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Abstract A set of numerical simulations (with horizontal resolutions of 1/4° and 1/12°) is conducted
to study the Pacific Water pathway in the Arctic Ocean and the freshwater content in Beaufort Gyre.
Passive tracer tags the Pacific Water entering through Bering Strait into the Arctic Ocean and further
reveals its circulation routes and spatial distribution. Both the 1/4° and 1/12° simulations show Pacific
Water mainly follows the Transpolar Drift over the integration period of 2002-2016, with a limited amount
being able to flow eastward along the Alaskan coast to enter the Canadian Arctic Archipelago. However,
the circulation pattern of Pacific Water within the Beaufort Gyre is quite different with a stronger and
tighter anticyclonic circulation in the 1/12° simulation corresponding to the difference in freshwater
content. The 1/12° simulation successfully reproduces the overall recent increasing trend in the freshwater
content in the Beaufort Gyre, while the 1/4° simulation fails to maintain the high freshwater content state
after 2007. Budget analysis suggests that this difference in Beaufort Gyre freshwater storage is mainly
caused by lateral advection. The lateral freshwater flux is decomposed into two components due to the
slow-varying circulation and mesoscale eddies. The difference in the capability to resolve eddies in the two
simulations causes the difference in the temporal evolution of both components of the lateral flux.

1. Introduction

The Arctic Ocean has a small and generally deep basin, with broad shelves and surrounded mainly by land,
with limited connections to the rest of the world ocean (Figure 1). The only connection to the Pacific Ocean is
through the narrow and shallow Bering Strait. Multiyear sea ice was observed flowing south through Bering
Strait out of the Arctic Ocean during the winter of 2011-2012 (Babb et al., 2013), and Woodgate et al. (2005)
observed flow to the south under northerly winds. However, in general, the flow through Bering Strait is to
the north, into the Arctic Ocean, driven by the meridional sea level gradient (Coachman & Aagaard, 1966;
Aagaard et al., 2006). This inflow has been observed since 1990 by a year-round mooring array (Woodgate,
2018). Historical measurements pointed to a mean inflow of 0.8 Sv (Woodgate & Aagaard, 2005; Woodgate
et al., 2005, 2006), although more recent observations show a long-term increase of 0.01 Sv/year, leading to
an observed maximum of 1.2 Sv in 2014 (Woodgate, 2018). These same observations also indicate significant
seasonal and interannual variability (Woodgate, 2018). The increasing strength of the inflow has also led to
increases in the heat and freshwater transports into the Arctic Ocean, with these fluxes reaching maxima of
5.5 x 10%°J and ~3,500 km? in 2014 (Woodgate, 2018). Thus, Pacific Water (PW) plays a major role in setting
and defining the structure of the halocline, especially in the Canada Basin (Bauch et al., 1995; Woodgate
& Aagaard, 2005) as well as being the second largest source of freshwater to the Arctic Ocean (Carmack
etal., 2016). The heat inflowing with the PW may trigger seasonal sea ice melt (Serreze et al., 2016; Shimada
et al., 2006; Woodgate et al., 2006, 2010) as well as playing a role in the recent loss of sea ice in the western
Arctic (e.g., Brugler et al., 2014). The PW is also rich in nutrients and thus important to the ecosystems and
productivity along the western Arctic shelf (Coachman et al., 1975; Grebmeier et al., 2006; Tsubouchi et al.,
2013), but also leads to acidification (Cross et al., 2018).

PW first enters the Arctic in the Chukchi Sea, where it generally follows three main flow branches (Spall
et al., 2018). There is more uncertainty about how PW then gets off the shelf. Most studies indicate
that important pathways of this export are through Herald Canyon, Central Channel, and Alaskan Coast,

HU ET AL.

PACIFIC WATER PATHWAY 6414


http://publications.agu.org/journals/
https://orcid.org/0000-0001-5925-7634
https://orcid.org/0000-0003-4514-2654
http://dx.doi.org/10.1029/2019JC015111
https://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2169-9291.FAMOS2
http://dx.doi.org/10.1029/2019JC015111
https://doi.org/10.1029/2019JC015111
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2019JC015111&domain=pdf&date_stamp=2019-08-31

~1
AGU

100

DVANCING EAR
AND SPACESCl

Journal of Geophysical Research: Oceans 10.1029/2019JC015111

180°W 150°E 120°E 90°E
650N Pacific

ANHA12
Horiz. Res

150°W

120°W

Greenland

3.0

90°W 60°W  30°W
Figure 1. ANHA12 mesh grid (every tenth grid point) and horizontal resolution (colors, unit: kilometers) in the Arctic
region (thick black box highlighted in the ANHA12 domain shown in inset with a different color scale for the
horizontal resolution). Arrows show the schematic ocean circulation (light blue: Pacific inflow and Arctic Ocean
surface circulation; red: inflow and circulation of Atlantic Water). The black straight lines show the main gateways
(BS = Bering Strait; NS = Nares Strait; FS = Fram Strait; BSO = Barents Sea Opening). The black star represents the
location of the North Pole. AHNA = Arctic Ocean and the Northern Hemisphere Atlantic.

although the relative importance of each route is still up for debate (Brugler et al., 2014; Gong & Pickart,
2015; Itoh et al., 2012, 2013; Pickart et al., 2016; Spall et al., 2018; Weingartner et al., 2017; Woodgate &
Aagaard, 2005). It has also been suggested that there is exchange of PW directly across the Chukchi shelf
break by either wind-driven or eddy processes (Timmermans et al., 2017) although a modeling study by
Spall et al. (2008) suggested that the eddies only fluxed tracer, but not mass, across the shelf. A complication
may be that Mizobata et al. (2016) suggested from a tracer experiment that the pathway of PW offshore can
be altered by changes in the shape and structure of the Beaufort Gyre (BG). That said, a more recent study
using a high-resolution numerical model suggests that advection through Barrow Canyon dominates and is
the main source of PW to the offshore Canada Basin (Spall et al., 2018).

