data available for August 2014-May 2018. Note that we add 0.02 PW to the uncertainty estimate to account for possible errors over longer periods.
b Data available for January 2011-August 2018.

component of the heat transport is relatively more important in the limbs in the subtropics, and in particular to its much warmer upper limb
subpolar gyre, and has a value (0.13 PW) comparable to that at RAPID (as shown in the sea surface temperature in Fig. 1), as well as a stronger
(0.10 PW), despite the overall heat transport at RAPID being more than contribution from overturning to the total heat transport in the
two times larger than at OSNAP. Third, there is a stronger linear subtropics.

dependence of the heat transport on the strength of the overturning Combining the OSNAP and RAPID estimates reveals a convergence of

circulation in the subtropics (0.08 PW/Sv at RAPID) than that in the OHT in the extratropical North Atlantic basin between these lines, which
subpolar region (0.01 PW/Sv at OSNAP, Fig. S2). This is related to a is 0.68 + 0.14PW during the overlapping time period for 2014-2018.
greater temperature gradient between the AMOC’s upper and lower We include this as a heat transport divergence in the surface heat budget
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(Qqay = —0.68PW, Table 2). The temporal variability in Quq, is domi-
nated by the RAPID heat transport variability in the subtropics, e.g.,
both showing a clear seasonal cycle with the maximum in summer (July-
August) and minimum in early spring (March-April; Fig. S3).

3.3.2. Surface heat exchange

The OHC changes in the ocean basin between OSNAP and RAPID
correspond to a heat gain during the 2014-2018 period (Appendix B;
Fig. B.1). The derived Qguyc exhibits a strong seasonality (~+3 PW,
Fig. S3) as well as large interannual variations (~+1 PW, Fig. S4).

The seasonality may introduce a bias in the time-mean estimate
when different parts of the year are sampled unevenly. This is especially
the case for a short time series of a few years; for example, the OSNAP
record is 3.8 years long, with June and July being sampled in only 3 of
the 4 years. To account for this, we constructed a composite monthly
climatology by averaging all data from the same months, from which we
draw a ‘de-seasonalized’ estimate of the time-mean transports, and use
this to estimate all time-mean heat transports.

During 2014-2018, there was a warming over the region between
the RAPID and OSNAP sections at the rate of 0.10 PW. Combining this
with the time-mean Qg of —0.68 PW then gives the mean Qg of
—0.58 PW for 2014-2018, indicating a net heat loss to the atmosphere
from the extratropical North Atlantic (Table 2 and Fig. 4).

3.3.3. Comparison with atmospheric reanalyses

The observation-based Qs estimates are compared to those derived
from atmospheric reanalysis products (NCEP CFSv2, JRA55, and ERAS).
These reanalysis products including earlier versions have been used
widely in studying the surface-forced water mass transformation and
overturning in the North Atlantic (e.g., Desbruyeres et al., 2019; Grist
et al., 2014). The net air-sea heat fluxes from reanalyses have been in-
tegrated over the surface area of the extratropical North Atlantic basin
between the OSNAP and RAPID lines (1.9 x 10'3m?) to derive the net
surface heat exchange in PW.

All three products show consistently a heat loss from the ocean to the
atmosphere, with similar seasonal and interannual variability (Figs. S3
and S4). When not considering the shared seasonality, there is only a
weak correlation between the observation-based estimates and the
reanalysis products that is not statistically significant. The time-mean
estimates based on reanalyses are different from each other and all
depart from our estimate from oceanic observations (Table 2). JRA55
(—0.79 PW) exhibits the strongest surface heat loss, which is ~ 60%
stronger than NCEP CFSv2 (—0.48 PW) and ERA5 (—0.47 PW). The
uncertainty in these reanalyses (0.03 PW) only contain the standard
error in the mean estimate, and does not include any bias errors, because
this type of error is not well known for the reanalysis products. Alter-
natively, the size of potential bias errors in Qg for the atmospheric
reanalysis products may be estimated by comparing their mean values to
our observationally-derived estimates. For the 2014-2018 period, the
results show that Qg from JRASS is stronger than the observations by
0.21 PW (or 36%), where the difference is statistically significant at the
1o level (67%) according to the error bars. NCEP CFSv2 and ERA5 have
comparable heat loss that is 0.10-0.11 PW (or 18%) weaker than the
observed value. However, such differences are not statistically signifi-
cant even at the 1o level. None of the observation-reanalysis differences
are significant at the 2¢ level (95%).

To put our estimates in a climatological context, we next extend the
heat budget analysis for the whole length of the RAPID record from April
2004 to August 2018 (Table 2). Of note are the limited length of the
record: (i) For the OSNAP data, the mean estimate is from the 4-year
long record. We note that the variability in the ocean heat transport
divergence during 2014-2018 is governed by variability at RAPID and
the same likely holds before 2014. In addition, decadal changes in the
subpolar heat transports are generally weak during the past few decades
(~0.01-0.02 PW, Li et al., 2017; Rossby et al., 2017), which can be
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thought of as an additional error in the longer-term transport estimate
(see Table 2). (ii) For NCEP CFSv2, the mean estimate is based on the
available record between January 2011 and January 2017 (73 months).

The observation-derived Qg is —0.67 PW during 2004-2018, which
is a 16% stronger surface heat loss than the 2014-2018 time period. The
intensification is mainly related to a reduced rate of net warming of the
North Atlantic for the 2004-2018 period: the region between the RAPID
and OSNAP lines warmed at a rate of only 0.03 PW during 2004-2018
compared to 0.10 PW that during 2014-2018. This highlights an
accelerated warming during the most recent years in the broad subpolar-
subtropical region, despite the strong cooling occurred in the subpolar
gyre during 2013-2015 (Josey et al., 2018) which was overcome by the
warming in the subtropics. By comparison, there was only a marginal
strengthening in the oceanic heat transport across RAPID during
2004-2018.

There are slight Qg changes (~0.01-0.02 PW) in the reanalysis
products for the longer 2004-2018 time period. Comparisons with the
observations indicate a reduced (increased) discrepancy for JRA55
(NCEP CFSv2 and ERA5) with the longer records. For the 2004-2018
means, JRA55 Qg is 0.13 PW (or 19%) stronger than the observational
estimate, while NCEP CFSv2 and ERA5 Qg are 0.21 PW (or 31%) and
0.18 PW (or 27%) weaker, respectively. According to the error bars, the
differences for NCEP CFSv2 and ERAS are statistically distinct at the 1o
level (67%) over this longer period. None of the differences are statis-
tically significant at the 2¢ level (95%).

