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Abstract Global climate change has had large impacts on the Arctic region including rapid reductions
in sea ice and rapid increases in surface air temperatures. Documenting the consequences of these changes
in the Arctic Ocean is difficult, however, because accessibility limits observations in space and time and
aliases measurements. This problem can be alleviated by using geochemical tracers, which can act as
natural integrators, allowing us to determine net changes over regions and years. One such tracer is 3°Th.
We use measurements and an off-line scavenging model forced by ANHAA4, a regional configuration of the
NEMO general circulation model, to investigate changes in the Canada Basin in the years 2002-2015.
Observations show a clear decrease in 23°Th in intermediate layers, particularly in the internal Canada
Basin. The model reproduces the observed changes in 22°Th concentration profiles. Using the model to
determine the origin of the reduction shows that the decrease is due to both higher particle fluxes from
increased productivity resulting from the reduction in sea ice cover and increased circulation and stirring
by mesoscale eddies increasing lateral exchange between the productive coastal regions and less
productive internal Canada Basin. The circulation model clearly shows increased velocities as the ice cover
has decreased and storms have increased.

1. Introduction

The Arctic Ocean is experiencing climate change more rapidly than lower latitude regions (Core Writing
Team, 2014). Beginning from the late 1990s, the summer ice extent has decreased by more than 35% (Serreze
et al., 2016). Decreases in summer ice have both increased biological productivity (Arrigo et al., 2008) and,
potentially, increased mixing in the Arctic Ocean. 2*°Th, a geochemical tracer with a residence time well
matched to decadal variation in the Arctic Ocean, is applied in this study. Observations have shown dramatic
changes in the Arctic 3°Th profiles since the 1980s (Grenier et al., 2019). Here we focus on the Atlantic
layer of the Canada Basin and use a 2*°Th scavenging model coupled to an Arctic Ocean circulation model,
to elucidate the ocean dynamics leading to the observed changes.

The Atlantic layer, also known as the intermediate layer in the Arctic, is considered to be the layer between
isopycnal o, = 27.8 at around 400 m and isopycnal ¢, = 28.0 at around 1,500 m (Lique et al., 2010). In this
layer, the residence time scale of the water in the Arctic Ocean is on the order of 30 years (Lique et al., 2010).
The Atlantic layer is warm compared to layers above and below and, if mixed to the surface, could melt
much of the remaining ice in the Arctic Ocean (Rudels et al., 2004). Large changes in this layer have been
measured both in its warmth and its flux (McLaughlin et al., 2009), and observations also suggest changes
in circulation patterns (Grenier et al., 2019; Karcher et al., 2012; McLaughlin et al., 2009). The main flow
in the layer is through boundary currents (Woodgate et al., 2007), which are very narrow due to the small
Rossby radius in the Arctic. As such, direct changes in circulation are difficult to measure and much of
our knowledge is based on changes in water properties (Dosser & Timmermans, 2018; Karcher et al., 2012;
McLaughlin et al., 2009; Woodgate et al., 2007).

Water tracers with strong contrasts between regions, either due to their inherent properties or due to a
singular source, give a strong signal of flow changes. Scavenged tracers are sensitive to the sinking particle
field and the residence time of water. The Arctic Ocean has strong variations in biological productivity, and
these are changing in time (Arrigo et al., 2008). The strong coastal currents and weaker basin circulations
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lead to variations in residence time with the shortest times in the boundary currents and the longest times
under the thickest ice in the Alpha-Mendeleev Region (Tanhua et al., 2009). Here, we will focus on changes
in the Canada Basin where there is a strong contrast in productivity and particle concentration between
the continental shelf and the oligiotrophic Beaufort Gyre (Jackson et al., 2010). Thus, we observe strong
contrasts in scavenged tracer 22°Th (Grenier et al., 2019).

The scavenged tracer 2°Th has been considered as a useful proxy in ocean circulation studies (Dutay et al.,
2009; Marchal et al., 2007). With a scavenging residence time of two to four decades, it is commonly cou-
pled with 231Pa, which is less particle reactive and thus has a longer residence time (Anderson et al., 1983;
Bacon, 1988), to understand large-scale ocean processes such as the overturning circulation (Yu et al., 1996).
However, as the residence time scale of the Atlantic layer in the Arctic Ocean is more consistent with that
of 22°Th, we use 2*°Th alone in this study.

Produced by the decay of 2**U, 2°Th is added in the ocean at a constant rate. It is rapidly scavenged onto
sinking marine particles, reversibly; it can desorb from particles and return back to water column in dis-
solved form. Such exchange between two phases occurs continuously until the marine particles eventually
reach the seafloor. This process will be referred as “scavenging” in the rest of the paper. Scavenging in still
water, at steady state and with constant scavenging parameters (particle sinking speed and adsorption and
desorption coefficients), leads to a characteristic linear, increasing profile with depth.

In addition to the scavenging process, the 2**Th distribution is also controlled by physical processes, such
as advection and mixing. The presence of such processes transports 23°Th away from its production sites. If
there is a large 2*°Th difference between the production site and the receiving waters produced by different
scavenging intensities, the resulting 23°Th profile will deviate from linearity.

The activities of the dissolved and particulate phases are thus governed by the following equations (Luo
et al., 2010):

0X,

a_td = q — kyX4 + kgx, + advection + mixing 1)
0%, K K %, dvecti . @
E = KgXg — dxp - Sa—z + advection + mixing

where x; and x, are **°Th concentrations in dissolved and particulate forms respectively, g (dpm m~ yr~")
is the production rate of 2°Th, k, (yr™*) and k, (yr™!) are the exchange rate constants of 2°Th by adsorp-
tion and desorption, respectively, s (m yr~!) is the sinking speed of particles and z (m) is vertical depth,
positive upward. Note that these equations neglect the radioactive decay of 22°Th itself, as 2*°Th's half-life
(75,200 years) is much beyond the decadal time scale.