Many of the studies of PW pathways within the Arctic Ocean have used chemical tracers (e.g., Broecker et al.,
1998; Jones & Anderson, 1986) and nutrients. Jones et al. (1998) showed that the ratio of nitrate to phosphate
could distinguish Pacific versus Atlantic origin waters. Using this approach, it was shown that PW was the
major source of freshwater to the Canada Basin (Carmack et al., 2008; Jones et al., 2008; Yamamoto-Kawai
et al., 2008). Additionally, Jones et al. (1998) found two pathways of PW from the Chukchi Plateau: (1)
a coastal branch flowing eastward along the Alaskan coast to feed into the Canadian Arctic Archipelago
(CAA) and (2) a central Arctic branch entering the deep basin along the Mendeleev Ridge, recirculating
in the Canada and Makarov Basins before being transported in the Transpolar Drift toward the north of
Greenland and Fram Strait. Jones et al. (2008) showed that much of the deeper PW followed the second
route. Steele et al. (2004) discussed these two pathways for PW and pointed that both pathways were observed
when the Arctic Oscillation index is high, while the majority of the PW is entrained into the BG when the
Arctic Oscillation index is low. Meanwhile, Alkire et al. (2007) suggested that interannual variability in the
position of the Transpolar Drift controlled variations in PW in the central Arctic. Lique et al. (2010), using
a Lagrangian analysis based on a numerical model, found similar patterns to Steele et al. (2004) but with
most of PW leaving the Arctic via the CAA. Yet PW has been detected in multiple studies in Fram Strait (e.g.,
Alkire et al., 2010; Dodd et al., 2009, 2012).
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Aksenov et al. (2016) investigated PW pathways using a suite of numerical models, as part of a Forum for
Arctic Modelling and Observational Synthesis coordinated experiment. They suggested links between the
pathways out of the Chukchi Sea and the resulting fate of PW. This includes Barrow Canyon feeding the
Alaskan shelf, CAA and the Baffin Bay and Herald Canyon water feeding the Transpolar Drift and eventually
Fram Strait, while water from the central Chukchi Sea fed the BG. They also suggested that the winds,
through Ekman pumping, drives the seasonal and interannual variability of these pathways.

The largest freshwater storage in the Arctic Ocean is within the BG, which is a function of strong Ekman
pumping associated with the Arctic high (Proshutinsky et al., 2009). The same paper (Proshutinsky et al.,
2009) documents a significant change in freshwater content (FWC) in the 1990s associated with an atmo-
spheric regime shift, leading to a strong positive trend in freshwater over 2003-2007. The increase was part
of an overall Arctic Ocean increase of freshwater of 600 + 300 km?/year between 1992 and 2012 (Rabe et al.,
2014), with largest increases in the Canada Basin and BG (Rabe et al., 2011). Despite this increase, the
meteoric water content of the Arctic Ocean was in a near balance over 2003-2008 (Alkire et al., 2017). The
increases in the BG were associated with shifts in freshwater pathways and a decrease in the FWC of the
Eurasian Basin (Morison et al., 2012). Wang et al. (2018) pointed out that Arctic sea ice decline significantly
contributed to the BG reaching its presently unprecedented levels of FWC. Using satellite radar altimetry
and Gravity Recovery and Climate Experiment data, Armitage et al. (2016) showed a doming of dynamic
ocean topography in the Beaufort Sea, with a concurrent increase in sea surface height (SSH) and fresh-
water. Armitage et al. (2017) found an increase in geostrophic currents over the same period, especially in
summer. In particular, Armitage et al. (2017) observed a more than doubling of the northwestward current
in the southwest BG, linked to a shifting of the circulation of the gyre to the northwest. Regan et al. (2019)
used the SSH fields developed by Armitage et al. (2016, 2017) to show that the gyre expanded to the north-
west, approaching the Chukchi Plateau and Mendeleev Ridge between 2003 and 2014, with the gyre strength
responding to the atmospheric forcing, although Zhang et al. (2016) suggested that the BG has stabilized
since 2008, including a leveling of SSH.

Yanget al. (2016) examined the dynamics of the BG using a nonlinear wind-driven two-layer model, showing
that the BG differs from lower latitude gyres because of the small size of f and the absence of a western
boundary (although subsurface topography may partially substitute for this boundary). Additionally, Yang
et al. (2016) showed that the main balance of the time mean circulation is between the curl of the wind stress
and eddy fluxes. Both Manucharyan and Spall (2016) and Meneghello et al. (2017) showed that mesoscale
eddies control variations in FWC by opposing the tendency of the Ekman pumping to deepen the halocline.
Based on ice-tethered profiler data, Zhao et al. (2016) showed that the greatest numbers of eddies were
along the south and western boundaries of the BG, with the number of lower halocline eddies reaching a
maximum in 2013-2014. Manucharyan et al. (2016) developed a theory for the BG, showing that mesoscale
eddy diffusivity controls gyre stability. Thus, on interannual and longer time scale, Ekman pumping and
eddy fluxes equally control variations in FWC (Manucharyan et al., 2016), but with significant changes in
the FWC only possible through significant changes in the Ekman pumping.

Hu and Myers (2013) presented two major routes for PW to transit and then exit the Arctic Ocean, via the
Transpolar Drift and Fram Strait, or through the CAA. They then suggested that when the BG was strong and
deep, the water that entered the CAA came from the Transpolar Drift, but during periods with a weakened
BG, PW was able to follow the Alaskan Shelf to the CAA. In other words, Hu and Myers (2013) stated that
the spatial distribution of the freshwater within the Canada Basin sets the pathways for PW. However, it
could be argued that the study of Hu and Myers (2013) has several major limitations. These include the
following: (1) It was based on a relatively coarse resolution 1/4° simulation; (2) monthly model velocity fields
were used for off-line Lagrangian particle tracking, which involves temporal interpolation and subgrid-scale
processes (i.e., mixing and diffusion) not included in the Lagrangian tracking process; (3) forcing was based
on climatology, assuming each freshwater state can last 10 or more years without any interannual variability.
Thus, it was more an idealized study. Thus, we wish to go back and reexamine the analysis of Hu and Myers
(2013) in a more realistic study. A reexamination also makes sense in the context that in recent years, FWC
in the Beaufort Sea has been increasing (e.g., Proshutinsky et al., 2009). This provides a perfect opportunity
to study PW pathway in a high FWC situation including the interannual variability.