3.4. Subpolar salinity and freshwater exchange derived from OSNAP

There is a net poleward salinity transport across the OSNAP array,
which is 12.5 + 1.0 Sv for 2014-2018. The uncertainty in the time-mean
salinity transport includes the standard error of the 4-year mean trans-
port (0.3 Sv) and a possible bias error (0.7 Sv; derived from the same
datasets in Li et al., 2017). This net salinity transport is related to the
dilution of the poleward-flowing salty Atlantic waters (S ~ 35.3) into the
equatorward-flowing fresher NADW (S ~ 34.9; Fig. S6). The former is
mainly contained in the AMOC upper limb within the main branches of
the NAC in the eastern Iceland basin and the Rockall Trough, while the
latter is contained in the lower limb through the deep boundary currents
across the Labrador, Irminger and Iceland basins (Fig. 6). In total, the net
salinity transport is a residual between the poleward salinity transport of
540.7 Sv in the AMOC upper limb (corresponding to a mean volume
transport of 16.6 Sv, Li et al., 2021), and the equatorward salinity export
of 528.2 Sv in the lower limb.

Salty waters in the NAC branches east of the central Iceland basin
(753.2 Sv) constitute the main poleward salinity transport across the
OSNAP line, which is largely compensated by a net equatorward salinity
transport through the Labrador, Irminger and western Iceland basins
(—740.7 Sv). We have also estimated the transport associated with the
main boundary currents intercepted by the OSNAP boundary arrays.
There is a salinity transport in the main NAC branch of 563.5 Sv in the
eastern Iceland basin and 235.8 Sv in the Rockall Trough (see Table S3
for the corresponding volume transport and salinity). Some of the
transport recirculates in the western Iceland basin flowing equatorward
via the ERRC of —530.8 Sv and then poleward again via the IC of 230.7
Sv. The stronger currents at both sides of Greenland contribute to larger
salinity transports, with —1094.8 Sv in the EGC and 1158.4 Sv in the
WGC. Finally, the LC exits the Labrador Sea with a salinity transport of
—1155.5 Sv.

There is a net equatorward (poleward) salinity transport of 49.5 +
1.6 Sv (62.0 + 1.2 Sv) across OSNAP West (East). The uncertainties
contain both the standard error in the 4-year mean salinity transport
(1.1 and 1.0 Sv for OSNAP West and East, respectively), and a possible
bias error (0.5 and 0.2 Sv for OSNAP West and East, respectively). Most
of the salinity transports across OSNAP West and East are accounted for
by the non-zero throughflow at the respective section (Table S5). The
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Table 3

Surface freshwater exchange for the broader-Arctic region associated with the oceanic transports across major gateways. All values are the time-mean plus/minus
uncertainty. The uncertainty in the freshwater exchange derived from OSNAP includes the standard error in the 4-year mean estimate (0.01 Sv for all sections), a
possible bias error (0.03, 0.01, and 0.01 Sv for the full OSNAP array, OSNAP West and East, respectively, Li et al., 2017), and an error related to sea ice transports
(~0.01 Sv). The uncertainty in FWg, is derived by combining the component errors in quadrature. Positive (negative) values indicate freshwater sources (sinks) for the
respective ocean basin.

OSNAP Bering Strait FWy, OSNAP Davis Strait FWy, OSNAP Fram Strait Barents Sea FWy,
West East Opening
Freshwater 0.36 = —0.08 + 0.28 + 0.18 + —0.105 = 0.08 + 0.18 + —0.147 = 0.004¢ 0.04 +
(sv) 0.05 0.004° 0.05 0.04 0.006" 0.04 0.03 0.016° 0.03

# Liquid OFT estimate based on the measurements of non-Alaskan Coastal Current (ACC) transport of 66 + 4 mSv (poleward) with a correction for the unresolved
portion of the ACC (6 + 2 mSv) and restratification (4 + 1 mSv), with a reference salinity of 34.8 (2003-2015, Woodgate, 2018). Adjusted to the Bering Strait-OSNAP
boundary-mean salinity of 34.93, it gives the Bering Strait’s contribution to the FWy. for the ocean between the Bering Strait and the full OSNAP line of —80 + 4 mSv.

b Liquid OFT is 93 + 6 mSv (equatorward; at salinity ~ 33.78) and OFT via sea ice is 10 + 1 mSv (equatorward; at salinity of 5), with a reference salinity of 34.8
(2004-2010, Curry et al., 2014). Adjusted to the Davis Strait-OSNAP West boundary-mean salinity of 34.85, it gives the Davis Strait’s contribution to the FWg. for the
ocean between the Davis Strait and the OSNAP West line of —105 + 6 mSv.

¢ Liquid OFT is 89 + 13 mSv (equatorward; at salinity ~ 33.25) and OFT via sea ice is 60 & 9 mSv (equatorward; at salinity of 4), with a reference salinity of 34.8
(2000-2010, Haine et al., 2015). Adjusted to the Fram Strait-Barents Sea Opening-OSNAP East boundary-mean salinity of 34.77, it gives the Fram Strait’s contribution
to the FWj. for the ocean bounded by Frame Strait-Barents Sea Opening and OSNAP East of —147 + 16 mSv.

4 OFT estimate based on a volume transport of 2 Sv for Atlantic Waters into the Barents Sea at salinity ~ 35.1, 1.2 Sv for the Norwegian Costal Current into the
Barents Sea at salinity ~ 34.34, and 1.2 Sv out of the Barents Sea through the Bear Island Trench at salinity ~ 35 (1997-2007, Smedsrud et al., 2010). Adjusted to the
Fram Strait-Barents Sea Opening-OSNAP East boundary-mean salinity of 34.77, it gives the Barents Sea Opening’s contribution to the FW, for the ocean bounded by
Fram Strait-Barents Sea Opening and OSNAP East of 4 mSv.

Table 4

Extratropical North Atlantic freshwater budget (units: Sv). The observation-based FWy. estimate is obtained as the sum of FW,q, and FWogc. FWg from atmospheric
reanalysis products are also shown for comparisons. The uncertainty in the time-mean estimate from RAPID contains the standard error in the time-mean of 0.02 for
2014-2018 and 0.01 Sv for 2004-2018, respectively, along with a potential bias error of 0.01 Sv (McDonagh et al., 2015). FWogc is the ensemble mean derived from
four gridded salinity datasets (Appendix B). The uncertainty in FW,q4, and in the observation-based FW, are derived by combining the component errors in quad-
rature. Positive (negative) values indicate freshwater sources (sinks) for the respective ocean basin.

