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Abstract Overthe past decade, the international GEOTRACES program has greatly expanded the coverage
of dissolved lead (dPb) observations in the western Arctic Ocean including the Canada Basin and the Canadian
Arctic Archipelago. However, it is difficult to quantify the drivers of the spatial distribution and seasonal
variability of dPb concentrations using observations alone. Here, we present a three-dimensional model of dPb
concentrations in the western Arctic Ocean with experiments from 2002 to 2021 to assess our current
understanding of dPb cycling. The dPb model illustrates the impact of current and historical anthropogenic
pollution on dPb concentrations in the Arctic Ocean, which accounts for at least 28% of dPb addition to the
region, through aerosol deposition and net transport from other ocean basins. Advected water masses from the
Pacific and North Atlantic Oceans convey elevated pollution-derived dPb concentrations to the Arctic and play
akey role, contributing 43% to the annual dPb budget. The Labrador Sea is a net source of dPb to Baffin Bay via
the West Greenland Current. Within Baffin Bay, simulated dPb concentrations track the seasonal extension of
warm Atlantic Water along the West Greenland shelf and occasional dense overflows of Atlantic Water into the
deep Baffin Bay interior. While dPb concentrations in the western Arctic Ocean are low, the dPb model
simulations presented here show that anthropogenic pollution continues to impact the Pb budget in this region,
consistent with recent observational work, and demonstrate the use of dPb as a tracer of Atlantic and Pacific
Water masses.

Plain Language Summary Over the past century, lead (Pb) concentrations in the atmosphere and
ocean were dominated by pollution from leaded gasoline and industrial activity. While the Arctic Ocean is
remote, it is connected to the Atlantic and Pacific Oceans, which receive more pollution. In the past decade, the
number of observations of Pb in the western Arctic Ocean has greatly increased. Building on these observations,
we created a new Pb model of the western Arctic Ocean and use it to assess our current understanding of Pb
sources to the ocean. With experiments from 2002 to 2021, we showed that the Arctic Ocean, in particular its
sediments, are a sink for Pb. We identified that present-day and historical pollution account for at least 28% of
the Pb added annually to the western Arctic Ocean. Water from the Pacific and North Atlantic Oceans are a
major supply of pollution-derived Pb to the region. Within Baffin Bay, Pb concentrations trace the seasonal
inflow of warm Atlantic Water along the West Greenland shelf and into the deeper areas of Baffin Bay. While
the western Arctic Ocean has low amounts of Pb, our model simulations suggest that pollution continues to
impact the region, consistent with recent observations.

1. Introduction

Over the last century, the supply of lead (Pb) by anthropogenic pollution has strongly exceeded the natural supply
(by crustal particles and volcanic gases) to the atmosphere, altering its cycling and resulting in serious human
health consequences (Boyle et al., 2014; Nag & Cummins, 2022; Patterson & Settle, 1987a, 1987b; Schaule &
Patterson, 1981). Pb emitted by ore smelting, as well as leaded gasoline and coal combustion, binds to aerosols
that are dispersed and deposited to the ocean surface, conveying the signature from the atmosphere to the ocean
(Bartoniova et al., 2019; Duce et al., 1991). As Pb is highly particle-reactive, dissolved Pb (dPb) is removed within
<1-2 years in the upper ocean (Bacon et al., 1976; Kadko et al., 2019), but in the intermediate and deep ocean, the
residence time of dPb increases to decades (Craig et al., 1973). As a result, the signature of anthropogenic Pb
pollution can remain in the ocean for years and spread far away from the location of initial transfer to the ocean.

The historical anthropogenic pollution of Pb was centered on the North Atlantic and North Pacific Oceans (Boyle
et al., 2014; Gobeil et al., 2001; Kelly et al., 2009; Schaule & Patterson, 1981). The North Atlantic Ocean saw the
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highest dPb concentrations of all major ocean basins with peak concentrations of 200 pmol kg~! in ocean water in
the 1970s; natural, preindustrial dPb concentrations in the Atlantic Ocean are estimated at 15 pmol kg™! (Kelly
et al., 2009). Since then, the phaseout of leaded gasoline, scavenging removal, and mixing with more recently
ventilated waters have decreased dPb concentrations in the global ocean (Pinedo-Gonzalez et al., 2018). How-
ever, the historical signature of high dPb concentrations from the 20th century can still be found in intermediate
and deep waters in the North Atlantic Ocean (Zurbrick et al., 2018). There is also evidence of continued input of
dPb at the ocean surface from pollution in the North Pacific Ocean (Zurbrick et al., 2017). As a result of the
exposure histories of water masses, Pb concentrations are a useful water mass tracer that incorporates information
of when the water mass was ventilated (Colombo, Rogalla, et al., 2019; Gobeil et al., 2001).

The Arctic Ocean, while remote, has not been isolated from the impacts of Pb pollution as evidenced by the
presence of anthropogenic Pb in aerosols (in particular during the winter Arctic haze period; Gong & Bar-
rie, 2005; Sharma et al., 2019; Sturges & Barrie, 1989), snow and ice cores (Bory et al., 2014; Boutron et al., 1995;
Pfirman et al., 1995; Rosman et al., 1993; Shotyk et al., 2005), and in the ocean (Colombo, Rogalla, et al., 2019;
De Vera, Chandan, Pinedo-Gonzalez, et al., 2021). At present, dPb concentrations in the Arctic Ocean are
considered low (average of 5 pmol kg™!); nevertheless, Pb isotope signatures suggest that anthropogenic pollution
impacts the Arctic Ocean and surrounding land masses (Bory et al., 2014; Colombo, Rogalla, et al., 2019; De
Vera, Chandan, Pinedo-Gonzalez, et al., 2021). The Arctic Ocean receives waters enriched in dPb advected from
the subpolar North Atlantic and North Pacific Oceans (Gobeil et al., 2001; Zurbrick et al., 2017), while the waters
exiting the Arctic Ocean toward the North Atlantic Ocean through the Canadian Arctic Archipelago (CAA) are
relatively depleted (Colombo, Rogalla, et al., 2019).

Over the past decade, observational campaigns associated with the GEOTRACES program have greatly expanded
our knowledge of the cycling of Pb and Pb isotopes in the central Arctic Ocean (Bam et al., 2020; Charette
et al., 2020; Kadko et al., 2019), the Chukchi Sea (M. Chen et al., 2012; Lepore et al., 2009; Vieira et al., 2019),
the Canadian Arctic Ocean (Colombo, Rogalla, et al., 2019; De Vera, Chandan, Pinedo-Gonzélez, et al., 2021),
the North Atlantic Ocean (Krisch et al., 2022; Noble et al., 2015; Schlosser & Garbe-Schonberg, 2019; Zurbrick
etal., 2018), and the North Pacific Ocean (Zurbrick et al., 2017). In fact, there were very few measurements of Pb
concentrations in the Arctic Ocean prior to the GEOTRACES cruises (Boyle et al., 2014). Recent studies have
also measured Pb concentrations in Arctic snow (Bolt et al., 2020), sea ice (Baskaran, 2005; Bolt et al., 2020),
rivers (Colombo, Brown, et al., 2019), and the Greenland ice sheet (Hawkings et al., 2020; Krisch et al., 2022).
With these new observations, we can attempt to constrain dPb cycling and spatial distributions in the Arctic Ocean
using a model.