This paper starts with a brief description of the simulation set (horizontal resolution of 1/4° and 1/12°,
respectively) and passive tracer design in the next section. In section 3, first, the PW pathway revealed by pas-
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sive tracer is presented and the difference in the simulated pathway is related to the difference in FWC. Then,
we focus on the simulated FWC time series in the BG as well as a budget analysis from the 1/12° simulation.
After that, the causes of BG FWC differences between the two simulations are investigated. A summary and
discussion are given in section 4.

2. Methods

2.1. Numerical Model Description

In this study, the coupled ocean and sea ice system is based on the Nucleus for European Modeling of the
Ocean (available at https://www.nemo-ocean.eu) Version 3.4 (Madec & the NEMO team, 2008). The sea ice
module used here is the Louvain-la-Neuve sea Ice Model Version 2 with an elastic-viscous-plastic rheology
(Hunke & Dukowicz, 1997), including both thermodynamic and dynamic components (Bouillon et al., 2009;
Carmack et al., 2008; Fichefet & Maqueda, 1997).

The entire model domain covers the Arctic Ocean and the Northern Hemisphere Atlantic (ANHA) with two
open boundaries, one close to Bering Strait in the Pacific Ocean and the other one at 20° S across the Atlantic
Ocean (Figure 1, inset). Model grids with two horizontal resolutions are set up: One is nominal 1/4° in longi-
tude/latitude (hereafter ANHA4), and the other one is 1/12° (hereafter ANHA12), which are extracted from
the corresponding global tripolar ORCA (Madec & Imbard, 1996) grids, ORCA025 and ORCA12, respec-
tively, created by the Drakkar Group (2007). Benefiting from the tripolar grid, ANHA12 has a horizontal grid
spacing of less than 4.5 km in most regions in the Arctic Ocean (Figure 1), while it is ~12km in ANHA4. In
the vertical, there are 50 geopotential levels with higher resolution focused on the upper ocean. Layer thick-
ness smoothly transitions from ~1 m at the surface (22 levels for the top 100 m) to 458 m at the last level.
Partial steps (Barnier et al., 2006) are enabled to better resolve the seafloor.

In the ocean module, (1) the vector form energy-enstrophy conserving scheme is used for the horizontal
momentum advection. Momentum lateral diffusion is calculated by the bi-Laplacian formulation with the
maximum horizontal eddy viscosity set to —1.0x 10’ m*/s and —1.0 x 10*! m*/s for ANHA12 and ANHA4,
respectively. In space, the horizontal viscosity varies proportionally to the cube of the grid size; (2) the total
variation dissipation scheme (Lévy et al., 2001) is used for the horizontal tracer advection. Tracer lateral
diffusivity is based on an iso-neutral Laplacian operator. The horizontal tracer diffusivity is proportional to
the grid size with an upper limit of 50.0 m?/s for ANHA12 and 300.0 m?/s for ANHA4; (3) 1.5-order turbulent
kinetic energy closure scheme is used for vertical mixing with the background turbulent kinetic energy
set to 1 X 1078 m?/s2. The background vertical eddy viscosity and diffusivity are set to 1 x 10~* m?/s and
1 X 107> m?/s, respectively, for both ANHA4 and ANHA12. Note that the GentMcWilliams parameterization
(Gent & McWilliams, 1990) is not used in either simulation. The model time step is 180 s for ANHA12 and
1,080 s for ANHA4.

The simulations are integrated from 1 January 2002 to 31 December 2016. Initial conditions, including
three-dimensional (3-D) ocean fields (temperature, salinity, zonal velocity, and meridional velocity) as
well as two-dimensional SSH and sea ice fields (concentration and thickness) are interpolated from the
1/4° GLobal Ocean ReanalYsis and Simulations (GLORYS2v3) produced by Mercator Ocean (Masina et al.,
2017). GLORYS2v3 product is also used to provide monthly open boundary conditions (temperature, salinity,
and horizontal ocean velocities).

To have a more realistic freshwater from the continent into the ocean, the interannual monthly 1° x 1° river
discharge data from Dai et al. (2009) as well as the Greenland meltwater data (5km x 5km) provided by
Bamber et al. (2012) were carefully (volume conserved) remapped onto the model grid. The original data
sets do not cover the whole study period; that is, Dai et al. (2009) end by 2007, and Bamber et al. (2012)
end by 2010. The source data from the last year are repeated for rest years in each simulation. Note that the
runoff from Dai et al. (2009) in 2007 is actually the 5-year average values from October 1999 to September
2004. The trend in Greenland meltwater after 2010 is also relatively flat based on the recently updated results
from Bamber et al. (2018).

At the surface, the model is driven with high temporal (hourly) and spatial resolution (33 km) atmospheric
forcing data from the Canadian Meteorological Centre Global Deterministic Prediction System ReForecasts
data set (Smith et al., 2014), including 10-m winds, 2-m air temperature and specific humidity, shortwave
and longwave radiation fluxes, and total precipitation. The high-resolution atmospheric forcing data set does
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not go back very far from the present day; thus, our simulation is constrained to a relatively short period of
January 2002 to December 2016.

No temperature or salinity restoring is enabled in both the simulations used in this study; thus, the model can
evolve freely and better represent the physical processes. Model adjustment is not assessed while a previous
study using a similar configuration (Roy et al., 2015) suggested that the adjustment period is about 3 years
for a study focusing on the upper Arctic Ocean. Tides are not included in our simulations; thus, any impact
from the tides is not covered in this study.

2.2. Passive Tracer Design

To trace PW flowing into the Arctic Ocean, a passive tracer is added along a section across Bering Strait
since the beginning of our simulations, that is, 1 January 2002, using the NEMO-TOP module (Aumont
et al., 2015). The passive tracer concentration (C) is assigned at T points in the Arakawa C grid (Mesinger &
Arakawa, 1976) along the selected section and updated every time step with an increment AC proportional
to the volume flux:

_ V-elv-edv

= —— _dt, 1
elt - e2t - e3t ®

where dt is model time step (unit: s), v is the normal to section velocity (meridional velocity in our case, unit:
m/s), elv is the along-section grid size (at V point, unit: m), and e3v is the cell thickness (at V point, unit:
m); similarly, elt, e2t, and e3¢ are the grid sizes but at T point. Thus, AC is a unitless quantity.