OSNAP RAPID Strait of Gibraltar FWa, FWosc FW,
Observation NCEP CFSv2 JRA55 ERA5
8/2014-5/2018 —0.36 £ 0.05 0.42 + 0.03 0.03 + 0.01 0.09 £+ 0.06 —0.15 £+ 0.09 —0.06 = 0.11 —0.11 +£0.01 —0.19 +0.01 —0.14 £ 0.01
4/2004-8/2018  —0.36 + 0.07 0.43 + 0.02 0.10 +£ 0.07  —0.05+0.02  0.05 + 0.07 —-0.11 £0.01°  —-0.19 £0.005  —0.15 + 0.004

a

@ Data available for August 2014-May 2018. Note that we add 0.02 Sv to the uncertainty estimate to account for possible errors over longer periods.
b Data available for January 2011-August 2018.

throughflow corresponds to an equatorward (poleward) salinity trans- shows monthly variations that range from 0.26 to 0.47 Sv (Fig. 7a).
port of 55.6 Sv (55.9 Sv) at OSNAP West and East, respectively. The There appears to be a seasonal variation in the second half of the record
residual salinity transport (related to the overturning and isopycnal (2016-2018), with maximum (i.e., largest freshwater input) in winter,
circulations) is nearly the same for both sections: a poleward transport of but no such cycle is apparent during the first two years. The overturning
6.0 Sv across OSNAP West and 6.1 Sv across East, in which the over- and isopycnal components appear to have seasonal variations that tend
turning component accounts for the larger portion (~60%). to cancel each other. The overturning component accounts for the larger
The surplus salinity across OSNAP to higher latitudes corresponds to portion (60%) of the total, with thus a significant contribution from the
a positive surface freshwater input of 0.36 Sv for the basin between the isopycnal component (Table S6). The isopycnal component actually
Bering Strait and OSNAP (Table 3). Similar to the heat transport, we exceeds the overturning component each fall. The results are consistent
stress that the omission of the Bering Strait throughflow across the entire with the early published shorter record (Lozier et al., 2019). The sea-
OSNAP section has a negligible impact on the freshwater exchange (i.e., sonal variations in the overturning and isopycnal components are
one magnitude smaller than the uncertainty, see Appendix A). This is a related to the seasonal cycle in the volume transports in the region,
component of the surface freshwater exchange (FWy) for the region, which is similar to the heat transports in the region as mentioned earlier.
which is induced by the oceanic volume and salinity transports across In addition, the seasonality in the overturning component is modulated
the OSNAP line. The freshwater is added to dilute the salty inflowing by the seasonal cycle in the Labrador Current above the Labrador shelf,
waters, producing the relatively fresh deep waters flowing equatorward which is strongest during January-March each year (see also Fig. 7b).
across the OSNAP line. Since there is no net mass flux across the entire Neither overturning nor isopycnal component dominates the vari-
OSNAP section, the corresponding FWy, for the region equals the ability in the OSNAP salinity transport and the corresponding freshwater
salinity transport across OSNAP scaled by 1/S (S = 34.93 is the mean ~ input, with the overturning and isopycnal components explaining only
salinity of the bounding sections of the domain, Appendix A). This linear 40% and 23% of the total variance, respectively. The reduced
relationship between the salinity transport and FWyy, also applies to the (increased) contribution from the overturning (isopycnal) component is

associated with fresher water masses originated in the Arctic-subarctic
region passing through the subpolar latitudes while not participating
in the overturning (@Jsterhus et al., 2019; Le Bras et al., 2020). Those are
the freshest waters at the OSNAP array, flowing equatorward mainly via
the coastal currents above the Labrador Shelf (Han et al., 2019) and the

overturning and isopycnal components because there is also no net mass
flux associated with these circulations (Fig. 7a). For our subsequent
analysis, we will focus only on freshwater inputs at the surface (FWy,)
rather than on salinity transports at OSNAP and elsewhere.

The surface freshwater input derived from the full OSNAP array

10
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East Greenland Shelf (de Steur et al., 2018; Foukal et al., 2020; Le Bras
et al., 2018).

OSNAP West and East have comparable contributions to the surface
freshwater input over the Bering Strait-OSNAP region. Their time-means
are the same of 0.18 Sv, with a slightly larger uncertainty at OSNAP West
(0.03 Sv) than East (0.02 Sv). In terms of the variability, OSNAP East
explains the slightly larger portion (56%) of the variance in the total
freshwater input induced by the OSNAP transports (comparing the solid
black lines in Fig. 7a and 7b). Overall, it highlights the importance of the
Labrador Sea in the freshwater budget in the subpolar basins, which is in
contrast to the Labrador basin’s marginal contribution to the heat
budget.

At OSNAP West, the overturning component dominates the surface
freshwater input (Fig. 7b and Table S6), which accounts for 67% of the
mean and explains 84% of the variance. There, the corresponding
freshwater input exhibits seasonal cycles that are mostly contained in
the overturning component, which has maximum (i.e., largest fresh-
water input) in each winter. It is associated with the seasonality of the
overturning circulation in the basin (Holte; Straneo 2017; Li et al.,
2021), and is enhanced by the seasonality in the currents above the
Labrador shelf that carry the freshest and thus lightest water mass from
the Arctic Ocean (Han et al., 2008; Wang et al., 2015). A smaller part of
the seasonal signal is contained in the isopycnal component (33% of the
mean), which has minimum in fall. It is associated with the transport
variation of the salty Irminger Water in the WGC (Pacini et al., 2020). At
OSNAP East, there are significant contributions from both the over-
turning and isopycnal components (Fig. 7c). However, the contribution
from the overturning component is slightly smaller than OSNAP West,
which accounts for 61% of the mean and explains 61% of the variance.
As mentioned above, this complex pattern follows mixed sources of
salinity transports across the eastern subpolar gyre. The overturning
component shows weak seasonality, associated with the seasonal vari-
ations in the MOC across OSNAP East (Li et al., 2021).

We do not measure any sea ice transports across OSNAP when esti-
mating the salinity transport. The contributions via sea ice have been
suggested to be small, e.g., in the annual-mean OFT of the LC (Han et al.,
2019; Mertz et al., 1993) and the EGC (Bacon et al., 2014). Based on
those earlier studies, we estimate that the sea ice contributes to <3% (or
~ 0.01 Sv) of the FW. estimated from OSNAP, which is included as part
of the uncertainty estimate in the derived freshwater exchanges (see
Table 3).