To the best of our knowledge, no three-dimensional ocean model of dPb exists that incorporates anthropogenic
sources for the Arctic Ocean or globally. A few studies have used models to improve our understanding of Pb
cycling in the oceans. Spencer et al. (1981) developed two-dimensional models of *'°Pb, an isotope of Pb not
significantly perturbed by pollution, in the Atlantic Ocean to investigate boundary scavenging. Henderson and
Maier-Reimer (2002) developed a global ocean model of 2'°Pb and identified a near-surface maximum in natural
dPb concentrations and order of magnitude variations in Pb residence times. More recently, M. Chen, Carrasco,
et al. (2023) used a one-dimensional model of Pb and observations of dPb and Pb isotopes to suggest that particle-
dissolved fluvial exchange is an important source of dPb to the oceans globally. Building on work by Wu
et al. (2010), Lanning et al. (2023) illustrated reversible exchange of anthropogenic Pb isotopes using a simple
box model. These models have improved specific aspects of our understanding of Pb cycling in the ocean;
however, they are not able to provide a spatial view of the extent of anthropogenic pollution and contributions of a
diverse set of sources.

In this paper, we present a time-varying, deterministic, three-dimensional model of dissolved Pb (dPb) in the
western Arctic Ocean, extending from the Canada Basin through the shallow CAA to Baffin Bay. This model is
embedded within a fully time-varying three-dimensional dynamical model. The dPb model incorporates novel
parameterizations of sources and sinks of dPb that include seasonal variability, and a novel approach to estimating
the dPb model boundary conditions based on the water masses present. With these parameterizations, the dPb
model calculates how concentrations evolve over time and can thereby elucidate how dPb cycling may vary
seasonally. With model simulations, we explore and extend the current understanding of dPb cycling in the
western Arctic Ocean, illustrating the importance of net dPb transport from other ocean basins to the Canadian
Arctic, the significant role of particulates in runoff and resuspension on the dPb budget, and the continued
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contributions of atmospheric pollution. Lastly, using dPb as tracer, we highlight Atlantic Water pathways in
Baffin Bay, a potential source of heat to marine-terminating glaciers on the west Greenland shelf.

2. Methods

We present a model of dissolved Pb (dPb) that runs offline with ocean and sea ice dynamics from the 1/12°
Arctic and Northern Hemispheric Atlantic configuration (ANHA12; X. Hu et al., 2018) of the Nucleus for
European Modeling of the Ocean version 3.6 (NEMO; Madec, 2008) with the Louvain-la-Neuve sea ice model
(LIM2; Bouillon et al., 2009; Fichefet & Maqueda, 1997). The ANHA12 configuration has 50 vertical levels,
and the 1/12° horizontal resolution corresponds to about 3—4 km in the CAA. Terrestrial runoff is based on
monthly climatology and around Greenland, surface runoff is enhanced to include the impact of glacial melt
(Bamber et al., 2012; Dai et al., 2009), and is held constant after 2010 (with a seasonal cycle). The ocean surface
is forced with hourly atmospheric data from the Canadian Meteorological Centre's global deterministic pre-
diction system (G. C. Smith et al., 2014), and tides are not explicitly included. For further details on the
ANHAI12 configuration, see Courtois et al. (2017) and X. Hu et al. (2018, 2019).

The dPb model consists of parameterizations for the addition and removal of dPb, and the advection and diffusion
of dPb is calculated by the NEMO-TOP engine (Gent et al., 1995; Lévy et al., 2001). The model experiments run
from January 2002 to December 2021 using 5-day-averaged dynamics fields. The dPb model is calculated on a
subdomain of ANHA12, while the physical dynamics are from the full domain (Figure 1). In the following
subsections, we describe the dPb model initial and boundary conditions, parameterizations, tuning, and
experiments.

2.1. Initial and Boundary Conditions

The dPb model initial and boundary conditions are carefully designed to account for the historical signature of Pb
pollution in water masses (see Text S1 in Supporting Information S1 for further details; Figure 2; Figures S1 and
S2 in Supporting Information S1). We identify water masses based on their temperature and salinity, and associate
the water masses with dPb concentrations from observations (Figure 2; Colombo, Rogalla, et al., 2019; Zurbrick
et al., 2018). The dPb concentrations associated with each water mass are kept constant over time due to the lack
of available seasonal dPb observations; however, our method accounts for the seasonal variation in inflow of
water masses. Then, we construct a mapping from temperature and salinity to dPb concentrations (Figure S1 in
Supporting Information S1; details in Text S1 in Supporting Information S1). For the initial conditions, this
mapping is applied to ANHA12 salinity and temperature fields from January 2002 (Figure S2 in Supporting
Information S1). For each boundary, the ANHA12 temperature and salinity are used in the mapping to set the dPb
concentration at the boundary for each month (Figure 2; Figure S3 in Supporting Information S1). The water
masses considered in the initial and boundary conditions, and their observed dPb concentrations, are described
next.

The Labrador Sea boundary receives low dPb concentration (5-10 pM) Arctic outflow from the southward Baffin
Island Current (Colombo, Rogalla, et al., 2019). Along the Greenland slope, warmer and saltier Atlantic
(Irminger) Water flows northward via the West Greenland Current (WGC), carrying high dPb concentrations
(25-30 pM; Colombo, Rogalla, et al., 2019; Zurbrick et al., 2018). The recirculation of the WGC in Davis Strait
delivers intermediate dPb concentrations (15-20 pM) to the central Labrador Sea boundary (Colombo, Rogalla,
et al., 2019). Deep waters have low dPb concentrations (5 pM) as they have not been exposed to historical
pollution and have undergone removal through scavenging (Colombo, Rogalla, et al., 2019; Noble et al., 2015).