In addition, only the water mass flowing into the Arctic Ocean direction is tagged. No additional criteria,
for example, temperature/salinity ranges, are applied here. The return flow or eddies can lead PW to be
retagged. It is ignored in this study for the simplicity of tracer design.

—_
To better show the pathway of PW, vertical integrated tracer concentration flux vector, UC ﬂx(x, y) from depth
Z =Z,t0z =z, is defined as

2

UC(x,y) = / Cx, 7,2 U(x, y,2)dz, @)

%

N
where C(x,y, z) is the concentration of passive tracer and U(x, y, z) is the horizontal velocity vector. In this
study, z, is set to the depth of 200 m, and z; is set to the surface, unless otherwise stated.

2.3. Oceanic Freshwater-Related Calculations
Following Aagaard and Carmack (1989) and Serreze et al. (2006), the FWC (unit: m) is defined as

05, . -8
FWC = / " g, 3)
2 ref

where S, is the reference salinity and S is the simulated 3-D salinity field. S, is set to 34.8 in this study. z,
is the lower interface of integration, and it could be a constant value (e.g., a fixed 200-m depth) or a isohaline
interface (e.g., 34.8 isohaline).

If the FWC is integrated over a horizontal area (A), it results in the volume of freshwater or freshwater storage
(FW.

storage):
FWeorage = é[ FWCdA )
A

The rate of freshwater volume, that is, freshwater flux (FWﬂmec), passing through a section is defined as

L a Sref -S
FW fisec = / / < Undzdl. )
0 20 ref

where U, is the velocity perpendicular to the section and L is the length of the section. The accumulated
(integrated over time) freshwater flux, namely, freshwater transport, is to measure the change of freshwater
volume caused by the lateral flow over a certain period.
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The ocean surface stress, a combination of wind-ocean stress and ice-ocean stress (e.g., Yang, 2006), along
a section can lead to cross-section volume flux, namely, Ekman transport (ET )

ET, = / " Tatong (6)
ekman 0 pof ’

where 7,,,, is the along-section component of ocean surface stress, f is the Coriolis parameter, and
po =1,035kg/m? is seawater density (note that a constant value leads to only few percentages differences in
the calculation compared to a temporal-variable value). A positive value means that the flow travels from
left to right of the section.

Similarly, the Ekman-induced freshwater flux (FW,,,,,,) can be calculated as follows:

kman
LS, —Sg ©
FWekman =/ ref Ek ‘“along dl, (7)
0 Sref pOf

where S, is the mean salinity within the Ekman layer. A constant Ekman depth of 20 m is assumed here as
Yang (2006).

3. Results

3.1. PW Pathways and FWC Spatial Distribution

Once PW passes the Bering Strait, it takes about 1 year to travel through the Chukchi Sea and about a total
of about 7 years to flow out of the Arctic Ocean (Hu & Myers, 2013). The passive tracer in the first few years
can be used to show the propagation of PW but should not be considered to show its mean circulation in the
Arctic Ocean. Thus, the vertical integrated PW passive tracer concentration flux vectors (equation (2)) over
2010 to 2014 are considered here (arrows in Figure 2). The last 2 years are not considered here because the
FWC seems to be in a different state from the previous 5 years (more details discussed in later sections).

It is clear that PW circulation in the Arctic Ocean is dominated by a basin-scale anticyclonic circulation
(Figures 2a and 2b). This circulation pattern is bounded by the Transpolar Drift to the north, the CAA to the
east, and Alaskan coast to the south, covering a much larger area than the traditional BG region. When PW
travels through the Chukchi Sea, it turns right generally (1) along the Alaskan coast and (2) toward the north-
ern/northeastern Chukchi Sea shelf. Note the majority of PW along the former route eventually enters the
deep basin and turns to the left, merging into the large-scale anticyclonic circulation. High concentrations
of PW can enter the deep basin via Barrow Canyon (e.g., Figures 2a-2d), which is consistent with previous
observations (e.g., Itoh et al., 2013; Weingartner et al., 2017) and modeling studies (e.g., Watanabe, 2011).

Along the shallow Alaskan coast route, PW is always present, but the amount is much smaller compared to
the total PW entering the Arctic Ocean. PW also joins the large-scale anticyclonic circulation after passing
the northern/northeastern Chukchi Sea shelf along the second route.

The general features of PW circulation in the Arctic Ocean from the two simulations are similar (Figures 2a
and 2b). PW flowing out of the Arctic Ocean, either via Fram Strait, Nares Strait, or the CAA channels, is
mainly through the Transpolar Drift. It also shows that PW entering the CAA through the gates along the
northern coast is mainly the return flow of the Transpolar Drift. This means that the age of PW found within
the CAA will be relatively older (Hu & Myers, 2013). However, the higher-resolution simulation (ANHA12)
tends to generate a stronger and tighter circulation in a more round shape within the BG. It also shows that
PW can flow further westward, beyond 180° E line to the north of Chukchi Sea (Figure 2b), which is related
to an expansion of the BG since 2013 (discussed in section 3.3).

Same as Hu and Myers (2013), the boundary of PW along the Transpolar Drift route matches the FWC
contour (7-8 m, light blue). FWC here is defined with a reference salinity of 34.8 and integrated from the
surface to the 34.8 isohaline interface. On one hand, it suggests that the spatial distribution of the freshwater
in the Arctic Ocean deep basin is associated with the spreading of PW (Figures 2c and 2e; Figures 2d and
2f). On the other hand, it shows that a certain portion of PW never accumulates within the interior of the
BG, implying that the changes in FWC are not directly caused by PW. Previous studies also identified other
processes that can influence the BG FWC, such as atmospheric circulation or ice melting (e.g., Roy et al.,
2015; Wang et al., 2018). As a result, it can affect the pathway of PW in the Arctic Ocean (Hu & Myers, 2013;
Mizobata et al., 2016).
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Figure 2. Top row: the vertical integrated Pacific Water tracer flux vectors (arrows, unit: m?/s) averaged over 2010-2014 in ANHA4 (a) and ANHA12 (b). Colors
show the freshwater content (unit: m) integrated from surface to 34.8 isohaline surface. Middle row: “snapshot” of freshwater content computed using the
model output on 29 July 2008 in ANHA4 (c) and ANHA12 (d). Bottom row: spatial distribution of Pacific Water tracer concentration at the depth of 90 m on 29
July 2008 in ANHAA4 (e) and ANHA12 (d). White (black) polygon in each figure shows the location of the Beaufort Gyre region in later calculations.