3.5. Surface freshwater exchange between OSNAP and Bering Strait

The OSNAP observations are combined with historical estimates at
main straits of the Arctic Ocean to derive the surface freshwater ex-
change for individual subdomains with the wider Arctic region,
assuming no net freshwater storage over the region. Note that the
transport estimate at different locations represents the mean condition
over the respective time period (Table 3). The results indicate a net
freshwater input of 0.28 Sv for the region between OSNAP and the
Bering Strait (see also Fig. 8). Additionally, we estimate a freshwater
input of 0.08 Sv for the Labrador Sea between the Davis Strait and
OSNAP West, and 0.04 Sv for the subarctic-subpolar region between the
Fram Strait-Barents Sea Opening and OSNAP East.

We cannot say with certainty that the observation-based estimates
are representative of long-term averages for the region, due to the fact
that the volume and salinity transport estimates across the main Arctic
straits are based on observations from the 2000 s, while the OSNAP
record is only available for 2014-2018. Further, unlike the heat trans-
port divergences that are dominated by the OSNAP heat transports, the
surface freshwater exchange for the subdomains is strongly affected by
the relatively fresh waters exported from the Arctic Ocean. As such, the
OSNAP’s contribution to the surface freshwater input for the subarctic-
subpolar regions is comparable to the contribution from the Arctic in-
flows across the Davis and Fram Straits (Table 3). However, previous
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studies suggest a weak decadal transport at the Bering Strait (<0.01 Sv,
Haine et al., 2015; Wang et al., 2016), therefore the estimate of the
OSNAP-Bering Strait transport divergence may represent well the
2014-2018 condition. By comparison, our uncertainty estimates likely
stand for lower bounds for the two subarctic-subpolar domains, which
could be ~ 0.01-0.02 Sv larger when considering the decadal variations
in the freshwater transports across the Arctic straits (Wang et al., 2016).
Longer OSNAP records will be needed to evaluate how representative
these observational estimates of climatological averages.

3.6. Surface freshwater exchange between OSNAP and RAPID

3.6.1. Salinity transport and surface freshwater exchange derived from
RAPID

The 2004-2018 mean salinity transport is 15.1 £+ 1.0 Sv across
RAPID. The uncertainty includes the standard error in the 14-year mean
of 0.8 Sv, and a potential bias error of 0.2 Sv (McDonagh et al., 2015).
The observed salinity transport corresponds to a freshwater input of
0.43 + 0.02 Sv over the ocean basin between the Bering Strait and the
RAPID line.

It is worth understanding the terminology and methodology differ-
ences between the FWj derived from the RAPID array presented here,
and an earlier estimate of the net transport across the RAPID array
referred to as the freshwater flux or the OFT (thatis 1.17 Sv equatorward
for 2004-2012, McDonagh et al., 2015). In McDonagh et al., the OFT
includes (i) 0.8 Sv of seawater flowing through the Bering Strait and
subsequently the RAPID line, and (ii) 0.37 Sv of freshwater added
through the surface of the ocean between the Bering Strait and the
RAPID line (denoted as the ‘freshwater divergence’). They further
decomposed the freshwater divergence into the throughflow component
of —0.06 Sv, and 0.43 Sv carried by the overturning (—0.78 Sv) and
horizontal circulation (0.35 Sv). Our estimate of the 0.43 Sv FW. can be
thought of as one component of the OFT reported by McDonagh et al.,
and is the correspondent of the ‘equivalent freshwater flux’ (totaling
—0.43 Sv) across the RAPID array given in (Table 1 in McDonagh et al.
(2015).

The subtropical oceanic transports cause a larger and more variable
freshwater exchange than the subpolar transports. For the OSNAP time
period between 2014 and 2018, the RAPID salinity transport is 14.7 +
0.7 Sv and the corresponding freshwater input is 0.42 + 0.03 Sv. This
surface freshwater input is ~ 17% stronger than that derived from
OSNAP, and its standard deviation (0.18 Sv) is ~ 3 times larger than
OSNAP (0.05 Sv; Fig. 9). Further partition between the mass-balanced
portion of the circulation reveals that the overturning circulation cau-
ses a freshwater input from the atmosphere to the ocean, with a stronger
overturning component of the freshwater input north of the RAPID line
(0.78 Sv, McDonagh et al., 2015) compared to that north of OSNAP
(0.21 Sv). In addition, the gyre (horizontal) component in the subtropics
creates a loss of freshwater north of RAPID (—0.35 Sv, McDonagh et al.,
2015), partially cancelling out the overturning component. On the
contrary, the gyre (isopycnal) component in the subpolar region causes a
freshwater gain north of OSNAP (0.14 Sv), thus complementing the
overturning’s contribution in the region.

There is a strong linear relationship between the OFT and the
strength of the overturning circulation at RAPID, which describes about
90% of the variance (McDonagh et al., 2015). It thus indicates a domi-
nating role of the overturning circulation in the subtropical salinity
transport and its effect on the surface freshwater exchange north of the
RAPID line. This contrasts with the subpolar freshwater exchanges:
there is not a robust linear relationship between the subpolar over-
turning and the salinity transport across OSNAP (and thus the corre-
sponding surface freshwater input). As discussed earlier, the overturning
circulation at OSNAP only explains 40% of the total variance in the
surface freshwater input.

The larger freshwater input north of RAPID than that north of OSNAP
reflects a net freshwater input over the extratropical region between the
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two sections. The time-mean of this freshwater input is 0.06 Sv during
2014-2018, and its temporal variability is dominated by the RAPID
transports (Fig. 9). Such an input corresponds to an addition of fresh-
water from the atmosphere into the ocean to balance (dilute) the surplus
salinity convergence in the region. Additionally, the salinity transport
through the Strait of Gibraltar should be taken into account when esti-
mating the surface freshwater exchange over the region. Though the net
volume transport through SG is negligible (~0.035 Sv, Criado-Aldea-
nueva et al., 2012), the salty Mediterranean Outflow Water considerably
affects the salt content in the North Atlantic, and thus contributes to the
surface freshwater exchange (Appendix A). Collectively, we estimate
that there is an addition of freshwater for the extratropical North
Atlantic of 0.09 Sv during the 2014-2018 time period. That is, a net
freshwater gain is needed to balance the salinity transports across the
entire OSNAP-Strait of Gibraltar-RAPID boundary (denoted as FW,qy,
Table 4).