At the Arctic Ocean boundaries, dPb concentrations in the polar mixed layer (PML) are low (<5 pM; Colombo,
Rogalla, et al., 2019), while the Pacific-derived Alaskan Coastal Water (ACW) supplied by the Alaskan Coastal
Current (ACC) has elevated dPb concentrations (9-16 pM; Colombo, Rogalla, et al., 2019). Cold and fresh winter
Bering Sea water is associated with very low dPb concentrations (3—-5 pM; Colombo, Rogalla, et al., 2019). The
warmer and saltier Atlantic layer has elevated dPb concentrations (5—7 pM; Colombo, Rogalla, et al., 2019). As in
Baffin Bay, Canada Basin deep waters have low dPb concentrations (3 pM; Colombo, Rogalla, et al., 2019).

dPb concentrations at the Hudson Bay boundary cannot be constrained with observations. Instead, we assume that
Arctic outflow dominates dPb concentrations in this region and that Hudson Bay does not have significant local
sources of pollution, and apply dPb concentrations from the Arctic Ocean water mass end-members. dPb
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Figure 1. The dPb model domain, delineated with a solid white line, extends from the Canada Basin to the Labrador Sea with
2-3 km resolution in the southern Canadian Arctic Archipelago and 3—4 km in Baffin Bay. Thin white lines mark one in
every 10 grid points. The dashed line in the inset globe delineates the full domain of the Arctic and Northern Hemispheric
Atlantic configuration (ANHA12; X. Hu et al., 2018). Terrestrial runoff sources are marked with size proportional to
September 2010 discharge forcing and colored based on the assigned drainage basin category: glacial (blue), continental
(orange), or other (white).

concentrations in sediment core samples in Hudson Bay suggest relatively constant dPb concentrations over the
last century, but isotopic signatures do indicate an increase in the relative proportion of anthropogenic lead in
Hudson Bay (Thibodeau et al., 2017). The modeled dPb concentrations in Baffin Bay are not sensitive to the
choice of the Hudson Bay boundary condition concentrations as water flows through Hudson Strait and south-
ward along the coast of Labrador out of the dPb model domain (Figure S4 in Supporting Information S1).

2.2. Parameterizations of Dissolved Pb Sources and Sinks

Dissolved Pb is removed from the water column through scavenging onto particulates and can be added by
deposition of natural and anthropogenic aerosols, terrestrial runoff, sediment resuspension, and release from sea
ice (Baskaran, 2005; Colombo, Brown, et al., 2019; Colombo, Rogalla, et al., 2019; Noble et al., 2015; Patterson
& Settle, 1987b; Schlosser & Garbe-Schonberg, 2019). Below, we describe the parameterizations of these pro-
cesses (parameters in Table 1); the parameterizations for aerosol flux, sediment resuspension, and sea ice follow a
similar approach as for the Arctic Mn model in Rogalla et al. (2022). The supply of dPb by hydrothermal fluids is
excluded as a source within the study domain as there are no significant local sources of hydrothermal fluids and
dPb is typically removed rapidly nearby vents (J. H. Chen et al., 1986; German et al., 1991; Noble et al., 2015).

2.2.1. Scavenging Removal

Dissolved Pb is highly particle-reactive and adsorbs to lithogenic, authigenic, and biogenic particle surfaces
(Chuang et al., 2014; Grousset et al., 1995; Lambert et al., 1991; Luengen et al., 2007; Schlosser & Garbe-
Schonberg, 2019). This Pb is subsequently removed to the sediments by particle settling. Pb scavenging is most
efficient in productive coastal and continental shelf regions where particles are abundant (M. Chen et al., 2012;
Luengen et al., 2007; Schlosser & Garbe-Schonberg, 2019). Scavenging shapes the residence time of dPb in the
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Figure 2. The dissolved Pb (dPb) model boundary conditions (locations marked in Figure 1) are created by identifying water
masses from modeled temperature and salinity and pairing them with dPb concentrations observed in these water masses (in
this figure; Figure S1 and Text S1 in Supporting Information S1). Each row in this figure specifies a boundary location. The
left column (panels a, d, g) shows temperature-salinity diagrams with dPb concentrations from GEOTRACES observations
(GEOTRACES Intermediate Data Product Group, 2021), with the color bars included in the rightmost column. The middle
column (panels b, e, h, j) shows the dPb model boundary conditions in August 2015. The right column (panels c, £, i, k) shows
transects of dPb concentrations in the model boundary conditions. Gray circular markers in panels (a), (d), and (g), indicate
measured temperature and salinity at locations without dPb samples, and water mass end-members are marked with their
name and a star. Note that the color bar scale for the Labrador Sea extends to higher concentrations, and that the temperature,

salinity, and depth ranges differ between panels.

ocean; residence times vary from several months to 2 years in the surface, up to decades in intermediate and deep
waters (Bacon et al., 1976; Henderson & Maier-Reimer, 2002; Nozaki et al., 1976).

In this model, dPb is removed by irreversible scavenging onto particle fields at a rate described by:

d[dPb]

ot

scavenging

=—(p- Plizho,authigenic +(1=p- Pbiogenic) ' kp - [dPb]

®
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Table 1
Constants and Parameter Values Used in Dissolved Lead (Pb) Model Experiments
Parameter Description Value Source
a Fractional solubility of Pb at 4°C 0.80 Fishwick et al. (2018)
m Molar mass of Pb 207.2 g mol™! -
Job crust Natural Pb fraction in Earth's crust 17 ppm Gobeil et al. (2001) and
Wedepohl (1995)
Sfov:BC Aerosol Pb to black carbon ratio 0.011 This study®
k, Scavenging rate constant 5-107¢ 57! This study
p Fraction lithogenic and authigenic particles 0.10 This study
C Tidal erosion tuning constant 1.2-1078 This study
y Solubility parameter 0.065 Rogalla et al. (2022)
€ Estuarine particle transfer efficiency 0.15 This study
D 14555 Runoff (dissolved Pb and particulate matter) This study®
Setass - Glacial 35 pM and 261 mg L™
- Continental 43 pM and12 mg L'
- Other 2 pM and 4 mg L~!

“With observations from Alert, Nunavut from Sirois and Barrie (1999) and Gong et al. (2010). "With observations from
Colombo, Brown, et al. (2019) and Brown et al. (2020).

where [dPb] is the concentration of dissolved Pb, f is the fraction of lithogenic and authigenic particles,
Plitho,auihigenic 15 the spatial field of combined lithogenic and authigenic particle abundance (normalized by the
maximum abundance observed within the domain over the full time series), Ppiggenic 18 @ modified normalized
biogenic particle abundance (calculated per Equation 2), and k,, is the scavenging rate constant. The parameters f3
and k, are tuned by optimizing the combination that best represents observed dPb residence times (Section 2.3).
We set the scavenging rate constant to be the same for all particle types as differential scavenging efficiency
depending on particle chemistry is currently difficult to constrain based on available observations. Note that the
tuned parameter § does however indirectly incorporate preferential adsorption to different particle types because
it scales the magnitude of the biogenic versus lithogenic and authigenic particle fields. There are also indications
that Pb is reversibly scavenged from particles in deep basins (Boyle et al., 2020; Wu et al., 2010). However,
similar to Henderson and Maier-Reimer (2002), we do not incorporate the effect of reversible scavenging into this
dPb model as this is expected to be small, consistent with observed deep Pacific Ocean dPb concentrations
(Lanning et al., 2023).