To produce a reasonable 23°Th simulation, it is essential to catch large spatial variations and rapid temporal
changes in the ocean productivity. Vertical and spatial variations are allowed in the scavenging coefficients
inspired by previous studies (Dutay et al., 2009; Lerner et al., 2016). It has also been shown that addi-
tional bottom scavenging is needed (Rempfer et al., 2017). Based on these findings, we present the first
three-dimensional, Arctic Ocean 23°Th model and use it to facilitate the understanding of ocean circulation
changes in the Arctic Ocean, especially in the Atlantic layer of the Canada Basin. This study also serves as
an additional test of the robustness of *°Th as an ocean circulation tracer.

This paper is organized as follows: Section 2 describes sources of observational data, introduces the physical
and the scavenging models, and describes model configuration for the different simulations (runs) we use.
Section 3 first shows model and data comparison results, then further explores different tracer behaviors in
the various simulations. The next section (section 4) discusses the performance of the tracer model, possible
reasons for the observed decrease in 2*°Th concentration, and its implication to the underlying changes in
Arctic Ocean circulation.

2. Methods

2.1. Data

We use observations from several sources: older published data (Bacon et al., 1989; Edmonds et al., 1998;
Scholten et al., 1995; Trimble et al., 2004) and more recent data compiled by Valk et al. (2018) and Grenier
etal. (2019). The more recent data were collected during six cruises: R/V Polarstern 2007 (GEOTRACES-IPY
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Table 1

Information for Recent >*0Th Data

Reference Year Location dissolved 2*°Th total 230Th
Grenier et al. (2019) 2007 Amerasian Basin Y

Valk et al. (2018) 2007 Eurasian Basin Y Y
Grenier et al. (2019) 2009 Canada Basin Y

Grenier et al. (2019) 2011 Canada Basin Y
Grenier et al. (2019) 2015 Amerasian Basin Y

Valk et al. (2018) 2015 Eurasian Basin Y

Note. Which were collected during R/V Polarstern, CCGS Wilfred Laurier cruises in 2007, CCGS
Louis St Laurent cruise in 2011 and GEOTRACES cruises in 2009 and 2015. Note that total data
are now available for the 2007 Amerasian and 2015 Eurasian cruises but were not used here.

section GIPY11) and 2015 (GEOTRACES section GN04), CCGS Wilfried Laurier 2007, CCGS Louis St.
Laurent 2011, and GEOTRACES cruises 2009 (GEOTRACES-IPY section GPIY14) and 2015 (GEOTRACES
section GN02) on the CCGS Amundsen (Table 1 and Figure 1). The analytical procedures followed to gener-
ate this data set are detailed in the above mentioned references. Most of these different analytical procedures
were validated through successful participation of the labs in the GEOTRACES intercalibration exercise
(Anderson et al., 2012). Moreover, the 2015 data from the Central Arctic Ocean and from the Canada
Basin were validated through intercalibration of crossover stations with Robert Anderson's team at the
Lamont-Doherty Earth Observatory of Columbia University (PhD student: Sebastidn Vivancos; NY, USA).

Compared to salinity and temperature measurements, 23°Th data are scarce in both temporal and spatial
coverage. In this study, the 23°Th data are separated into two groups to serve different purposes. The first
group contains data from the older sources, which mainly cover the period of 1990s, and are used as the
training samples to constrain the scavenging parameterization. The second group is the recent data collected
after 2000 and is used to evaluate the 2**Th model performance. To compare between model and data, we
linearly interpolate in the vertical using the closest values above and below the required depth.

*‘ﬂ 90°W

°E | S ek, o .
150°E 1995:A0-1 . &

2000:Trimble-4
2000:Trimble-3
2007:KC200
2007:KC2700
2007:342-1
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Figure 1. (left panel) Map of the Canada Basin with sampling locations. Samples from different cruises can be distinguished from the colors; the size of the
points indicates the tracer concentrations at 500 m depth from vertical linear interpolation of closest values in the profile above and below that depth. Separated
by isobath 3,000 m, the light gray area in the Canada Basin is defined as the “shallow region,” while the area contained within by the dark 3,000 m isobath is
considered the “deep basin.” (right panel) Location of left panel map shown on the globe (red). Model grids and boundary locations of the ANHA4
configuration. The grid is plotted every 10 grid points. The contours are the bathymetry. The black circle at latitude 70°N delimits the tracer boundary.
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2.2. Model

As the distribution of 2°Th is controlled by both scavenging and physical processes, the typical way to sim-
ulate the tracer is to couple a chemical scavenging model to a physical model (Dutay et al., 2009; Luo et al.,
2010; Marchal et al., 2000; Roy-Barman, 2009; Van Hulten et al., 2018).

2.2.1. Physical Field

The physical model component is responsible for transporting and mixing tracers within the ocean. In
this study, the dynamic fields we use are off-line ocean model results from the Arctic Northern Hemi-
sphere Atlantic configuration (ANHA4, Courtois et al., 2017; Hu et al., 2018) for the Nucleus for Euro-
pean Modelling of the Ocean (NEMO) model (Madec & The NEMO team, 2016). NEMO includes a
three-dimensional, free surface, hydrostatic, primitive-equation ocean general circulation model and a
dynamic-thermodynamic sea ice model (Louvain-la-Neuve: LIM2). The physical model run was initialized
by the Global Ocean Reanalyses and Simulations (GLORYS) data, forced by interannual atmospheric data
from Canadian Meteorological Centre Global Deterministic Prediction System ReForecasts (CGRF) (Smith
et al., 2014) and ran with interannual monthly runoff from Dai et al. (2009) until 2006, after which the
monthly runoff averaged over October 1999 to September 2004 are used. NEMO v3.4 was used for this study
using a z coordinate with partial steps. The model was run without tides. Vertical mixing uses a turbulent
kinetic energy dependent vertical diffusion (TKE) scheme parameterized using a 1.5 order turbulent closure
scheme. The domain is bounded by open boundaries at 20°S latitude in the Atlantic Ocean and across the
Bering Strait (Courtois et al., 2017; Hu et al., 2018) (Figure 1).