A change in the OSC also corresponds to a surface freshwater ex-
change. During 2014-2018, basin-wide salinity indicates that the ocean
between OSNAP and RAPID experienced a freshening from early 2015 to
mid 2016 that reversed the preceding salinification in late 2014, which
was followed by a year-long salinification through 2017 (Fig. S7). This
pattern of the basin-wide OSC variability reflects an addition of fresh-
water between early 2015 and mid 2016, with net removal of freshwater
before and after (Fig. S5a). There is an overall salinity increase during
2014-2018, which gives rise to a time-mean FWggc of —0.15 Sv. Taking
into account all the salinity changes, we estimate a FWy, of —0.06 Sv
during 2014-2018, which represents a freshwater removal from the
region between OSNAP and RAPID (Table 4 and Fig. 8). There is no clear
indication of a seasonal variation in either FWoscand FWyy; therefore,
we use the full length of the record for the mean estimates without
considering any seasonal biases.

3.6.2. Comparison with atmospheric reanalyses

The net surface freshwater flux (evaporation minus precipitation
plus water run-off) from NCEP CFSv2, ERA5, and JRAS5 have been in-
tegrated over the surface area between OSNAP and RAPID (1.9 x
10'3m?) to derive the FW, in Sv. All three products show consistently
negative FWy, (a net loss of freshwater from the ocean to the atmo-
sphere) for the 2014-2018 period and have comparable temporal vari-
ability on monthly-to-interannual time scales (Fig. S5). The FW, are
comparable in NCEP CFSv2 (—0.11 Sv) and ERA5 (—0.14 Sv), which are
~ 40% weaker than JRA55 (—0.19 Sv) (Table 4). The associated un-
certainty in the products is the same (0.01 Sv), which only includes the
standard error in the time-mean estimates. Comparing these time-mean
estimates to the observations reveal a difference of up to 0.13 Sv in
JRAS55, which is statistically significant at the 1o level (67%). By com-
parison, the difference is 0.05 Sv in NCEP CFSv2 and 0.08 Sv in ERAS5,
which are not statistically distinct at the 1o level (67%). None of the
observation-reanalysis differences are statistically significant at the 2¢
level (95%)

We next consider the surface freshwater exchange for the whole
length of the RAPID record from April 2004 to August 2018. Similar to
the subpolar heat transport, decadal variations in the subpolar fresh-
water transports are weak (~0.01-0.02 Sv, Li et al., 2017; Rossby et al.,
2017), which can be thought of as an additional error in the transport
estimate over the 2004-2018 period (see Table 4). The longer records
yield a FW of 0.04 Sv during 2004-2018, indicating a net freshwater
input from the atmosphere to the ocean. The change in the mean esti-
mate from —0.06 Sv to 0.04 Sv is mainly due to the change in the salinity
storage (the FWggc term). It reflects a long-term salinification during
2004-2018, but at a much weaker rate than occurred during
2014-2018, by approximately a factor of three (Table 4; Fig. B.2). In the
meantime, changes in the oceanic transports caused a marginal differ-
ence in the freshwater divergence (FWyq4,), which is 0.01 Sv (or ~ 10%)
stronger during 2004-2018 than 2014-2018 and is however not
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statistically significant according to the error bars.

For the extended time period, only the ERA5 estimate shows a small
change of 0.01 Sv (Table 4). All reanalysis products show consistently a
net freshwater loss from the ocean to the atmosphere, in contrast to the
observational estimates showing an addition of freshwater from the
atmosphere to the ocean. The comparisons show an observation-
reanalysis difference of 0.16-0.24 Sv, which are all statistically signifi-
cant at the 1o level (67%). At the 20 level (95%), only JRA55 and ERA5
show distinct differences with observations.

4. Discussion

The OSNAP array has resulted in 4-year continuous measurements of
the trans-basin volume, heat and salinity transports in the subpolar re-
gion. We use these transports to derive surface heat and freshwater ex-
changes across the surface area of the adjacent ocean basin, based on the
budget analyses. A majority of the subpolar heat transport is contained
in the eastern subpolar gyre, which has profound implications for the
strength of deep convection (e.g., by affecting the stability of the water
column) north of the OSNAP East line that has been linked to the sub-
polar overturning variability (Lozier et al., 2019). Although the Labra-
dor Sea’s deep convection is suggested to play a minimal role in the
strength of the subpolar overturning in density space (Lozier et al.,
2019), the basin accounts for half of the surface freshwater input created
by the OSNAP transports. The subsequent export of the freshwater input
in the Labrador Sea as well as its downstream pathways can exert a
considerable influence on salinity anomalies within the subpolar gyre
(Holliday et al., 2020).

In contrast to the dominant role of the overturning circulation in the
subtropical heat and salinity transports (and the corresponding surface
freshwater exchange), variability in the subpolar transport/exchange
arise from both the overturning and isopycnal component of the circu-
lation. The overturning component plays a less dominant role in the
subpolar gyre’s salinity and freshwater changes, a considerable portion
of which originates from higher latitudes that does not participate in
overturning (Le Bras et al., 2020). Furthermore, our results suggest a
plausible linkage between changes in the intensity of the subpolar gyre
circulation and changes in the water properties at the subpolar latitudes.
The latter is expected to affect the strength of the deep convection,
which implies an underlying gyre-convection connectivity that may
explain profound property changes in the subpolar region over longer
time scales (Fu et al., 2020) and is suggested to have delayed impact on
the overturning circulation (Menary et al., 2015; Ortega et al., 2015).
Finally, the decreased (increased) contribution from the overturning
(isopycnal) circulation to the freshwater input in the subpolar North
Atlantic also raises a question as to whether the overturning component
of the OFT itself can be used as a robust indicator of the freshwater
feedback during a changing AMOC (Mignac et al., 2019).

A combined analysis of the OSNAP transports with estimates from
trans-basin arrays at other locations provides key constraints for the
strength of oceanic heat and salinity transports as well as the resultant
surface freshwater exchange over the broad Arctic-North Atlantic re-
gion. Our results indicate that the heat transport convergence in the
extratropical North Atlantic basin south of the OSNAP line (0.68 PW) is
~ 30% larger than that in the broader-Arctic domain north of OSNAP
(0.51 PW). In contrast, the surface freshwater input over the extra-
tropical North Atlantic (0.09 Sv) is only ~ 30% of that over the broader-
Arctic region (0.28 Sv). In addition, our results reveal distinct patterns of
the surface heat and freshwater exchanges in the subarctic-subpolar
regions. The subarctic-subpolar region east of Greenland dominates
the surface heat exchange, while the Labrador Sea contributes more to
the freshwater exchange.