Biogenic particle fields, P,,,, are calculated monthly from the sum of phytoplankton biomass and particulate
organic phosphate content derived from the vertical particulate organic phosphate flux and the sinking rate of a
1/4° NEMO configuration with the BLING model (Castro de la Guardia, 2018; Galbraith et al., 2010). The
sinking material is a combination of sinking algal cells and aggregates, and zooplankton fecal matter. The
modified normalized biogenic particle abundance, Pp;ygenic, takes into account the relationship between scav-
enging onto biogenic particles and particle size as follows:

P bio
——— % 2
maX(Phio)O.gS

P, biogenic =
where the exponent, 0.85, is derived from the power-law relationship between suspended particulate matter and
the Pb partitioning coefficient in Bam et al. (2020) and limits the scavenging by the largest particles. The
maximum of the biogenic particle fields, max(Py;,), is the maximum abundance anywhere over the full time
series. We estimate the monthly combined lithogenic and authigenic particle field based on oxidized Mn from an
Arctic Mn model (Rogalla et al., 2022), as oxidized Mn is an effective scavenger and Pb is likely scavenged by
Mn oxides (Bam et al., 2020; Hollister et al., 2020). The biogenic particle field dominates behavior in the upper
50-200 m, while the lithogenic particle field is more important below that, consistent with Xiang and Lam (2020).
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2.2.2. Direct Aerosol Deposition and Indirect Release From Sea Ice

Aerosols contribute Pb to the ocean through direct (dry and wet) deposition, ®,,,, and through release during sea
ice melt, ®,.,. In the Arctic, aerosol Pb comes from natural crustal sources and from anthropogenic pollution (De
Vera, Chandan, Landing, et al., 2021; Sharma et al., 2019).

In the dPb model, the natural aerosol contribution is estimated from dust deposition and the fraction of Pb in the
continental crust. The pollution origin aerosol contribution is estimated using black carbon, as black carbon flux
model products are more readily available, and both black carbon and lead are produced during the combustion of
fossil fuels (Macdonald et al., 2000). The fraction of Pb aerosols relative to black carbon aerosols, fp;, gc, 1S
estimated from observations in Alert, Nunavut from 1989 to 1992 (see Text S2 and Figure S5 in Supporting
Information S1; Gong et al., 2010; Sirois & Barrie, 1999). More recent observations in Alert indicate that while
aerosol Pb and black carbon concentrations have decreased by 56% and 52%, respectively, since the 1990s, their
ratio is not significantly altered (Sharma et al., 2019). The contribution to dPb from natural and pollution- origin
aerosols can be written as follows:

a[de] — <) 'ﬁ’b aerosol @
ot m:- Azs'urface

aerosol atm or ice (3)
atm or ice

where q is the fractional solubility of Pb, m is the molar mass of Pb, and Az, is the surface grid cell thickness.
The fraction of Pb contributed by the aerosol, fp;, gerosors 1S €ither the mass fraction of Pb in the continental crust
(fpb C,,m) or the fraction of pollution-origin Pb in aerosols (ﬁub,BC), for the natural and pollution- origin aerosol
contributions, respectively. Similarly, ®,,,,,; refers to either the dust or black carbon fluxes for the natural and
pollution- origin aerosol contributions. The monthly atmospheric and sea ice dust and black carbon fluxes are
interpolated onto the ANHA 12 grid from postprocessed atmospheric data from an ensemble member (LE2-1001)
of the Community Earth System Model (CESM2) Large Ensemble experiments (Danabasoglu et al., 2022;
Rodgers et al., 2021).

2.2.3. Terrestrial Runoff

River discharge and glacial melt contribute Pb to the shelf seas (M. Chen, Carrasco, et al., 2023; Colombo,
Rogalla, et al., 2019; Krause et al., 2023; Krisch et al., 2022; Schlosser & Garbe-Schonberg, 2019). However, the
exact contribution is challenging to constrain as the cycling of Pb (due to scavenging, flocculation, and particle
settling) at the river-ocean interface is complex and varies between estuaries (Henderson & Maier-Reimer, 2002;
Elbaz-Poulichet et al., 1984; Schlosser & Garbe-Schonberg, 2019, and references therein). dPb released during
weathering of glacial flour can be quickly removed by sorption on particle surfaces, so the proportion removed is
sensitive to the suspended sediment load (Krause et al., 2023; Schlosser & Garbe-Schonberg, 2019). Mixing also
remobilizes particles including particulate Pb, and this increased turbidity results in enhanced adsorption of dPb to
particles and enhanced removal through flocculation and scavenging (Duinker, 1983; Elbaz-Poulichet
et al., 1984; Jiann et al., 2005).

The physical model and the dPb model used in this study can not resolve the spatial scale of the processes at the
river-ocean interface. Instead, dPb supply by runoff is estimated based on the dissolved Pb fraction and the in-
direct contribution from suspended particulate matter with a transfer efficiency of €. The dPb contribution from
runoff depends on the discharge rate, Q, and on properties of the catchment basin (Colombo, Brown, et al., 2019).
Each runoff source is assigned a class (Figure 1) with an associated characteristic dPb concentration, D, and
suspended particulate matter content, S, based on observations (Table 1; Brown et al., 2020; Colombo, Brown,
et al., 2019; Rogalla et al., 2023). The runoff contribution is calculated as follows:

a[C;Pb] _ 0 ( Doy + € Seiass * A0 “Jep L‘rusr) @

t runoff ~ P0 " Azsurface m

where p,, is the density of freshwater. Glacial melt enters the ocean through direct discharge and through sub-
glacial melt plumes (Bhatia et al., 2021); the model is unable to resolve entrainment at the glacier mouth, but
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includes glacial melt in runoff. The glacial (35 pM) and continental (43 pM) dissolved Pb runoff concentrations
from Colombo, Brown, et al. (2019) are lower than, but comparable to, the dPb end-member of 54 + 7 pM in
glacial runoff observed in a Greenland fjord (Krisch et al., 2022).

2.2.4. Sediment Resuspension

Dissolved Pb can increase near the ocean floor as a result of sediment resuspension (M. Chen et al., 2012; De
Vera, Chandan, Pinedo-Gonzalez, et al., 2021; Noble et al., 2015). However, sediment resuspension can also
enhance adsorptive removal of particle-reactive dPb and thereby reduce concentrations near the seafloor
(Colombo, Rogalla, et al., 2019; Kuzyk et al., 2013; Lepore et al., 2009; Spencer et al., 1981). Generally, the
biogeochemical processes controlling sedimentary release of dPb are poorly constrained (Vieira et al., 2019).

In this dPb model, sediment resuspension is incorporated as a continuous process based on tidal stress (Figure S6
in Supporting Information S1) calculated from the barotropic tidal speed, U4, as follows:

— e~ Ura?
d[dPb “07(1 e >
u =C- Ul2idal .

2 .
or sediment Utidal m AZbmtom

ﬁ’b crust ( 5)

where the tidal erosion tuning constant, C, sets the overall strength of the contribution of resuspension for dPb,
and the solubility parameter, y, modifies the solubility so that the resuspension rate has an upper limit at high tidal
speeds (Rogalla et al., 2022). We use the barotropic tidal speeds from the MOG2D-G model (Carrere &
Lyard, 2003). The fraction of Pb in the continental crust, fp; .- iS the same as used in the other equations.
However, the fraction of Pb in seafloor sediments could be higher than the typical continental crust fraction, as
deposited sediments on the seafloor are enriched with anthropogenic Pb (De Vera, Chandan, Pinedo-Gonzélez,
etal., 2021). On the other hand, the crustal fraction used is on the upper end of the range observed in the Chukchi
Sea by Cai et al. (2011).