Data for model comparison in the Arctic Ocean is limited. This ANHA4 simulation has been evaluated
using a number of metrics. It reproduces the large scale temperature and salinity structure in the Canada
Basin well compared to data extracted from the World Ocean Atlas (Figure 2). It has been compared to other
models in a recent Arctic intercomparison project (Ilicak et al., 2016; Wang et al., 2016a, 2016b) and lies
close to the multimodel means.

The off-line ocean dynamics employed in the tracer model are 5-day means of horizontal and vertical veloc-
ity and vertical diffusivity from the ANHA4 configuration, which has a quarter-degree horizontal resolution
(Figure 1) and 50 levels with layer thickness smoothly increasing from 1.05 m at the surface to 453 m at
the deepest level. The tracer model was implemented using NEMO's off-line feature which uses the TOP
framework. Total variation diminishing scheme (TVD) is used in calculating tracer advection. Vertical mix-
ing uses the vertical diffusivity from the off-line run. Tracer lateral diffusion uses an isopycnal Laplacian
operator with a horizontal eddy diffusivity of 300 m? s~! as is used for salinity and temperature in the
circulation model.

2.2.2. Scavenging Model

Our second component is a reversible scavenging model that simulates the exchange processes between
the dissolved and particulate form (Bacon & Anderson, 1982). Among the parameters in (1) and (2), the
production rate q is the only known parameter (0.0267 dpm m~3 yr=1); the rest (sinking speed s, scavenging
coefficients k, and k,) are left to be determined.

Our parametrization method for the unknown scavenging coefficient starts with the assumption that con-
centrations that linearly increase with depth are approximately at steady state and that for these profiles
advection and mixing processes are negligible. This assumption allows us to estimate local coefficients for
regions with linear profiles. We then take coefficients from a high summer ice region and from a low summer
ice region, which we assume are low productivity/low particles and high productivity/high particle regions,
respectively. We use these two sets to parametrize the coefficients in terms of minimum ice concentration
in summer. Details follow.

To start, neglecting advection and mixing and assuming particulate 2°Th is 0 at the surface, allows (1) and
(2) to be combined as

x, = gz 3)

g ki kaq
Xg=—+— Xx,=—+-—2 (@)
a kll b ka kas
The linearity of the steady-state analytical solutions, equations (3) and (4), enables us to estimate the
scavenging coefficients through a least squares regression method. We are fortunate to have two sets of lin-
ear profiles: one from the low ice Eurasian Basin region and one from the high ice Alpha Ridge region
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Figure 2. Comparison of ANHA4 (upper panel) to World Ocean Atlas (lower panel). Temperature (color) and salinity (black contours) cross sections,
particularly across the Canada Basin, show good agreement with the depths of observed salinity and temperature layers. However, peak temperatures in the
warm Atlantic layer at 500 m do decrease more quickly across the Arctic Ocean in the model than the observations.

(see Appendix A). These two regions have quite different sinking speeds and adsorption rates, which we
assume are caused by differences in types and quantities of the particles scavenging 2°Th. Particles vary
over the Arctic Ocean due to a number of processes: biological productivity and ice concentration, included.
As we expect a negative correlation between the Arctic Ocean productivity and sea ice concentration, and
sea ice concentration is measured whereas accurate biological productivity is more difficult to obtain, we
correlate scavenging coefficients with sea ice concentrations. Limited by the number of available linear pro-
files, our parametrization (Appendix A) gives a simple linear relationship between scavenging coefficients
and sea ice concentrations:

s=5,—9871 myr! (5)
k,=k,—0.38i yr! (6)
k; =08 yr
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where i is the minimum summer sea ice concentration in units of fractional area. The intercept of the linear
fit also provides the adsorption coefficient and sinking speed when there is no sea ice (k, = 0.46 yr};
5o = 1,456 m yr~'), which is kept geographically uniform.

Lateral boundaries for the tracer model are at 70°N (Figure 1). Tracer values at the boundary are equal to
initial conditions that are generated from published data compiled by Henderson and Wilkinson (2012)
(see Yu, 2017). The surface boundary conditions for the particulate phase and dissolved phases are 0 and
q/k,, respectively. The bottom boundary uses a Neumann boundary condition so that the first derivative of
the concentration between the deepest layer and the layer above is equal to that between the layer above
and the layer above that.

We are essentially modeling one type of particles but are allowing their properties (i.e., k, and s) to vary spa-
tially and temporally. The dominant particles scavenging 23°Th are fine. These particles take multiple years
to sink through the whole water column, equation (5). So year-to-year variations in summer productivity
or summer sea ice concentration are not immediately reflected in the tracer profiles at deeper depths. To
handle this process in the model we introduce another tracer variable, the ice fraction. This represents the
type and concentration of particles, as determined by the ice fraction, when the particles are at the surface.
As such, to complete the conjecture, it is important to take into consideration the sinking, advection and
mixing motion of the particles:

0x ox | - ..

i Sa_z + U - Vx + mixing 7
where x is the ice fraction and x at the surface is the ice fraction that was at the surface when the particles
formed. Because particles that scavenge the tracer are assumed to move at the same speed as tracer's particu-
late form, the sinking speed, s, of particles produced at the surface under various sea ice covers is assumed to
be identical to the sinking speed of the corresponding particulate tracer. The output from this model is called
“pseudoparticle field” as it tracks the ice fraction that has an implicit relation to the particle concentration
and type. This scheme is expected to capture the variation of scavenging in a changing Arctic Ocean.