Our above estimates of the surface heat and freshwater exchange
north of the OSNAP latitudes are in good agreement with previous
observation-based estimates for the broader-Arctic region. Specifically,
the surface heat loss of 0.51 PW between OSNAP and Bering Strait is
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similar to an earlier estimate of 0.47 PW heat loss over the same region,
which includes 0.31 PW over the Arctic Mediterranean (Tsubouchi et al.,
2021), 0.04 PW for the Labrador Sea and 0.122 PW over the region
between 60°N and the Greenland-Scotland Ridge (Chafik; Rossby,
2019). As for the freshwater exchange, our estimate of a freshwater
input of 0.28 Sv over between OSNAP and Bering Strait is slightly
weaker than an estimate of 0.34 Sv freshwater input obtained by
combining 0.20 Sv for the Arctic and the Barents Sea (Tsubouchi et al.,
2018), 0.04 Sv for the Nordic Seas (Segtnan et al., 2011), and 0.10 Sv for
the region between 60°N and the Greenland-Scotland Ridge as well as
the Labrador Sea (Chafik; Rossby, 2019).

Finally, we estimate the net surface heat (freshwater) exchanges by
taking into account the observed OHC (OSC) changes. Comparing the
observation-based estimates with the air-sea flux from the atmospheric
reanalysis products shows an overall consistent pattern over the North
Atlantic basin during the observation periods. During the 2014-2018
overlapping time period of all records, we find statistically significant
bias errors in the surface heat and freshwater fluxes from JRA55 (both at
the 67% level). The results are in line with previous studies showing
anomalously large latent and sensible heat fluxes from JRA55 compared
to the NCEP and ERA products (Cronin et al., 2019; Yu, 2019). The
observation-reanalysis differences in the surface heat flux (~5-10 W
m~2) are smaller than the biases in reanalyses reported in earlier works
in the region (e.g., ~10-30 W m’z, Josey, 2001). The differences in the
surface freshwater exchange (~0.1 Sv or 17 cm yr‘l) is in line with the
known uncertainty in the surface freshwater flux products as indicated
by the large spread among different reanalyses across mid- to high-
latitude regions? of the North Atlantic (~20 cm yr™!, Yu, 2019). Over
the longer 2004-2018 time period, comparisons between observation
and the reanalysis products show similar differences in the surface heat
transport but larger discrepancies in the surface freshwater exchange
(up to ~ 0.2 Sv or 33 cm yr'!) over the North Atlantic domain.

Our work presents a framework for evaluating potential errors in the
surface heat and freshwater fluxes derived from atmospheric reanalyses.
The magnitude of these errors has been thought to cause large dis-
crepancies in estimates of the surface-forced overturning circulation

Appendix A. Surface freshwater exchange

Derivation of sea surface freshwater exchange from oceanic variables
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(Grist et al., 2014) and in the inferred meridional ocean heat transports
(Valdivieso et al., 2017). Longer trans-basin observations in both the
subpolar and subtropical latitudes will undoubtedly improve the
assessment of the potential biases in air-sea fluxes that we offer here.
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Based on water mass and salt conservation, the salt mass transport across the boundary of an enclosed ocean basin together with the salt content
change within the basin can be related to different components of the true freshwater exchange across the surface of that basin. The reader is referred
to Bacon et al. (2015) for the full derivation, and here we only cover the key aspects.

Salt mass is conserved within the enclosed volume, V, and there is no salt mass flux across the sea surface. Therefore, the salt mass flux across the
boundary of the basin must equal the time rate of change of salt mass within it:

//Spvdxdz = /f/@ dv,

where S is sea water salinity.

(A1)

The salt mass flux across the boundary can be decomposed into components related to distinct elements of water mass flux, pv, across the boundary:
the net flux and the remaining mass-balanced flux, i.e., pv = pv + (pv) . Overbar indicates boundary mean and prime indicates anomalies from the
mean. Integrating pv along the whole boundary gives the net mass flux across the boundary, which always results in a salt mass flux given the fact that
S # Oin the ocean. Integrating (pv) along the whole boundary yields a zero-mass flux, which can result in a salt mass flux when salinity is distributed
non-uniformly across the boundary. Accordingly, the salt mass flux across the boundary are related to the two components of S, i.e.,S = S+S’, where

S is the boundary-mean salinity, and S are deviations from the mean. The boundary salt mass flux in Eq. (A1) can be broken down as:

//Spvdxdz = //<§+Sv) v+ (pv) ldxdz = §///Tvdxdz +//S’(/)v)Adxdz (A2)

The first term on the right-hand side (RHS) of Eq. (A2) is the salt mass flux associated with the net mass flux across the boundary multiplied by S. It
only depends on the boundary-mean salinity. This is because that the contributions from positive or negative salinity anomalies (S') associated with
the net mass flux cancel out each other and altogether yields no salt mass flux. The second term on the RHS of Eq. (A2) is the salt mass flux associated
with the compensated inflow and outflow that are at different salinities.

The net mass flux across the boundary, pv, can be estimated as the difference between the time rate of change of total water mass within the basin,
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M, and the mass flux across the surface area of the basin (Fg)- Then by rearrange Eq. (A2) and using Boussinesq approximation, surface freshwater
volume flux can be expressed as:

FWy. = %// ’v'dxdz+(2—‘t/— % {%///SdV} (A3)

FWy, is the freshwater volume exchange across the surface of the ocean, whose meaning is clear and unambiguous. The RHS of Eq. (A3) includes
the different FW,;, components: The first term is the FW input created by the salt flux across the whole boundary, referred to as FW,4,, which resembles
the traditional definition of oceanic freshwater transport. FW,q, is associated with the salinity change between the inflowing and outflowing waters at
the boundary. For example, if waters flowing into the basin are more saline than waters flowing out, it requires a positive FW,q, (that is an addition of
freshwater) to account for this change. FW,4, can be estimated based on direct velocity and salinity observations. The second term of the RHS of Eq.
(A3) is the time rate of change of the total water volume, FW,,. This term is associated with the mass-induced sea level variations, which can be
estimated by subtracting the steric component from the total sea level changes. This term is typically negligible as will be shown next. The third term of
the RHS of Eq. (A3) reflects a storage change of salinity in the basin, which we referred to as FWysc. Its relationship with FW, is straightforward: a
freshening basin (decreasing S) corresponds to a positive FW. This term can be estimated from salinity measurements within the ocean basin.