ANHA = Arctic Ocean and the Northern Hemisphere Atlantic.
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Figure 3. Annual mean Pacific Water tracer concentration along the 150° W section (black solid line shown in the inserted map) from ANHA4 (left column)
and ANHAI12 (right column) in the years of 2006 (top), 2011 (middle), and 2016 (bottom). Note that these plots are mainly used to present to what depth the
Pacific Water can reach. The difference between the two simulations should be considered with caution because the horizontal shifting of the Pacific Water
path can result in a large difference in tracer concentration along a single section. ANHA = Arctic Ocean and the Northern Hemisphere Atlantic.

3.2. PW Tracer Along 150° W Section

To show the vertical distribution of PW in the Arctic Ocean, the passive tracer concentration along the
150° W section is presented in Figure 3. The annual means of 2006, 2011, and 2016 are chosen to show
the evolution of PW tracer in time. It suggests that PW passing through Bering Strait in 2002 has reached the
North Pole by the end of 2006 (Figures 3a and 3b), meaning a travel time of less than 5 years. A discontinuity
occurs around 80° N, related to the wavy pathway of PW (Figure 2).

In the vertical, PW mainly stays within the upper 200-m layer. The deepest penetration of PW is found along
the Alaskan shelf break (Figures 3e and 3f). The core of PW along the Transpolar Drift is shallower than
100 m. A northward shoaling of PW layer is likely to be present (Figures 3e and 3f) but may have significant
interannual variability.

Significantly differences in PW along this section between ANHA4 and ANHA12 are developed in later years
(Figures 3c to 3f). ANHA4 obtains larger year-to-year variations (Figures 3a, 3c, and 3e), while ANHA12
obtains a relatively stable pattern with tracer gradually penetrating deeper in the BG (up to 80° N) and prop-
agating northward (Figures 3b, 3d, and 3f), but not necessarily along the 150° W section. This is the result
of a combination of differences in travel time and spatial spreading in the two simulations. The difference
in spatial spreading is also evidenced in a “snapshot” of PW passive tracer distribution at 90 m on 29 July
2008 (Figures 2e and 2f).

3.3. FWC Variation in the Upper 200 m of the BG

As the freshwater storage within the BG plays an important role in Arctic Ocean circulation, particularly in
the upper ocean, a freshwater budget within the BG is analyzed in detail here. Following Proshutinsky et al.
(2009) and Krishfield et al. (2014), the BG region is defined as an area bounded by two meridians (170° W
and 130° W) and two parallels (70° N and 80° N) with a water depth deeper than 300 m (Figure 4).

Figure 5 shows the spatial averaged BG FWC (integrated from surface to the 34.8 isohaline) produced by
ANHA4, ANHA12, and the summertime observations obtained from the Beaufort Gyre Exploration Project
website (http://www.whoi.edu/website/beaufortgyre). More details about the observations are described in
Proshutinsky et al. (2009). The two simulations produce a similar seasonal cycle. Usually, the annual peak
is in fall, that is, late October to early December; however, more recently, it occurs earlier after 2009, for
example, up to the beginning of September in 2012. The annual minimum is in mid-May to early June.
The interannual variation is very similar in both ANHA4 and ANHA12 until the end of 2007, and ANHA4
fails to maintain a high FWC state after that. ANHA12 reproduces a similar interannual variation as the
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integrated from surface to 200-m depth). ANHA = Arctic Ocean and the Northern Hemisphere Atlantic.

0

observations, with high accumulation events in 2004/2005, 2007/2008, and recent years in 2014, 2015, and
2016, and strong release events in 2012-2013. However, the simulated interannual variation is weaker than
the observed, similar to another numerical study by Wang et al. (2018). It is worth noting that although
ANHA4 has a lower mean BG FWC, it still obtains a similar increasing trend since 2014. This suggests that
both ANHA12 and ANHA4 include common physical processes for the variations of FWC.

In both simulations, the lower BG FWC can be partly attributed to the lower freshwater state in the initial
condition derived from the GLORYS2v3 product. Another possible reason is that both simulations overesti-
mate the sea ice. Both Roy et al. (2015) and Wang et al. (2018) found that sea ice melting, locally and outside
of the BG, can significantly increase the liquid freshwater accumulated in the BG. In our case, both ANHA4
and ANHA12 produce more than observed sea ice (concentration and thickness) in the BG (Figures S1-S4).
While ANHA12 captures a reasonable depth of isohalines (i.e., 32.5 and 33.1) and their main interannual
variations (Figures S7-S9), a positive salinity bias is found in the near surface layer at Site D (Figure S9). In
addition, in our simulations, the warm temperature signal in the Atlantic Water layer is not as strong as the

244

22

£ 20

18

16

BG Freshwater Content -|— _|_ -|-

T

| — Observation—— ANHA12 — ANHA4|

[ 11

L

144+——
2002 2003

T
2004

— T T — T T
2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Figure 5. Observed (black, error bar showing the root-mean-square error) and simulated (red: ANHA12; blue: ANHA4) freshwater content (FWC; unit: m)
averaged over the Beaufort Gyre (BG) region (Figure 4). The modeled FWC is 5-day averaged, while the observation is for summertime only. The FWC is
calculated from integration through surface to 34.8 isohaline, relative to a reference salinity of 34.8. Details about the observation and error estimate can be
found in Proshutinsky et al. (2009). ANHA = Arctic Ocean and the Northern Hemisphere Atlantic.

HU ET AL.

PACIFIC WATER PATHWAY 6422



) .¥edl!