2.2.5. Sediment Entrained in Sea Ice and Subsequent Melt

Sea ice-rafted sediments have been identified as a source of >'°Pb, a nonanthropogenic Pb isotope, and other trace
elements to the ocean surface (Baskaran, 2005; M. Chen et al., 2012; Rogalla et al., 2022) and dPb concentrations
as high as 33 pM have been measured in Arctic sea ice melt ponds (Marsay et al., 2018).

In the dPb model, we estimate the contribution from sea ice by coupling the Pb contained in sediments in sea ice
and the sea ice melt rate, /., similar to Rogalla et al. (2022) as follows:

a[de] — Q 'f}’h crust S .
ot m- AZ.\'u}face ¢

I melt (6)

where S, is the effective sediment content at each grid point. The effective sediment content is spatially variable,
and depends on the amount of sediment that was incorporated during ice formation on the shelves and on sea ice
transport. The effective sediment content is multiplied by a tuning constant to account for the net effect of
enhanced particle-reactive Pb removal (see Section 2.3). The above parameterization assumes that Pb released by
sea ice originates from shelf sediments in the particulate form and that during melt, these particles undergo
dissolution. We also focus the parameterization on the particulate component because much of the sea ice in our
domain is multi-year ice, and we assume that most of the dPb in sea ice drains from the ice matrix early in the melt
season alongside the sea ice brine. The spatial variation in the sediment content in sea ice is estimated based on the
proportion of sea ice in the Canada Basin that formed over the Siberian shelves during stormy fall months,
estimated using particle tracking (Figure S7 in Supporting Information S1; see Rogalla et al., 2022, for details).

2.3. Tuning

The tuned parameters in the dPb model are the scavenging rate (k,), fraction of lithogenic and authigenic particles
(), estuarine particle transfer efficiency (¢), tidal erosion constant (C), and effective sediment content in sea ice
(S,). The scavenging removal of dPb is tuned by estimating the parameter combination of k, and $ that most
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Table 2

Description of Model Forcing for the Dissolved Lead (dPb) Model Experiments

Experiment name Description of forcing change Period
Reference - 2002-2021*
Labrador Atlantic Increase [dPb] in Atlantic Water at the Labrador Sea boundary 2002-2021%
Hudson Bay Increase [dPb] at the Hudson Bay boundary 2002-2007*

*Prior to the study period, the model is spun up by repeating the year 2002 nine times.

closely captures the observed patterns in dPb residence time in the Arctic Ocean and sub-Arctic North Atlantic
and North Pacific Oceans (Baskaran et al., 2022; M. Chen et al., 2012; Chung & Craig, 1983; Cochran et al., 1990,
1995; W. Hu et al., 2014; Kadko et al., 2019; Moore & Smith, 1986; Nozaki et al., 1976, 1997; J. N. Smith
et al., 2003). The residence time of dPb in the model is estimated over the course of a year from the ratio of the
monthly dPb inventory to the monthly removal, assuming steady-state conditions. With the scavenging removal
set, we ran a tuning experiment with spin-up from 2002 to 2010 and branched four experiments from 2010 to
2015: one with all components on and best-guess parameter values and the others withe = 0,C = 0,and S, = 0
respectively. For each of these experiments, we compared simulated dPb concentrations relative to the best guess
with observed dPb concentrations from Colombo, Rogalla, et al. (2019). Assuming that the dPb concentrations in
specific regions are nearly linear in these parameters, we can tune the parameters based on these experiments.
From the particulate matter in runoff experiment, we estimate ¢ based on simulated dPb concentrations in the
upper water column in Lancaster Sound and in Baffin Bay. From the sediment resuspension experiment, we
estimate C based on the near-bottom observed dPb concentrations in coastal regions in the CAA. From the sea ice
melt off experiment, we estimate S, based on the upper water column dPb concentrations in regions away from the
coastline and strong advective signals (primarily in the Canada Basin).

2.4. Experiments

We perform a reference experiment and two sensitivity experiments with the dPb model (experiments summa-
rized in Table 2). The sensitivity experiments establish the impact of the specification of dPb concentrations at the
Labrador Sea and Hudson Bay boundaries on dPb concentrations in the study domain. In addition, the “Labrador
Atlantic” experiment maps pathways of Atlantic Water in Baffin Bay. In the Labrador Atlantic experiment, dPb
concentrations are increased from 30 to 35 pM for the Atlantic Water end-member. In the “Hudson Bay”
experiment, dPb concentrations are increased from 3 to 5 pM for the PML end-member and from 5 to 10 pM in the
Atlantic Water end-member. We run the Hudson Bay experiment from 2002 to 2007 as this period is long enough
to establish that the Hudson Bay boundary does not impact the interior of the domain. The dPb model experiments
are spun up by repeating the year 2002 nine times; at this point, the year-to-year profile changes at evaluation
stations are small and Atlantic influence extends throughout Baffin Bay (Figure S8 in Supporting
Information S1).

3. Results
3.1. Dissolved Pb Model Evaluation

We evaluate the dissolved Pb (dPb) model with observations collected by the GEOTRACES GNO1, GN02, and
GNO3 cruises in the Arctic Ocean between 3 August and 28 September 2015 (Colombo, Rogalla, et al., 2019;
GEOTRACES Intermediate Data Product Group, 2021). These dPb observations highlighted a few key features
(Colombo, Rogalla, et al., 2019): a gradient in dPb concentrations from the Arctic Ocean to the Labrador Sea,
elevated dPb concentrations at 300-800 m depth in Baffin Bay in Atlantic Water from the Labrador Sea, and a
separation in dPb characteristics west and east of Barrow Sill in the CAA. Within the Canada Basin and the
western CAA, observations identified a peak in dPb at 50—100 m depth in Pacific-derived Alaskan Coastal Water
from the Alaskan Coastal Current and weakly elevated dPb in Atlantic Water from Fram Strait. We focus the
following model evaluation on three layers: the mixed layer (0-34 m depth), the subsurface layer (40-110 m
depth), and the Atlantic layer (454—763 m depth).
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Figure 3. Dissolved Pb (dPb) concentrations in the mixed layer (a and d), subsurface layer (b and e), and Atlantic layer (c and
f) in August-September 2015. The shading corresponds to modeled dPb concentrations averaged over the sampling time
period (August—September 2015), and the circles indicate observed dPb concentrations from GEOTRACES GNO01-03
cruises (GEOTRACES Intermediate Data Product Group, 2021). Observations are averaged over each layer's depth range,
with a buffer of 15 m when shallower than 200 m and with a 50 m buffer otherwise. Panels (d—f) expand the Parry Channel
region of the Canadian Arctic Archipelago. Note the difference in color bar scale for panels (a—c and d—f). Areas masked as
land in the dPb model are indicated in light gray and are masked based on the shallowest depth in the layer's depth range. The
white dashed line in panels (a and d) indicates the path of the transect shown in Figure 4.