The variation of sea ice concentration is crucial in setting the scavenging intensity in the Arctic Ocean. The
modeled sea ice, in the Canada Basin, is biased high (Yu, 2017) so we use satellite-derived sea ice data from
NOAA/NSIDC Climate Data Record data set (Meier et al., 2013; Peng et al., 2013) using results from the
NASA team algorithm.

2.2.3. Bottom Scavenging

Previous models have not included bottom scavenging (e.g., Luo & Lippold, 2015; Luo et al., 2010; Marchal
et al., 2000). However, recent literature (Rempfer et al., 2017) and our preliminary model runs showed that
bottom scavenging should not be neglected. In the Arctic Ocean, significant amounts of particles come from
the continental margin and from a thick layer of water near the ocean bottom that contains large amounts
of suspended sediment (known as the nepheloid layer). Observations suggest this layer is approximately
1,000 m thick in the Arctic Ocean (Hunkins et al., 1969). 2°Th shows a change in profile slope at a similar
depth, supporting an extra scavenging process within 1,000 m above the sea floor (Figure 3).

We did not want to increase the scavenging coefficients by simply doubling the normal scavenging strength
(Rempfer et al., 2017), because scavenging is not spatially uniform in the Arctic Ocean. According to the
20Th data, we see spatial variations in the deep scavenging that are correlated with the ice concentration.
There is less deep scavenging under thick ice but more deep scavenging beneath thin ice. So we apply a
smooth function,

y=31-D ®

of sea ice concentration, i, to horizontally increase the scavenging intensity in the bottom layer. Vertically,
the scavenging intensity within this special layer is set to smoothly increase to the amplified bottom strength.
Note that the y function is only used in locations where the amplified scavenging intensity would not be too
large; specifically, it is limited to be smaller than the ice free scavenging (k,). The value 3 is chosen so that
the maximum enhanced scavenging is just over 2 which is the value used in the previous study (Rempfer
et al., 2017). In the bottom layer, the adsorption coefficient k' is defined by

k, = min(k,y, (1 + y)k,) 9
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Table 2
Summary of the Numerical Runs

Bottom

Simulation scavenging Forcing field Sea ice

Base Run yes annual annual
Exp. 1 no annual annual
Exp. 2 yes constant annual

Exp. 3 yes annual constant

2

K =k, + (ky — k) <i> (10)
p — 3y

where subscript b and u represent the ocean bottom and upper limit (1,000 m above bottom), respectively.

The formula for enhanced sinking speeds has the same form.

2.3. Overview of Experiments

Numerical models provide unique opportunities to differentiate the impact of distinct processes. Our base
case is our best representation of actual conditions in Canada Basin over the simulation. The ANHA4 model
(currents and mixing) includes the impacts of wind changes and ice changes on the circulation. The scaveng-
ing model (particles and 2*°Th) includes the impacts of ice changes on the particles: their sinking velocities
and scavenging coefficients. Thus, by construction, the impact of ice on the circulation and the impact of ice
on the particles can be separated. Note that the particles are forced by observed ice, not the ice from ANHA4.

Thus, in order to understand 2°Th's response to processes such as bottom scavenging and changing ice
conditions, we design a base run and three experimental runs (Table 2). While the Base Run has bottom
scavenging and varying sea ice and ocean dynamics, Exp. 1 excludes the bottom component but shares
the same forcing as Base Run; Exp. 2 keeps the extra scavenging components but the ocean dynamics are
constant in time—the flow fields and mixing are repeats of Year 2002. Exp. 3 has the same ocean dynamics
and bottom forcing as Base Run but uses a constant ice field, that of 2002, to determine the sinking particle
properties. We use 2002 as our baseline to investigate recent changes as it is the earliest year for which we
have the CGRF wind data. The model was spun-up for 12 years, nominally from 1991-2001 but as we did
not have circulation fields for that span we used the 2002-2004 circulation repeated four times. For Exp. 1
and Exp. 2 the ice field was from 1991-2001. For Exp. 3 constant, 2002, ice was used.

3. Results

3.1. Effect of Bottom Scavenging

To facilitate interpretations of the 2*°Th simulations, we first present a model evaluation. Along with the
evaluation, a comparison between runs with and without bottom scavenging is given to show the impact of
extra scavenging in the nepheloid layer of the Arctic Ocean.

With the bottom scavenging excluded (Exp. 1), the model generally produces profiles that increase nearly
linearly with depth (dashed profiles in Figure 3). Estimated tracer concentrations show good agreement with
observations for the upper 1,000 m. Beneath this depth, the model tends to overestimate 23°Th values. This
discrepancy is especially obvious in the Nansen Basin (Figures 3m-3q) where the ice is thinner as the water
is warmer (Muilwijk et al., 2016). In comparison, a noticeable difference in slopes of the vertical profiles is
found in Base Run (solid profiles in Figure 3). With the bottom scavenging processes vertical gradients of
the deep 2*°Th are reduced, bringing the model results much closer to the observations.

To quantitatively assess the improvement with nepheloid scavenging, we plot the model data against the
observations (Figures 3y and 3z). The fit with the extra scavenging is significantly better with a slightly lower
root-mean-square error (0.027 vs. 0.029) and the linear fit gives a slope closer to one. This improvement
highlights the importance of having the bottom scavenging component in the 2**Th model.