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1029/2019JC015111

observed and is fading out as the integration moves forward. This is largely caused by the bias in the initial
condition and the overestimation of sea ice. The coarse vertical resolution (greater than 50 m below 266 m)
may also impact the simulation of the Atlantic Water layer. One other possible cause is problems in verti-
cal mixing, both physical and numerical. Previous studies have demonstrated the impacts of vertical mixing
parameterization on the BG FWC (Zhang & Steele, 2007) and the Atlantic Water layer (Golubeva & Platov,
2007). Finally, at the end of the summary section, we point out that FWC bias may also be related to model's
insufficient resolution to resolve eddies.

Further model improvements are needed in the future to reduce model bias. It should be noted that ANHA12
generally captures the observed SSH patterns and interannual variation (Figures S5-S6), at least prior to
2010. In addition, ANHA4 and ANHA12 both contain bias in the initial condition and overestimate sea ice,
but the focus of our analysis is on the difference between the two solutions.

3.4. Budget Analysis of the BG FWC

Next we analyze the budget of the BG freshwater, with the FWC calculated for the upper 200 m (Figure 6a),
instead of from the surface to 34.8 isohaline (Figure 5). With this fixed control volume, the FWC variations
are caused by three main components: surface freshwater processes (precipitation minus evaporation and ice
melting/freezing), lateral advection, and vertical advection through the bottom interface. The contribution
from lateral and vertical mixing is estimated to be small. The deepening or shoaling of the isohaline can be
inferred from the third term.

Focusing on the peak-to-peak seasonal cycle in ANHA12, the seasonality of the BG FWC is dominated by the
surface freshwater process (Figure 6b, red), mainly caused by ice formation and melting. The accumulated
contribution of this term is usually close to zero, except in 2008, 2012, and 2015. On the interannual scale, the
FWC variation is mainly due to lateral advection (Figure 6c, green bars). Freshwater accumulation events (in
2004, 2005, 2007, and 2016) are associated with a large positive lateral inflow of freshwater. Lateral advection
can also function as a freshwater sink, for example, in 2006 and 2013.

In general, the lateral advection and vertical advection at the bottom interface contribute oppositely to the
upper layer freshwater storage; that is, the import of freshwater due to lateral advection corresponds to
downward transport through the bottom interface (e.g., in 2004, 2007, and 2016), and vice versa (e.g., in
2006). In the former case, the lateral FW input is usually larger than the release at the bottom. Thus, lateral
advection not only leads to freshening in the upper layer but also provides the freshwater exported from the
upper layer into the deep layer, resulting in the sublayer freshening. In the latter case, however, the upward
transport of freshwater rarely happens. The event in 2008 is uncommon, as the upper layer loses freshwater
through both lateral advection and saltier water imported from the sublayer.

Figure 6d shows the contribution of total lateral advection decomposed into four sections (south, west, north,
and east; Figure 4). The southern section is always a freshwater source for the BG during the whole simula-
tion period. The most pronounced event occurs in 2007 when a significant amount of freshwater is advected
into the BG in fall, leading the BG freshwater storage to be in a remarkable high stage. Further analysis
(Figure 7) shows that this advection event is attributed to the wind-induced Ekman transport, particularly
through the southern section. Similar cases are found in 2014, 2015, and 2016 (Figures 6d and 7b). About
30-50% of the freshwater flux through the southern section can be explained by Ekman transport when
strong freshwater input events happen there, for example, 58 mSv of 114 mSv in 2007, 21 mSv of 75 mSv in
2015, 26 mSv of 83 mSv in 2015, and 35 mSv of 67 mSv in 2016.

Freshwater flowing into the BG via the western section is much smaller than that via the southern section
(Figure 6d). However, since 2013, a considerable amount of freshwater is exported out of the BG through
the western section. Most freshwater released from the BG is through the northern section and then joins
the Transpolar Drift. Interestingly, advection at the eastern section is an important source for the BG FWC,
which corresponds to the return flow of the large-scale anticyclonic circulation. This component is partic-
ularly significant after 2007. As a whole, although the BG FWC is always in a high state after 2007, two
freshwater release events are simulated in ANHA12: One occurs over 2008-2012 from the northern section,
and the other one occurs after 2013 through the westward expansion of the BG. The westward expansion
is consistent with PW pathway in Figure 2b. In a previous study, Mizobata et al. (2016) also found more
Pacific-origin water transported westward during 2013/2014.
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Figure 6. (a) Freshwater storage (unit: km?) of the upper 200 m within the Beaufort Gyre (BG) region (polygon defined
in Figure 4) in ANHA12 (red) and ANHA4 (blue). Dashed lines and shadings highlight the seasons (from the
maximum value to the maximum in the following year) with large freshwater change. (b) Seasonal changes of
freshwater storage (blue, unit: km3) and the contributions due to lateral advection (green), surface dilution/distillation
(red), and vertical advection at bottom (200 m, black) in ANHA12. Each term is the accumulated freshwater flux over
the BG freshwater storage peak-to-peak period in Figure 6a. (c) Similar to (b) but on an annual basis. (d) Contribution
of lateral freshwater flux (unit: mSv, 1 mSv= 103 m3/s~ 31.5 km3/year) through each BG section (defined in Figure 4).
The color scheme is blue for the south, green for the west, red for the north, and black for the east. ANHA = Arctic
Ocean and the Northern Hemisphere Atlantic; FWC = freshwater content.

Figure 8 shows the accumulated difference in the BG freshwater storage between ANHA12 and ANHA4.
Starting from 2002, the discrepancy gradually increases to ~300 km? at the end of 2004 and maintains this
level till the fall of 2006. After that, the discrepancy rapidly increase to ~670 km? at the beginning of 2008
and to ~1,800 km? by the end of 2012 and falls back to ~1,260 km? at the end of 2016 (Figures 6a and 8). The
discrepancy can be mainly attributed to the differences in lateral advection (Figure 8). Differences in the
accumulated surface fluxes and vertical advection through the bottom interface are much smaller. The small
difference in the surface freshwater input is due to the similar ice formation/melting in the two simulations.
Hu et al. (2018) previously found that model horizontal resolution at such scales only plays a small role in
sea ice simulation.