The model captures the overall observed magnitude of, and increase in, dPb concentrations from the Canada
Basin to the Labrador Sea (Figures 3 and 4). Modeled dPb concentrations in the mixed layer are lowest in the
Canada Basin (3—7 pM), increase as waters transit through the CAA (4-9 pM) into central Baffin Bay (7-10 pM),
and are highest in the Labrador Sea (14-26 pM). Modeled dPb concentrations in the mixed layer are elevated
along coastlines near runoff sources, especially in the glaciated areas of Greenland, Ellesmere Island, and Baffin
Island (40-80+ pM). The magnitude of modeled dPb concentrations is comparable to observations in Colombo,
Rogalla, et al. (2019) at stations that are affected by runoff, such as CAA1 in northern Lancaster Sound (affected
by a glacial plume), and BB3 and BB1 along the Baffin Island coast. Observed dPb concentrations around West
Greenland are elevated, but cover a broad range from 3.2 to 252 pM (Krause et al., 2023); there are currently not
enough observations to constrain the model estimates of dPb near the Greenland ice sheet. However, the salinity-
dPb relationship derived from observations near Nioghalvfjerdsbrae, a floating ice tongue on the Northeast
Greenland shelf, suggests a freshwater dPb end-member of 54 &+ 7 pM (Krisch et al., 2022), which falls within the
same range as our simulations.

Atlantic Water from the Labrador Sea creates a distinct peak in simulated and observed dPb concentrations in the
intermediate water column in Baffin Bay (Figures 3c and 4; Colombo, Rogalla, et al., 2019). However, the
elevated dPb signal is weaker and shallower in the model (7-14 pM; 200—400 m depth) than observed (10-25 pM;
300-800 m depth; Colombo, Rogalla, et al., 2019), possibly due to excess adsorptive removal in the deeper water
column in Baffin Bay in the model. Davis Strait is ~640 m deep, and its topography controls the inflow of Atlantic
Water from the Labrador Sea into Baffin Bay. Slight deviations in the extension of high dPb content water from
the Labrador Sea in the model also impact the representation of high dPb concentrations sampled at station BB1
(up to 27 pM) in Davis Strait (Figures 3a—3c and 4). As seen in the observations in western Baffin Bay (Colombo,
Rogalla, et al., 2019), elevated dPb concentrations from Atlantic Water and from Greenland runoff are transported
around Baffin Bay by the cyclonic WGC and combine with Arctic outflow in northern Baffin Bay (Figures 3a and
3b). The isopycnal surfaces associated with the dPb peak deepen along the path of the WGC and are associated
with warm Irminger Water (Figure 4; Colombo, Rogalla, et al., 2019). In western Baffin Bay, lower dPb con-
centration Arctic outflow from Lancaster Sound, Jones Sound, and Nares Strait merges with recirculating WGC
water and decreases observed and modeled concentrations offshore of Baffin Island (lower dPb plume visible in
Figure 3b; Colombo, Rogalla, et al., 2019).
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Figure 4. A transect of dissolved Pb (dPb) concentrations from the Canada Basin through Parry Channel in the Canadian
Arctic Archipelago (CAA) to Baffin Bay (path is marked by a white dashed line in Figures 3a and 3d). The background
shading corresponds to modeled dPb concentrations averaged over the sampling time period (August—September 2015), and
the circles indicate observed dPb concentrations from GEOTRACES GNO02-03 cruises (Colombo, Rogalla, et al., 2019).
Station names are indicated above the main axes. The inset axes expand the upper water column in the Canada Basin and the
western CAA (top inset), and the central and eastern Parry Channel region (center inset). Note that the color bar ranges are
reduced for the inset axes.

Within the CAA, the model captures a change in dPb concentrations west and east of Barrow Strait (Figure 3e),
consistent with observed patterns (Colombo, Rogalla, et al., 2019). The shallow sill (at ~120 m depth) in Barrow
Strait limits the westward extension of recirculating high dPb Atlantic Water from Baffin Bay and the eastward
flow of deeper waters from the Arctic Ocean in both the observations and the model (Figure 3; Colombo, Rogalla,
etal., 2019). In Lancaster Sound, the model represents the elevated concentrations observed at CAA1 on the north
side of the channel (up to 13 pM in the observations; Colombo, Rogalla, et al., 2019) and the lower concentrations
observed in the Arctic outflow (45 pM; Colombo, Rogalla, et al., 2019), although the magnitude of the across-
channel variation in the model is smaller than observed for the mixed layer (Figures 3d-3f; Colombo, Rogalla,
et al., 2019). The model also captures the increase in dPb to 8§ pM at 200-400 m depth in Lancaster Sound from
recirculating Atlantic Water from Baffin Bay (Figure 4; Colombo, Rogalla, et al., 2019). In Barrow Strait (station
CAAG6), the model underestimates dPb concentrations at all depth levels (Figure 4; Colombo, Rogalla,
et al., 2019). This region is characterized by strong mixing, and observed dPb concentrations at CAAG6 are higher
than any of the surrounding stations (7—11 pM compared to 3-8 pM), attributed to Atlantic Water from Baffin Bay
(Colombo, Rogalla, et al., 2019; Hughes et al., 2017). The model may underestimate dPb here due to a difference
in the westward extension of Atlantic Water from Lancaster Sound, or due to underestimation of a local source
such as sediment resuspension.

In the Canada Basin and the western CAA (M’Clure Strait), the model captures the overall magnitude of dPb
concentrations (Figure 4; Colombo, Rogalla, et al., 2019), but underestimates the observed dPb peak at 50-100 m
depth associated with Pacific-derived Alaskan Coastal Water (ACW; Colombo, Rogalla, et al., 2019). Just outside
the dPb model domain on the Chukchi shelf, higher dPb concentrations are observed. The western Canada Basin
model boundary conditions appear to capture these concentrations; a plume of higher dPb water from the Chukchi
shelf is simulated in the mixed layer and extends toward the Canada Basin, but the simulated subsurface peak is
underestimated (Figure 3a). In the mixed layer in the Canada Basin, elevated dPb concentrations are simulated in
regions with strong sea ice melt along the outer edges of the Beaufort Gyre (Figures 3a and 4), as noted in the
observations at station CB4 (Colombo, Rogalla, et al., 2019).
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Figure 5. Average dissolved Pb (dPb) residence time in the model in the full water column (a) and zoomed in on the upper
water column (b), calculated over the time series from 2002 to 2021 and separated by regions (solid and dotted lines; region
definitions in Figure S9 in Supporting Information S1). Markers indicate Pb residence time estimates from observational
studies in the Arctic Ocean and sub-Arctic seas with locations listed in the legend (Baskaran et al., 2022; M. Chen

etal., 2012; Chung & Craig, 1983; Cochran et al., 1990, 1995; W. Hu et al., 2014; Kadko et al., 2019; Moore & Smith, 1986;
Nozaki et al., 1976, 1997; J. N. Smith et al., 2003). Asterisks in the legend indicate residence time estimates based on 210pp,

In the Canada Basin, observed dPb concentrations are slightly elevated (from 3 to 5 pM) in the Atlantic layer
(300-800 m; Colombo, Rogalla, et al., 2019). The model captures an increase in dPb concentrations at these
depths but underestimates the magnitude by 1-2 pM (Figure 4). This underestimate could be due to stronger
adsorptive removal in the model (shorter dPb residence time than in reality), an underestimate of the dPb con-
centration of the Atlantic Water end-member in the Canada Basin boundary conditions, higher original dPb
concentrations in older Atlantic Water, differences in Atlantic Water circulation in the model, or too much mixing
in the model. Modeled dPb concentrations at depths below 700 m are low across the domain (0-5 pM), but are
higher in the Canada Basin (3—5 pM) than in Baffin Bay (0-3 pM) as a result of the longer dPb residence time in
the model in the Canada Basin and the isolation of the deep Baffin Bay in the model (Figure 4).