Estimates in the Nansen Basin (Figure 3z, orange circles) are generally too high, as is one profile near the
Lomonosov Ridge (EB15, medium blue). Our focus here, however, is the Canada Basin where the model
performs well and the data has significantly better spatial and temporal coverage.
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3.2. Effect of Sea Ice and Mixing

We focus on the core of the Atlantic layer, specifically the layer between 496 and 590 m (nominal 500 m
depth). Spatially, water masses in the south Canada Basin have lower 23°Th than in the north (Figure 4) as
ice free summers allow this part of the ocean to have higher biological productivity. A relatively high level of
230Th is found northeast of the Canada Basin near the Alpha Ridge (Figure 4). This region, covered by per-
manent ice, is known for having low primary productivity (e.g., Hill et al., 2013) and limited water exchange
rates (Tanhua et al., 2009). Over the period 2002-2015, there is a substantial decrease in the basin-wide 2*°Th
concentration at 500 m depth (Figure 4). This decrease in 2**Th is also observed in profiles measured in 2015
(Figure 6 of Grenier et al., 2019). According to the model, by the end of 2015, the area with 23°Th values
higher than 0.3 dpm m~3 is less than one third of that in 2002. The spatial gradient in the Canada Basin,
especially in the southern part, has been significantly reduced.

As the concentration in the shallow coastal region (< 3,000 m depth) of the Canada Basin is significantly
lower than that in the deep interior region (average depth 3,500 m), and the changes in those two regions
appear different (Figures 4) we split the Canada Basin into these two regions for further analysis (Figure 1);
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they will be referred as “shallow water” and “deep basin” in the rest of the paper. This division also allows
us to use our well resolved model to investigate the role of boundary scavenging on the interior ocean.

To assess the origin of the 2°°Th decrease, we turn to the sensitivity experiments, one with constant ocean
flows to assess the impact of changing ice on scavenging (Exp. 2) and one with constant ice to assess the
impact of changing ocean flows, especially those in the warm Atlantic layer (Exp. 3). Here we note that the
sea ice model coupled to the ocean model is not used to drive the tracer model, rather we use observations.
Thus, in the model framework it is possible to split the impact of decreasing ice on the scavenging and
the impact of decreasing ice on the ocean flows as the modeled sea ice affects modeled circulation while
observed sea ice affects the particle flux.

The decrease in yearly average 2°°Th at 500 m depth between 2002 and 2014, averaged over the shallow and
deep regions of the Canada Basin approaches 50% (Base Run, Figure 5). The tracer concentration in the
deep basin drops more than the tracer concentration in the shallow regions. If the ice and thus the particle
concentrations change but not the ocean flows (Exp. 2), over half of the decrease in the shallow regions is
reproduced but only a 30% decrease is seen in the deep regions. The impact of the changes in ocean flows
can be seen as the difference between the Base Run and Exp. 3 (Figure 5b).

In Exp. 2, the scavenging increases in time due to decreases in ice concentration, which is associated with
increases in the particle field and represents increases in biological productivity. In this experiment, the
20Th concentration at 500 m depth decreases greatly with time, indicating a significant loss in 2*°Th as a
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does not change with time. Differences between two runs can be considered as the influence from the ocean flow. (b) Base Run versus Exp.3, where the sea ice

is held at the 2002 level.

response to the loss of summer sea ice (Figure 5a). The impact from scavenging is stronger in the shallow
region than the deep basin and thus, the gradient between the two regions is largely maintained in Exp.
2. On the contrary, in Base Run, the 2°Th gradient is strongly reduced by the end of the time series. The
difference between the runs, that is the impact of changes in ocean flow given the change in scavenging,
only starts in 2004. From 2007-2013, the difference grows significantly with time in the deep basin only,
implying that ocean flow has a much larger impact on 2*°Th in the ocean basin than in the shallow region.

In Exp. 3, where the ice concentration, and thus the particle concentration, was held constant, the tracer
concentration drops about 20% by the end of the run (Figure 5b). In this experiment, the degree of decrease is
equally significant in both regions. It suggests that without an increase in scavenging, the changes in ocean
flow have a similar impact on both regions. As the percentage drop is similar, the gradient between the deep
and shallow regions is also reduced.

Thus, in the Atlantic layer, the primary impact on the shallow region tracers is due to the increase in scav-
enging, whereas in the deep region is it partially due to the increase in scavenging, but also significantly
decreased by changes in ocean circulation. The percentage decrease in both regions is similar, and thus the
gradient between the two regions is decreased.

4. Discussion

4.1. Model Performance

Vertical profiles of observed and modeled results presented in Figure 3 provide an assessment of the sim-
ulation of 2°Th. With or without the bottom scavenging component, the modeled 2*Th concentration
demonstrates consistency with observations in the Atlantic layer. In a quantitative way, the statistical anal-
ysis with a linear regression slope close to one illustrates that the model is in good agreement with the
observations. Thus the model has high enough performance that it is useful and allows further tracer
analysis.

However, if we focus on a deeper layer, the story is slightly different. In order to simulate an important fea-
ture revealed by the observed vertical deep profiles, that the rate at which the 2**Th concentration increases
with depth in the profile usually decreases in the last thousand meters, an additional scavenging compo-
nent was added that improved the evaluation against observations. Previous modeling efforts in the Atlantic
Ocean use general scavenging and physical mixing/advection in 2°Th modeling but the bottom scaveng-
ing is not normally included (Lippold et al., 2012; Luo et al., 2010; Marchal et al., 2000). However, as the
ocean dynamics are comparably weaker in the Arctic Ocean relative to lower latitudes, the effect from the
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bottom scavenging is more prominent in the Arctic Ocean. Model and data comparison from vertical pro-
files in Figure 3 indicates that with this extra component added (solid lines), the linear regression line is
brought much closer to the reference one-to-one line, suggesting that the nepheloid scavenging is a necessary
component in Arctic 2**Th modeling.