The lateral freshwater input due to Ekman transport between the two simulations shows small difference
prior to 2009 (Figure 8), hence is not the cause of the BG FWC discrepancy during this period. Since 2009,
ANHAA4 obtains significantly more freshwater into the BG due to the Ekman component, mainly through the
souther section (Figures 7 and 8). This is opposite to the trend of more freshwater accumulation in ANHA12
than in ANHA4. Hence, the discrepancy in the Ekman component is the consequence, rather than the
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ANHA12 (bars) and ANHA4 (plus-sign markers). The color scheme is blue for the south, green for the west, red for the
north, and black for the east. The fluxes are averaged over each Beaufort Gyre freshwater storage peak-to-peak period
each year (shown in Figure 6a). ANHA = Arctic Ocean and the Northern Hemisphere Atlantic; FW = freshwater.
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Figure 8. Accumulated differences (ANHA12 minus ANHA4) in the Beaufort Gyre FWC (blue) due to lateral
freshwater flux (green), surface dilution/distillation (red), and vertical advection at bottom (200 m, black) from 1
January 2002. The dashed blue line represents the accumulated freshwater difference induced by the Ekman transport.
It is included for comparison but not a part of the freshwater budget analysis. ANHA = Arctic Ocean and the Northern
Hemisphere Atlantic; FWC = freshwater content.

cause of the BG FWC discrepancy between the two simulations. The non-Ekman component of the lateral
freshwater transport is the primary reason of more freshwater accumulated within the BG in ANHA12.

Difference in horizontal freshwater advection through each section of the BG is also analyzed (figures not
shown). Basically, it is found that the larger lateral freshwater advection in ANHA12 is related to the tighter
and stronger BG, which leads to less freshwater exported via the northern section and more freshwater
imported through the eastern section. Lateral advection through the southern section actually plays an oppo-
site role, that is, less freshwater into the interior from this section in ANHA12 compared to ANHA4. This
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is consistent with the Ekman transport analysis (Figure 7). ANHA12 obtains a rapid increase of freshwater
release from the western section after 2012, associated with the westward extension of the BG (Figure 6d).

3.5. Difference in the Lateral Freshwater Flux Due to Slow-Varying Circulation and Eddies
Consistent with the analysis of lateral freshwater flux, PW tracer flux vectors (Figures 2a and 2b) also show
a tighter and stronger BG in ANHA12. This raises the question to answer: Why can ANHA12 produce an
intensified anticyclonic circulation that leads to less export of freshwater through the northern section and
more import through the eastern section of the BG? To answer this question, we need to differentiate roles
played by mean circulation and eddies.

The total lateral freshwater flux is decomposed into the slow-varying and fast-varying (eddy) components.
The two components are computed according to equation (5) but using S, U,,, and s, U,.Here Sand U, are
decomposed into S = S+ §', U, = U, + U/, where S and U, denote the 3-month running mean and S and
U’ represent the residual.

Prior to 2005, the two simulations show small differences in the slow-varying and eddy components of the
lateral freshwater flux (Figure 9). Overall, the eddy component in ANHA12 contributes more to the BG
freshwater accumulation than in ANHA4. This can be attributed to stronger eddy activities resolved by
ANHA12. Figure 10 shows the upper 200-m layer eddy kinetic energy (EKE) during June 2004 to December
2004 for the two simulations. EKE here is also calculated using velocity fluctuations obtained with a 3-month
running mean. ANHA12 obtains higher EKE band around the boundary of BG and also in the interior.

Starting from 2005, ANHA12 obtains more input of the BG freshwater due to the slow-varying component,
and more lateral release of freshwater due to eddies. During this period, EKE around the boundary of the
BG is still larger in ANHA12 than in ANHA4 (figure not shown). It is very interesting to note that the
significantly more freshwater accumulated in the BG in ANHA12 is due to the difference in lateral input
by slow-varying motion, instead of due to the difference in the eddy component prior to 2005. This time
evolution of eddy effects may suggest that the model is undergoing spin-up from the initial state. On the
other hand, it also suggests the importance to resolve eddies in modeling the BG FWC variability.

The ability of large-scale ocean numerical models to resolve eddies can be estimated by comparing model
horizontal resolution with the first baroclinic Rossby deformation radius (R,; Chelton et al., 1998; Nurser &
Bacon, 2014). R, is defined as the vertical integral of buoyancy frequency (V) scaled by |f] * z (equations
4 and 5 in Nurser & Bacon, 2014). The software package of CDFTOOLS (https://github.com/meom-group/
CDFTOOLS) is used to perform the calculation.
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Figure 9. Difference (ANHA12 minus ANHA4) in the accumulated total (gray), slow-varying (dashed blue), and eddy
(red) components of lateral freshwater flux (unit: km?) along the boundary of the Beaufort Gyre region (defined in
Figure 4) over the top 200-m layer. ANHA = Arctic Ocean and the Northern Hemisphere Atlantic.
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Figure 10. Upper 200-m eddy kinetic energy (unit: cm?/s?) averaged over June to December in 2004 for ANHA4 (a)
and ANHA12 (b). ANHA = Arctic Ocean and the Northern Hemisphere Atlantic.

To resolve an eddy, at least two grid points per eddy radius are required. Here the “effective grid spacing” is
defined as the grid-diagonal distance following Hallberg (2013):

= Velt2 + e2t?, (8)

where elt and e2t are model grid size in zonal and meridional direction, respectively. The ratio of R to I is
presented in Figure 11 (a for ANHA4 and b for ANHA12) over the same period as the EKE analysis. In this
study, eddy resolving is defined as R,/l > 2, and eddy permitting as R,/l ~ 1. It is clearly evidenced that
ANHA12 is roughly eddy resolving within the BG (Figure 11b). These eddies are well illustrated by PW tracer
in Figures 2e and 2f. In comparison, ANHA4 is barely eddy permitting (Figure 11a) based on this criterion.
In order to exclude the impact of R, difference between ANHA4 and ANHA12, the time series of R, is also
calculated (Figure 11c). Both ANHA4 and ANHA12 show R, has a clear seasonal cycle with an amplitude
~0.7 km around the mean (~10.5km). The interannual variation exists, for example, an increase of ~0.5km
in 2015 and 2016, but these variations are not significant compared to the mean value. The difference in R,
between the two simulations is also negligible, resulting in this ratio being controlled by the model effective
grid spacing.