As noted above, the representation of model concentrations strongly depends on the dPb residence time resulting
from the scavenging parameterization (Figure 5). Given the timescale of the model experiments (2002-2021),
dPb residence times shorter than 20 years have the most noticeable impact on simulated dPb concentrations, that
is, regions shallower than 500-1,000 m and all depths in Baffin Bay. The model captures the anticipated regional
variation in dPb residence time: in the upper water column, mean dPb residence time decreases from the Canada
Basin to the productive Labrador Sea (Figure 5b). Observed and simulated dPb residence time is shortest in the
surface at less than 1 year (Figure 5b; Kadko et al., 2019). At 10-30 m depth, the dPb residence time in the central
Arctic Ocean is longer in the model (Figure 5b) than estimated by Kadko et al. (2019). That is not unexpected, as
these observational estimates are from summer months when removal is expected to be stronger. Overall, the
magnitude of dPb residence time and its change with depth are comparable to observations in a number of ocean
basins (Figure 5a). For Baffin Bay, the simulated dPb residence times are short due to high biogenic particle
abundances; however, there are no representative observations for this region to constrain the deep water column
dPb residence time.

3.2. Sources, Sinks, and Modification of Dissolved Pb in the Canadian Arctic

Dissolved Pb concentrations in the ocean in the Canadian Arctic are controlled by external sources (dissolved and
particulate runoff, anthropogenic and natural aerosols delivered directly from the atmosphere and via sea ice,
release of sediments in sea ice, and resuspension of sediments), sinks (adsorptive removal), and transport across
the model boundaries (western and northern Canada Basin, Hudson Bay, and the Labrador Sea). To gain insight
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Figure 6. The contributions of the dissolved Pb (dPb) model sources and sinks in the western Arctic Ocean. (a) Annual
addition of dPb by source components and net transport across the dPb model domain boundaries (positive values indicate
net transport into the domain), averaged from 2002 to 2021. Net transport at the Hudson Bay boundary is too small to appear.
The percent labels on top of the bars indicate the proportion that each source contributes to the total dPb addition. Interannual
variation of the (b) magnitude of external dPb sources and (c) net transport into the study region. (d) Total magnitude of dPb
addition by sources and removal by scavenging within the study domain, with uncertainty from the total budget closure
indicated in light gray. Note the different vertical axis scales. We consider the anthropogenic aerosol contributions and at
least 50% of dPb transported from the Labrador Sea (Bridgestock et al., 2016) to have a pollution origin, although other
external sources such as sediment resuspension and runoff likely have an anthropogenic component as well.

into the relative importance of these processes, we calculate the monthly mean contribution of each component
over the reference experiment from 2002 to 2021 (Figure 6), including the net transport of dPb across the model
boundaries.

External sources of dPb deliver a total of 2.4 Mmol yr~! or 58% of dPb supplied to the domain (Figures 6a and 6b).
Particulate runoff adds 22% of dPb to the ocean surface (varying from 0.8 to 1.0 Mmol yr~!), while dissolved
runoff only accounts for 1% of dPb added. The magnitude of dissolved and particulates in runoff varies inter-
annually from 2002 to 2010 and remains constant thereafter, following the model runoff forcing. Sediment
resuspension adds 19% of dPb throughout the domain, just above the ocean floor, and there is no source of time
variability in the prescription of this process. Anthropogenic aerosols from the atmosphere and sea ice account for
6.2% and 5.7% of dPb addition, respectively, and are more important than the natural fractions (0.2% and 0.6%
each). The atmospheric aerosol contributions are maximal in 2004 and 2014, while the sea ice aerosol contri-
butions vary more weakly. Sediments in sea ice contribute 3.4% of dPb to the domain, and its contribution
gradually increases over the course of the time series as sea ice melt increases.

The net supply of dPb from the model boundaries to the domain is 1.8 Mmol yr~! and together, the boundaries
account for 42% of dPb supply (Figures 6a and 6¢). The Labrador Sea is the most important net source of dPb to
the domain (1.3 Mmol yr™!), and its supply varies significantly interannually with a maximum of 2.1 Mmol yr™!
in 2006 and minimum of 0.6 Mmol yr~! in 2015 (Figure 6¢c). The western and northern Canada Basin boundaries
supply net about 0.2 Mmol yr~! each to the model domain. The Hudson Bay boundary is a small net sink of dPb to
the domain (—0.006 Mmol yr~'); the choice of concentrations at this boundary does not significantly impact the
domain as highlighted with a model sensitivity experiment (Figure S4 in Supporting Information S1).

From 2002 to 2021, the modeled annual addition of dPb is mostly less than or equal to the annual modeled
removal by scavenging (Figure 6d). As a result, the dPb content within the model domain decreases by 10% over
the full time series. The change in dPb content in the model domain is approximately equal to the sum of sources
and sinks in the dPb budget. The deviation from complete closure of the budget is shown with light gray shading
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Figure 7. Climatology of the difference in dissolved Pb (AdPb) between the “Labrador Atlantic” experiment and the
reference experiment at (a) 34 m and (b) 266 m depth (the maximum is 5 pM). The solid white line delineates the 1,000 m
isobath. The dashed white lines indicate the locations of cross-sections of (¢) Davis Strait and (d) the Labrador Sea. Note the
different color bar scale in panel (a) and vertical scales in panel (c) and (d).

in Figure 6d and is likely because the calculation is based on monthly averaged output and does not impact the key
findings; the deviation is not due to the seasonality as the model explicitly includes processes driving seasonal
dPb cycling. Adsorptive removal varies in a narrow range from 4.1 to 4.6 Mmol yr~! over the time series, while
dPb supply ranges from 3.4 to 4.9 Mmol yr~!. The interannual variability of dPb supply in the model primarily
depends on the inflow at the Labrador Sea boundary.