4.2. Reasons for a Decrease in 23Th

Both observations and modeling results suggest a reduction in 22°Th across the Atlantic layer in recent years.
Our analysis proposes that there are two factors responsible for this large scale 2°Th reduction. First, this
reduction is a result of the significant decrease in the summer sea ice concentration, regardless the choice
of mixing, as supported by declines in 22°Th concentrations from both the Base Run and Exp 2. (Figure 5).
The recent ice reduction directly increases the amount of light that is allowed to penetrate through the water
column, boosts primary production, and thus through our parametrization leads to an increase in particle
flux, increasing °Th scavenging. However, in addition to the impact of sea ice loss, winds can stimulate
surface mixing and the associated nutrient upwelling enhances primary production and particle export in
the Beaufort Sea (Castro de la Guardia et al., 2019); this process is not included in our parametrization. With
the rise in the particle concentration level, the 2*°Th in the water column decreases due to the increase in
scavenging. The second reason that helps to explain the 2*°Th reduction comes from enhanced circulation
and mesoscale eddy mixing.

As well as the general decrease in 2*°Th concentrations, we also see a decrease in the gradient of 2*°Th in
Atlantic layer between the continental margin and the deep ocean (Figure 4). The mixing/stirring process
in the physical model in the Atlantic layer increases over the time of the simulation. The tracer model is
forced with 5-day mean fields. The horizontal velocities in these fields stir the water masses and thus the
Z30Th. If the gradients in tracers such as 22°Th are decreasing, we would expect to see the kinetic energy (KE)
in the fluctuating field increasing. Note that as we are working with 5-day averages and grid sizes of 7 km,
this would be the mesoscale eddy field. Thus we calculated:

KE:%/(u—a)2+(v—f))2dA an

where A is area, (u,v) are the 5-day average velocities and (@, V) are the mean velocities over the year. The
integral is done separately over the shallow and deep areas of the Canada Basin (see Figure 1).

The ocean mixing, quantified by the magnitude of kinetic energy per unit volume (KE), experiences an
increase in both the shallow region and the deep basin (Figure 6). For the shallow Canada Basin, the mixing
strength gently increases with time. A doubling in the mixing intensity occurs with a slight relaxation in
2014. Concurrently, the mixing in the deep basin undergoes an even more significant increase. By 2014, it is
four times larger in magnitude than it was a decade previously. Moreover, the mixing in the shallow water
and the deep basin is similar in strength by the end of the timeseries.

Note that the increase in the mixing strength from the physical fields occurs simultaneously with the
decrease in 2*°Th in the deep basin in Exp. 3 (Figure 5b). The increase in the ocean basin mixing increases
exchange between adjacent water masses. Figure 5 illustrates that the more dynamic physical field, includ-
ing both advection and mixing, accounts for 30% of the total amount that 2**Th decreases in the open ocean.
The #°Th is more uniform between the deep and shallow ocean by the end of the simulation (Figure 4).

4.3. Drivers of Changes in **Th in the Atlantic Layer of the Canada Basin

To look at the net changes in the Atlantic layer over the time of the simulation, we use the sum of
equations (1) and (2), integrated over a region and a year. We calculate the terms that drive the changes in
tracer in the coastal ocean and the deep basin (Figure 1)

to

P o .
+ / X0l - RdA + short time scale processes 12)
bot boundary

0

ViXyor| = GV + A (s,)

where x,,, = X, + X4, V is the volume of the layer, A is the horizontal area, py and ny are the previous year
and next year, respectively, top and bot are the top and bottom of the layer, respectively, t is one year and
the flux integral is over the whole boundary of the layer with # being the outward normal to the boundary.
All terms in equation (12) can be easily evaluated from the model results except the last one. We will infer
it by the difference between the sum of the other terms on the right hand side and the net change seen (the
left hand side). Processes at time scales less than 1 year include water mass stirring by mesoscale eddies,
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Figure 6. Time series of mixing strength (mean square 5-day velocities compared to the yearly means) in (a) the shallow region (defined as area shallower than
3,000 m; see Figure 1) and (b) the deep basin. The mixing in both zones increases with time, but the increase in the deep basin is more significant.

irreversible mixing facilitated by turbulence and any nonlinear seasonal variations in the sinking. These
short time scale processes are included in the model but not in explicit terms in the time-integrated analysis
of equation (12). A time series by year was calculated but the results integrated over the whole simulation
are less noisy. We will focus on the integrated results as they reveal the processes more clearly.

As changes in 2°Th are partially associated with changes in circulation and mixing, we evaluated the various
advection terms, as well as the source of 22°Th production (by 23U radioactive decay) and the 2*°Th sink from
particle scavenging, and compared to the observed changes between 2002 and 2014, using equation (12). We
separate the total advection into two components: that into the regions from the outside the Canada Basin
and that between the regions inside the Canada Basin (Figure 7). As expected we see a stronger 2*°Th sink
from particle scavenging than source from 23Th radioactive production in both shallow and deep areas.
This difference is the signature of the enhanced scavenging due to the reduction in sea ice.

Again, we focus on the core of the Atlantic layer at approximately 500 m (specifically the model layer between
496 and 590 m). In this layer, the shallow region receives 2°Th from the deep region and exports it out of the
Canada Basin (Figure 7). This last term is due to the higher 22°Th concentrations in the boundary current
along the Canadian Arctic Archipelago than in the incoming boundary current along the Mendeleev Ridge
(Figure 7). These two terms almost cancel and so the net advective component is small. The net loss in 2°Th
in the shallow region is explained largely by changes in scavenging. The observed change is well approx-
imated by the yearly averaged terms, suggesting that the shorter time scale processes, such as mesoscale
stirring, are small or nearly cancel. We suggest they nearly cancel, with the stirring mirroring the advection.
The shallow region should gain 2*°Th from the deep region but lose it to the exterior, primarily through stir-
ring along the Mendeleev Ridge. Although the 2*°Th gradients at the boundary along the Mendeleev Ridge
are small horizontally (Figure 7), the isopycnals in this region slope down toward the Canada Basin, and
thus the isopycnal 23°Th gradient is large and inward (not shown) and therefore in the correct direction for
isopycnal stirring to reduce 2*°Th in the Canada Basin.