Eq. (A3) allows for an ‘indirect’ way for deriving a meaningful surface freshwater transport based on accurate measurements of sea water velocity,
salinity and temperature.

Water volume change (FW,,)

The time rate of change in the total water volume can be estimated using the mass-induced sea level variations, i.e.,

FW, =A%), a9

where A is the total surface area of the study domain, # is the total sea level anomaly obtained from satellite observations, and 7, is the steric
component derived from hydrographic data (i.e., in relation to changes in the density of the water column). Using the satellite altimetry (produced and
distributed by the Copernicus Marine and Environment Monitoring Service; http://marine.copernicus.eu) and EN4 datasets, we estimate this change
in the North Atlantic basin between OSNAP and RAPID to be —0.004 Sv (—0.0004 Sv) during the 2014-2018 (2004-2018) time period. That is, the
total sea level changes mostly represent the steric sea level changes, with the contribution from the mass changes being negligible over seasonal and
longer time scales.

Surface freshwater exchange derived from the OSNAP observations

Even though the derivation of FW requires salinity transport information from the whole boundary, we can determine its fraction associated with
the salinity transport across any part of the boundary once we have defined the boundary means as mentioned above. We take OSNAP as an example,
and show how a surface freshwater exchange is inferred from the velocity and salinity measurements from the array, e.g., by considering the impact of
the salinity transport across OSNAP on the salt content north of the line all the way north to the Bering Strait. At OSNAP, the section-mean salinity is
34.93 during August 2014-May 2018, with a total area of 0.70 x 101°m?2. The cross-sectional area at the Bering Strait is approximately 4.2 x 10°m?
with a section-mean salinity of 32.47. Given the huge area difference between these two sections, the Bering Strait-OSNAP boundary-mean salinity (S)
and mean velocity (v) are the same as the OSNAP section means. Then, the surface freshwater exchange associated with the OSNAP transports can be
expressed as,

1/ _
W = / / (S — 5) (v — V)dnydz,. A5)

where S,, v, are salinity and inwards-positive velocity measured by the OSNAP array, X, and z, are horizontal and vertical coordinates at OSNAP.
Because the volume flux is conserved at OSNAP ( [/ Vodx,dz, = 0; (Lozier et al., 2019)), Eq. (A5) is reduced to,

1
FWye = 3 // SoVodx,dz,. (A6)

That is, the surface freshwater exchange is the OSNAP salinity transport scaled by 1/S. Monthly standard deviation in S is up to 0.003 over the
observational period, which leads to typical errors of ~ 0.01% in FW,; and is negligible.

Error in surface freshwater exchange related to a neglected throughflow

A throughflow traversing an enclosed ocean basin can result in a salt content change, e.g., due to the change in salinity at which the throughflow
enters and leaves the basin. However, a trans-basin array that relies on dynamic height moorings typically applies a zero-net-throughflow constraint
when calculating the cross-sectional velocities (Lozier et al., 2019; McCarthy et al., 2015). Therefore, it neglects the throughflow across the array as
shown in Eq. (A5), and inevitably introduces an error in the FW, estimate.

Taking OSNAP as an example, there is a throughflow at the Bering Strait of 1 Sv into the Arctic Ocean (Woodgate, 2018) that subsequently flows
equatorward across the OSNAP section. This throughflow has been neglected at OSNAP as mentioned earlier. If we allow for a throughflow at OSNAP,
then [[v,dx,dz, # 0. The errors associated with the throughflow can be estimated as part of Eq. (A5) concerning the salinity transport due to the net
throughflow velocity ¥:

1 _
FW ihroughfiow = 3 // (S, — S)vdx,dz,. (A7a)

AsV and S are constant, we denote S, as the section-mean salinity at OSNAP (S, = [['S,dx,dz,/ [[dx,dz,), and then we can write

FW roughtow = = X (S0 = 8) X Tiproughfion (A7b)

Qll —
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where Tiroughiow is the volume transport of the Bering Strait throughflow. Here, FWinroughsiow is zero, because in Eq. (A7b) the section-mean salinity at
OSNAP S, approximately equals the Bering Strait-OSNAP boundary-mean salinity S.

We next compute the error for the freshwater exchange estimated in the basin bounded by the Fram Strait-Barents Sea Opening and OSNAP East. At
OSNAP East, there is a net poleward volume transport of 1.6 Sv applied for conserving the mass flux across the whole OSNAP array (Lozier et al.,
2019). This is probably larger than the actual poleward volume transport of 0.6 Sv that is obtained as the residual of the throughflows at the Bering (1
Sv) and Davis Straits (1.6 Sv equatorward; Curry et al., 2014). Such a 1 Sv difference in the throughflow transport leads to an error in the corre-
sponding FW. estimate for the basin, which can be estimated following Eq. (A7b) as,

FW sronghfion. = x (34.77 = 35) x (—18v) = 0.0075v, (A8)

34.77

where 34.77 is the boundary-mean salinity across the Fram Strait-Barents Sea Opening and OSNAP East, and 35 is the section-mean salinity at
OSNAP East. The associated error is <~30% of the uncertainty estimate in the FWy, for the ocean basin bounded by the Fram Strait-Barents Sea
Opening-OSNAP East line (0.03 Sv, Table 3).

We next consider the error for the freshwater exchange estimated in the basin bounded by the OSNAP and RAPID arrays. Because both OSNAP and
RAPID apply a zero-net-throughflow constraint, the error estimate in FWg. takes into account the respective error at each section that is related to the
Bering Strait throughflow. It follows,

FW toughion x (34.93 — 35.18) x 1Sv = —0.0075V. (A9)

3513

where 34.93 and 35.18 are the section-mean salinity at OSNAP and RAPID, respectively, and 35.13 is the OSNAP-RAPID boundary-mean salinity given
a total area of 0.7 x 10'°m? at OSNAP and of 3.1 x 10'°m? at RAPID. That can be interpreted as a removal of freshwater associated with the salinity
increase of the throughflow when it travels from the OSNAP section to the RAPID section. Overall, this throughflow component is one magnitude
smaller than the uncertainty estimate in the FWg.over the enclosed basin between OSNAP and RAPID (0.05 Sv, Table 4), which is thus negligible.