In previous studies, the stability of the BG has also been linked to the mesoscale eddy activity (e.g., Dod-
dridge et al., 2019; Manucharyan & Spall, 2016; Manucharyan et al., 2016). Therefore, we propose that model
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Figure 11. Ratio of the first baroclinic Rossby radius (R,) to model cell diagonal length (I = V/elf2 + e2£2, elt, and e2t
are zonal and meridional grid size, respectively) in ANHA4 (a) and ANHA12 (b). R is averaged over June 2004 to
December 2004, the same as the eddy kinetic energy calculation period in Figure 10. (c) Time series of R, (unit: km) in
Beaufort Gyre region (defined in Figure 4) over January 2004 to December 2016. ANHA = Arctic Ocean and the
Northern Hemisphere Atlantic.

horizontal resolution does play an important role in simulation of the BG freshwater system. In return, the
horizontal distribution of the BG FWC can affect the anticyclonic circulation, and thus the spreading of PW.

4. Summary and Discussion

This work is a follow-on to Hu and Myers (2013). As discussed in section 1, that work (Hu & Myers, 2013)
showed that the spatial distribution of the freshwater within the Canada Basin sets the pathways for PW.
Based on that, they argued that the coastal Alaskan route for PW is only present during periods of a weak
BG, while the Transpolar Drift route is dominating when the BG is strong and deep. Here we carry out a
more realistic study than Hu and Myers (2013) with the model being able to simulate a high FWC situation
and interannual variability.

The simulated PW circulation in the Arctic Ocean is dominated by a basin-scale anticyclonic circulation.
This circulation covers a much larger area than the traditional BG, being bounded by the Transpolar Drift
to the north, the CAA to the east, and the Alaskan coast to the south. Consistent with previous observa-
tional (e.g., Itoh et al., 2013; Weingartner et al., 2017) and modeling studies (e.g., Watanabe, 2011), high
concentrations of PW can enter the deep basin via Barrow Canyon (e.g., Figures 2a-2d). PW also joins the
large-scale anticyclonic circulation after passing the northern/northeastern Chukchi Sea shelf. Along the
shallow Alaskan coast route, PW is always present, but the amount is much smaller compared to the total
PW entering the Arctic Ocean. The general features of PW circulation in the Arctic Ocean are not affected
by the model's horizontal resolution. After crossing the Arctic Ocean via the Transpolar Drift, PW leaves the
basin via either Fram Strait, Nares Strait or the CAA channels. PW using the CAA route generally enters
from the north, as part of the return flow of the Transpolar Drift.

As in Hu and Myers (2013), the boundary of PW along the Transpolar Drift route matches the FWC contour
(7-8 m, light blue contours in Figures 2a and 2b). This suggests that the spatial distribution of the freshwater
in the Arctic deep basin is associated with the spreading of PW (Figures 2c and 2e; Figures 2d and 2f). A
certain portion of PW never accumulates in the BG, implying that the changes in FWC are not directly
caused by PW rather than linked to the variations of atmospheric circulation and sea ice melting.
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The seasonal cycle of FWC is similar for the two simulations with different resolutions, ANHA4 and
ANHA12. The interannual variations are also similar between the two runs, but only up to the end of
2007. After 2007, ANHA4 is unable to maintain the observed high freshwater state, leading to a significant
difference with ANHA12. Meanwhile, ANHA12 obtains similar interannual variations of the BG freshwa-
ter storage as observations (Figure 5), although with a smaller magnitude (Figure 5). Included in this is
ANHA12 being able to represent the high accumulation events in 2004/2005, 2007/2008, and recent years
(2014-2016), while also having strong release events in 2012/2013.

Focusing on the peak-to-peak seasonal cycle of the BG FWC in ANHA12, its seasonality is dominated by
the surface freshwater process, due to ice formation and melting (Figure 6b) On the interannual scale, the
variability is mainly attributed to the lateral advection (Figure 6c). Strong FWC accumulation events, such
as in 2004, 2005, 2007, and 2016, are associated with large positive lateral inflows of freshwater. Lateral
advection can also function as a freshwater sink, such as in 2006 and 2013. In general, lateral advection
and vertical advection at the bottom interface contribute oppositely to the upper layer FWC. That is, inward
lateral advection corresponds to downward freshwater transport through the bottom (200 m).

Differences in lateral freshwater advection is the main cause of the difference in interannual variations of
the BG FWC between the two simulations (Figure 8). Difference in the Ekman component of freshwater
transport is small prior to 2009 and becomes significant after 2009. As ANHA4 has more lateral freshwater
input due to Ekman transport than ANHA12 (Figures 7 and 8), differences in Ekman transport are the
consequence, rather than the cause of the BG FWC discrepancy between ANHA4 and ANHA12. The cause
of the FWC discrepancy is the non-Ekman component related to the tighter and stronger BG in ANHA12.

Difference in lateral freshwater flux between the two simulations is decomposed into the components due to
slow-varying circulation and eddies through applying a 3-month running mean to the velocity and salinity
variables. The resulting time series (Figure 9) show that prior to 2005 the eddy component contributes more
to the accumulation of the BG freshwater (though by a relatively small amount) in ANHA12. Starting from
2005, the significantly more freshwater accumulation in ANHA12 is due to the slow-varying component. The
time evolution of both components suggests that the model is undergoing spin-up from the initial condition.

The rapid increases in difference in the BG FWC and the lateral freshwater input due to the slow-varying
component are related to each other, but the causes of their increases are not obvious. The relationship
of their increases with the time evolution of the eddy component is not clear. Because ANHA12 obtains
the BG FWC in better agreement with observations, and it resolves stronger eddy variations than ANHA4
(Figure 10), the results of this study suggest the importance to resolve eddies in modeling the BG FWC.
Lastly, as the horizontal grid spacing of ANHA12 is only about half of the first baroclinic Rossby deformation
radius (Figure 11), it remains to be seen whether further increase model resolution can bring the modeled
BG FWC closer to the observed magnitude. This should be explored in future studies.
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