In the same layer, the deep region exports 23°Th to the shallow region. Advection from outside is small in
the early years, but becomes weakly positive toward the end of the timeseries (not shown). Thus, in the deep
region, losses are both due to scavenging and a net advection out of the region (Figure 7). The observed losses
in 230Th are larger than we can explain with the estimated terms, pointing to significant shorter timescale
processes. We suggest these processes are primarily mesoscale stirring between the deep region and the
shallow region. Mesoscale eddies are a common feature of the water column between 500-2,000 m in the
Canada Basin (Carpenter & Timmermans, 2012) and we suggest stirring by the model representations of
these eddies is the missing loss term. The general features of the circulation in the core of the Atlantic
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Figure 7. (left column) Modeled net fluxes from 2002-2015, for the shallow region (top) and the deep region (bottom) as defined in Figure 1, for the depth slice
between 496 and 590 m. In both regions there is an imbalance between the production of 23Th by radioactive decay and the sinking through particle
scavenging. In the shallow region, this directly leads to the net change in concentration as the advective fluxes are nearly balanced. In the deep region,
advection also causes decreases in the concentration. (right panel) Mean circulation and 23*Th concentration in the 500 m depth layer. Total 23°Th
concentration averaged from 2003-2015, contoured in blues (right color bar) and mean circulation as stream paths. Note that speed is given by color: yellow to
green (lower color bar), not by distance between the stream paths. Black lines delineate the deep and shallow region, showing the defined edges (straight) and
the 3,000 m isobath. Note the main fluxes into the shallow region from outside at the Mendeleev Ridge (left black line), and from the deep region at the
southeast corner of the Northwind Ridge and main flux out along the Canadian Arctic Archipelago at the top right of the figure.

layer, and in particular, the anticyclonic circulation in the central part of the Canada Basin (Figure 7), are
in agreement with geostrophic currents that were calculated deeper in the layer, at about 950 m depth, from
salinity and temperature observations (Dosser & Timmermans, 2018).

Figure 7 shows the important impact of increased circulation and mesoscale stirring on the Atlantic layer.
This result is in agreement with the strengthened mixing intensity over the Canada Basin (Figure 6), thus
illustrating the usefulness of 2°Th observations in revealing changes in ocean dynamics. Regarding reasons
for increased mixing intensity, it is reasonable to believe that increased wind stress on the ocean is responsi-
ble. Increased wind stress can be due to a general increase in wind strength and/or reduced ice cover enabling
more energy to penetrate into the ocean. Unlike the particle flux due to biological productivity, which is
related to minimum summer ice, net wind stress into the ocean will depend on open water throughout the
year. Increases in yearly mean ice free water in the Beaufort Sea are less significant than increases in the
summer open water, but are still on order of 1.5% (Figure 8). An analysis of the winds over the Beaufort Sea
shows that they themselves generally increased from 2003-2016 but that the net wind stress onto the ocean
has increased more quickly (Figure 8). Interannual variations in wind stress onto the ocean are well corre-
lated with the wind stress, not with the fraction of open water (Figure 8). Thus changes to wind stress into
the ocean are caused not only by changes in ice cover in this region but also by changes of the strength of
the winds (Figure 8). If winds continue to increase in the future, the mesoscale stirring will probably con-
tinue to increase and thus we can expect that the spatial variation of 2**Th will continue to decrease in the
Atlantic layer.

4.4. Model Limitations and Potential Future Improvements

Our model simulates the 2*°Th in the Canada Basin well but is less satisfactory in the Eurasian Basin and
over the Mendeleev and Alpha Ridges where the sea ice coverage is consistently higher (Figure 3). 2°Th
modeling is very sensitive to the adsorption and desorption rates. We believe the discrepancies seen outside
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Figure 8. Wind stress changes over the Beaufort Sea. Mean yearly fraction of open water in the model (blue bars, scale
on left). Wind stress over the Beaufort Sea is calculated from the winds forcing the model. Total wind stress ignoring
ice/open water (orange line) and wind stress on the ocean accounting for changes in ice (green) with scale on right.
Note that both increase over the time period but that the stress on the ocean increases slightly faster, consistent with
the increasing open water. Specifically, the fraction of open water increased fastest over this period (2.5% per year, or
32% over the 13 years). The stress actually communicated to the ocean increased by 1% per year (13% over the

13 years), higher than the wind stress ignoring ice (0.6% or 8.2% over the 13 years). The interannual stress on the ocean
is well correlated with the wind stress ignoring the ice, with correlation coefficient of 0.96, whereas it is very weakly
correlated with the open water (correlation coefficient of 0.20).

of the Canada Basin are due to the simple linear relation between sea ice and scavenging. As an example, it
is possible that the change in scavenging strength is very small for areas where the sea ice concentration is
close to 0% or 100%, but is more significant for areas where the ocean is partially covered by ice (similar to
an S Curve shape function). Other studies, in regions with more data, have used multiple types of particles,
differentiating between, for example, opal from diatoms and lithogenic particles (Dutay et al., 2009; Van
Hulten et al., 2018). More research and in particular, more observations, will be needed to better constrain
the relation between sea ice and adsorption and desorption rates so that 2*Th can be better simulated in
the future.

In addition, compared to the Canada Basin, areas such as Eurasian Basin and Makarov Ridge are more sen-
sitive to variations in the Atlantic inflow. The 2*°Th concentration carried by the Atlantic inflow probably
varies with time but could not be incorporated due to the poor temporal and spatial coverage of 23°Th obser-
vations. However, this uncertainty is not expected to be dominant. The most important model component
to improve is the particle dynamics that drive the adsorption and desorption processes.