Contribution from the volume and salinity transports through the Strait of Gibraltar

Exchanges of water between the Atlantic Ocean and the Mediterranean Sea through the Strait of Gibraltar (SG) significantly impacts the hy-
drography of the North Atlantic (Rogerson et al., 2012). Here, we use climatological estimates from previous studies on the property and volume
transport of water masses passing the SG, and provide an estimate of the salinity transport and its contribution to FWy, over the basin enclosed by
OSNAP-RAPID-SG (Table 4). Following Eq. (A5), the freshwater transport caused by the salinity transport across the SG can be calculated as,

1 _
FWse = E//(Sso — S)vscdxscdzse- (A10)

where subscript ‘SG’ denotes values for the SG, and S is the OSNAP-RAPID-SG boundary-mean salinity. Of note is the negligible area of the SG (7.2 x
10*m?) compared to that of the OSNAP or RAPID sections. Therefore, including the velocity and salinity at the SG results in no appreciable changes in
the estimates at the OSNAP and RAPID sections. In a simplified form, Eq. (A10) can be rewritten as,

1
FWs = E X [TMAW X Syaw + Tmow % SMAW] - (TMAW + TM()W) = 0.035v. (A11)

Eq. (A11) is based on the volume transport and salinity of the outflowing Modified Atlantic Water (MAW) into the Mediterranean Sea (Tyaw =
—0.82 £ 0.05 Sv at a salinity of Syaw = 37), and the subsurface inflowing Mediterranean Outflow Water (MOW; Tyow = 0.78 & 0.05 Sv at a salinity of
Smow = 38.5) (Criado-Aldeanueva et al., 2012; Rogerson et al., 2012; Sanchez-Roman et al., 2009; Soto-Navarro et al., 2010). The uncertainty in FWgg
is 0.01 Sv, estimated by considering the transport uncertainty for Tyaw (0.05 Sv) and Tyow (0.05 Sv) (Criado-Aldeanueva et al., 2012).

Appendix B. Mean and uncertainty estimates for Qopc and FWosc

We use four gridded temperature products (Table S1) for deriving Qg over the North Atlantic basin between the OSNAP and RAPID lines. This is
obtained from the difference of the OHC estimates for the first and last months of a given observation period, following Eq. (5). Uncertainty in the Qonc
is calculated based on the uncertainty in the OHC estimate for those two months following standard error propagation theory (e.g., Thomson; Emery,
2014).

Uncertainty in the monthly OHC estimates can arise from two sources of error: (1) measurement errors of the temperature measuring instruments,
and (2) analysis errors in the derived products related to re-mapping of the irregularly sampled temperature observations onto a uniform grid. To
estimate the measurement error, we consider a typical measurement accuracy of 0.002 °C for Argo floats (Wong et al., 2020), which make up the bulk
of the available temperature measurements. On average there are 258 Argo floats in the region between the RAPID and OSNAP lines each month
(estimated based on the Argo data in the region between 2014 and 2018). Assuming a 0.002 °C error for each Argo float over the domain and summing
these errors in quadrature leads to an uncertainty in the OHC estimate for a given month of 4.1 x 10'°J. This is a conservative estimate since there are
other temperature measurements besides Argo that are included in the analysis products. The analysis error can be estimated from the root-mean-
square (RMS) difference between the four gridded products (Fig. B.1). All four products show a generally consistent OHC signal, with a mean RMS
difference of 2.9 x 1021J. Since all of the data products use the same Argo measurements, it is possible that in certain months the estimates could all
have a common bias due to a poor sampling distribution, and therefore we double this uncertainty estimate to 5.8 x 102! J to account for the uneven
sampling distributions. This error dominates the measurement uncertainty in the monthly OHC estimates, and leads to an uncertainty in Qgyc of 0.07
PW for 8/2014-5/2018, and 0.02 PW for 2/2004-8/2018 (Table B.1).

Similarly, we use four gridded salinity products for deriving FWogc over the North Atlantic basin between the OSNAP and RAPID lines. This is
obtained based on the monthly OSC estimates for the first and last months of a given observation period, following Eq. (8). We consider first the

15



F. Liet al Progress in Oceanography 197 (2021) 102640

uncertainty caused by a typical measurement accuracy of 0.01 for salinity from Argo floats (Wong et al., 2020). When assuming this error for all the
Argo floats within the domain for any month, it results in an uncertainty in the monthly OSC estimates of 5.1 x 10!3m®. We then estimate analysis
uncertainty in the monthly OSC estimates related to the mapping procedures and sampling distributions, based on the RMS differences of the four
products (Fig. B.2). All data products again show consistent OSC changes, with a mean RMS error of 1.3 x 10*m®. We double this value to account for
additional errors due to the sampling distributions, which becomes 2.6 x 10'*m® and dominates the measurement uncertainty in the monthly OSC
estimates. This leads to an uncertainty in FWqgc of 0.09 Sv for 8/2014-5/2018, and 0.02 Sv for 2/2004-8/2018 (Table B.2).
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Fig. B1. Monthly OHC anomalies (relative to the respective time mean) derived from four temperature data products, during the overlapping 2005-2018 period. The
ensemble means are obtained based on the individual monthly estimates, with the shading for the RMS differences. The seasonal cycles have been removed from
each data.
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Fig. B2. Monthly OSC anomalies (relative to the respective time mean) derived from four salinity data products, during the overlapping 2005-2018 period. The
ensemble means are obtained based on the individual monthly estimates, with the shading for the RMS differences.

Table B1
Qonc derived from the OHC changes at the first and last months during the respective observation period (units: PW). Positive values indicate heat sources for the basin
enclosed by the OSNAP and RAPID sections.

EN4 ARMOR-3D CORA IPRC Ensemble-mean + uncertainty
08/2014-05/2018 0.116 0.081 0.087 0.101 0.10 + 0.07
02/2004-08/2018 0.045 0.024 0.023 0.023* 0.03 + 0.02

“ IPRC are only available from 2005 Jan, so the change is for 2005-2018.
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Table B2

Progress in Oceanography 197 (2021) 102640

FWosc derived from the OSC changes at the first and last months during the respective observation period (units: Sv). Negative values indicate freshwater sinks for the

ocean basin enclosed by the OSNAP and RAPID sections.

EN4 ARMOR-3D CORA IPRC Ensemble-mean + uncertainty
08/2014-05/2018 —-0.184 —-0.100 —-0.137 —-0.166 —0.15 + 0.09
02/2004-08/2018 —0.026 —0.005 —-0.018 —0.148* —0.05 + 0.02

“ IPRC are only available from 2005 Jan, so the change is for 2005-2018.

Appendix C. Supplementary material

Supplementary data to this article can be found online at https://doi.org/10.1016/j.pocean.2021.102640.
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