5. Conclusions

As a sensitive indicator to climate change, the Arctic Ocean is receiving increasing attention. Our study
combines geotracer and modeling techniques to provide a new way to understand the changing Arctic Ocean
circulation. There is an overall reduction in the 2*°Th concentration and spatial gradient in the Canada Basin.
Sensitivity experiments suggest that, while a large amount of the reduction is due to increased particle fluxes
from increased productivity due to reduced ice cover, the strengthening in the Atlantic layer circulation and
mesoscale stirring also leads to a substantial decrease in the 2**Th concentration, particularly in the deep
regions (where the sea floor is deeper than 3,000 m). This increase in ocean velocities is probably due to
more intensive wind energy input to the ocean.

To successfully simulate the 2*°Th, we had to include nepheloid scavenging. Our model also included a
resolved continental shelf and slope region. We found that exchange between the deep basin and this region
decreased 2*°Th in the deep basin. Thus, due to the high proportion of continental shelf and relatively weak
dynamics compared to lower latitudes, our study suggests that nepheloid and boundary scavenging in the
Arctic should not be overlooked. Otherwise, there is an overestimation of 2*°Th created by misinterpreting
the scavenging intensity in the deep oceans as presented in Exp.1.

Ocean tracers such as 2*°Th integrate ocean processes and allow us to estimate large-scale, multidecadal
changes in circulation and particle flux, illustrating the potential of geochemical tracers when combining
spatiotemporal data sets with circulation models. Repeated measurements of 2*Th over time in Canada
Basin reveal changes in circulation and stirring, and in particle flux. Use of a numerical model provides
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enhanced interpretation of the observations. With the gradual melting of sea ice expected in the coming
decades, continued measurements of water column 23Th will provide unique insights into the evolution of
productivity and circulation in the Arctic Ocean. Additional 2**Th profiles measured along section GNO1
of the GEOTRACES program in 2015 will also fill an important data gap and provide additional details on
mixing and particle flux in the Northwind Ridge area and Makarov Basin. A similar approach is applicable
to other oceanic regions where particle scavenging and seawater 2°Th concentrations are spatially variable.

Appendix A: Methods in Scavenging Coefficients Parametrization

In this study, scavenging coefficients were estimated using pre-2000s 2*°Th data as shown in Figure Al. For
particulate 2*°Th, assuming a steady state is reached, equation (3) implies that the slope of the profile (ap)is
directly related to the particle sinking speed:

s=— (A1)

Similarly, equation (4) indicates that a steady state dissolved 23°Th profile has an intercept that is inversely
related to the adsorption rate and a slope that is controlled by both the sinking speed and the ratio of des-
orption rate and adsorption rate. Provided the slope is a, the ratio of adsorption rate over desorption rate
can be found:

A (A2)

Note that (A2) only provides a relationship between adsorption and desorption rates. As an earlier study
(Bacon & Anderson, 1982) suggested that there is no strong correlation between the desorption rate coeffi-
cient and suspended matter concentration, we consider the 2**Th desorption rate (k,) as a constant over the
Arctic. The rate is approximated by a k; value that produces the lowest discrepancy between observations
and analytical solutions. With k,; determined, the adsorption rate is available:

p

ky=ks— (A3)
X4

Particles in each Arctic basin should have similar sources, and thus stations that are geographically close are

grouped together for the analysis (Figure Al). In the Eurasian Basin area, the sinking speed s is estimated
to be 960 m yr~!, approximately 1.5 times higher than that found in the Alpha Ridge area, 615 m yr~!. The
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Figure Al. Linear regressions of the observed 2*Th profiles in the Eurasian Basin and the Alpha Ridge region. (left panel) Map with observation locations.
(middle panel) Linear regressions on observed particulate 23°Th (Eurasian Basin—slope: 2.78 x 10~> dpm m™*, intercept: 0.02 dpm m~3; Alpha Ridge—slope:

4.33 x 107> dpm m~4, intercept: 0.05 dpm m~3); (right panel) the same but for the dissolved 2*°Th profile (Eurasian Basin—slope: 8.38 x 10~ dpm m™,

4

intercept:0.23 dpm m~3; Alpha Ridge—slope: 2.61 X 10™* dpm m™, intercept: 0.52 dpm m~*). Tracer profiles show that 22°Th concentrations over the Alpha
Ridge and in the Makarov Basin (green) increase with depth faster than those in the Eurasian Basin (blue).
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estimated adsorption rate is about 0.13 yr~! for the Alpha Ridge area which is close to a previously reported
value, 0.16 yr~! (Bacon et al., 1989). The adsorption rate in the Eurasian Basin is assessed to be 0.26 yr~1,
which is also within the range of 0.12 to 0.55 yr~! suggested by Trimble et al. (2004). The desorption rate, k,,
is chosen to be 0.8 yr~!. Note that higher values are seen in the Eurasian Basin area for both sinking speed
and absorption rate, compared to the Alpha Ridge. This difference implies particle dynamics are more active
in the Eurasian Basin area, as expected, because primary production in the Arctic is strongly affected by sea
ice through its control on light availability (Brown & Arrigo, 2012), and the Alpha Ridge area is covered by
heavy sea ice.

Considering that the distribution of 3°Th is closely related to particle concentration distribution (Bacon &
Anderson, 1982), and that sea ice is one of the key drivers of primary production (especially by the summer
minimum ice, because the major portion of biologic productivity occurs during the summer (Kim et al.,
2015)), we conjecture that high biological productivity around the ice free margins of the Arctic Ocean
creates a region of enhanced removal of trace elements by scavenging onto particles, while the low biological
productivity area that sits under permanent ice produces a region of weak scavenging.

This conjecture implies a negative correlation between the scavenging coefficients and sea ice concentra-
tion, which enables a reasonable estimation of an Arctic-wide scavenging intensity by using the horizontal
variations of the summer minimum sea ice concentration. Using historical sea ice data provided by
NOAA/NSIDC Climate Data Record data set (Meier et al., 2013; Peng et al., 2013), relationships (5) and (6)
are derived.
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