3.3. Dissolved Pb as a Tracer of Atlantic Influence in Baffin Bay

Dissolved Pb (dPb) concentrations in Baffin Bay trace the influence of Atlantic Water (Colombo, Rogalla,
et al., 2019). We performed a sensitivity experiment of the Labrador Sea boundary condition, called “Labrador
Atlantic” (Table 2), to trace Atlantic Water influence (and its associated heat) in Baffin Bay with the dPb model.
In this experiment, the dPb concentration of the Atlantic Water end-member (Figures 2a and 2b), which consists
primarily of Irminger Water and also Labrador Sea Water, is increased from 30 to 35 pM at the Labrador Sea
boundary (altered boundary condition shown in Figure 7d). For the following results, “A dissolved Pb (AdPb)”
refers to the difference between the dPb concentrations in the Labrador Atlantic and reference experiments
(maximum of 5 pM), and is calculated based on a climatology of the time series.

In the Labrador Atlantic experiment, AdPb traces well-known pathways of Atlantic influence in Baffin Bay
(Figure 7). The cyclonic WGC carries Atlantic Water (AdPb = 4-5 pM) from the Labrador Sea boundary to-
ward Baffin Bay along the Greenland shelf. A large portion of water carried by the WGC recirculates within the
Labrador Sea basin and does not cross Davis Strait, as highlighted by the higher AdPb concentrations in the
Labrador Sea (4-5 pM) than Baffin Bay (0-2 pM). The WGC transports Atlantic-derived Pb to northern Baffin
Bay and into Nares Strait north to Kane Basin at all depths (AdPb = 0.2-0.8 pM). Atlantic-derived dPb also
highlights the recirculation of water from Baffin Bay along the northern and central part of Lancaster Sound
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Figure 8. (a) Baffin Bay regions split into the Baffin Bay interior (separated from the continental shelves by the 1,000 m
isobath), the Greenland shelf, and the Baffin Island shelf. The northern Baffin Bay shelf is excluded as it is a more complex
transition environment. (b) Mean profiles (dark lines) of the difference in dissolved Pb (AdPb) in the “Labrador Atlantic”
experiment relative to the reference experiment, calculated from climatology over the regions defined in panel (a). Monthly
profiles are included in lighter colors and highlight seasonal variability, visible primarily in the upper 100 m. The Baffin Bay
interior profile extends to 2,500 m depth with weak Atlantic influence. (c) Seasonal variability in depth-weighted mean AdPb
for the upper 110 m in the Baffin Bay interior. The thick line reflects the climatology, while the thin lines indicate individual
years (light gray are odd years labeled on the left and dark gray are even years labeled on the right), highlighting how dPb
propagates throughout the region.

(AdPb = 0.1-0.4 pM; Figure 7). In the upper water column, Arctic outflow dilutes the AdPb signal on the
southern side of Lancaster Sound and along the western side of Nares Strait (Figure 7a). On the Baffin Island
shelf, Arctic outflow merges with the WGC and forms the southward flowing Baffin Island Current with weak
Atlantic influence (AdPb = 0-0.2 pM compared to 0.4-0.6 pM in the WGC in northern Baffin Bay). In Davis
Strait, low AdPb Arctic outflow dominates the upper 200 m of the western half of the strait, while the northward
flowing WGC carries Atlantic influence in the eastern half, with the highest Atlantic-derived dPb content (AdPb
up to 4 pM) at 150-700 m depth (Figure 7c).

The Labrador Atlantic experiment also shows that the Baffin Bay interior is relatively isolated from Atlantic
influence, in particular below 700 m (Figure 8b). The Davis Strait sill is about 640 m deep (670 m in the model)
and limits the northward flow of water from the Labrador Sea (Tang et al., 2004). In the Baffin Bay interior, AdPb
values are nearly zero below the sill depth. Above 100 m depth (Figure 8b), Atlantic influence is strongest on the
Greenland shelf (AdPb = 0.5 pM), followed by the interior of Baffin Bay (AdPb = 0.3 pM), while the influence is
much weaker on the Baffin Island shelf (AdPb = 0.1 pM). Atlantic influence peaks at a depth of 220 m on the
Greenland shelf, 190 m in the Baffin Bay interior, and at 270 m on the Baffin Island shelf (Figure 8b). Atlantic
influence on the Baffin Island shelf is weaker than in the other regions, with a maximum AdPb of 0.5 pM, and
extends deeper in the water column. The Atlantic influence in the upper water column in the Baffin Bay interior
varies interannually and has a weak seasonal cycle with a minimum in August and maximum in March
(Figure 8c).

The Labrador Atlantic experiment highlights a stronger inflow of Atlantic-derived dPb across Davis Strait each
year in the early winter (October—January), and this inflow transports Atlantic Water up the Disko and Uum-
mannaq coastal Greenland troughs (Figure 9; Figures S10 and S11 in Supporting Information S1). The increased
inflow of Atlantic Water spans the full water column with strongest dPb concentration increases at the surface and
following topography, and is accompanied by stronger northward velocities (Figures 9g and 9h). The timing of
this stronger Atlantic Water inflow is consistent with observed increases in Davis Strait (Curry et al., 2014). The
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Figure 9. Seasonal variations in inflow of Atlantic-derived dissolved Pb (dPb) to Baffin Bay, highlighted with “AdPb,” the
difference between the Labrador Atlantic and reference experiments (maximum of 5 pM). Panels (a—d) show the monthly
difference of AdPb at 266 m (the depth of maximum Atlantic influence) from the climatology in Figure 7b. Similarly, panels
(e—h) show the monthly difference from the cross-sections in Figure 7c. In panels (a—d), the dashed white line indicates the
location of the Davis Strait cross-section (e~h) and the white arrows indicate the heads of the Uummannaq and Disko troughs on
the Greenland shelf.

increase in AdPb concentrations closely follows the Greenland shelf edge (Figure S10 in Supporting Informa-
tion S1), and its arrival in Baffin Bay coincides with the seasonal increase in Atlantic influence in the Baffin Bay
interior (Figure 8c).

4. Discussion

Over the past decade, observational campaigns have greatly improved our understanding of Pb distributions in the
Arctic Ocean (Charette et al., 2020; Colombo, Rogalla, et al., 2019; De Vera, Chandan, Pinedo-Gonzilez,
et al., 2021; Kadko et al., 2019; Vieira et al., 2019). Building on this work, we developed an ocean model of
dissolved Pb (dPb) in the Canada Basin, CAA, and Baffin Bay. This dPb model is evaluated with summertime
observations, but includes the full seasonal cycle as scavenging varies based on changes to particle abundances
and sources such as sea ice melt and boundary transport change in magnitude seasonally. In the following
subsections, we use our dPb simulations to discuss the drivers of dPb concentrations in this region in the context
of observational studies, identify the importance of advected water masses (and their model representations) for
dPb concentrations, and discuss Atlantic Water pathways traced by dPb concentrations.

4.1. Dissolved Pb Cycling in the Canadian Arctic and the Remaining Influence of Anthropogenic Pollution

The dPb model presented here highlights the importance of both natural and anthropogenic sources of dPb,
including sources such as particulate matter in runoff, sediment resuspension, and anthropogenic aerosols
(Figure 6). In the following, we discuss the importance of these sources as indicated by the dPb model in the
context of observational studies.

Sediment resuspension supplied 19% of all dPb added to the Canadian Arctic Ocean in the reference experiment,
forming an average contribution of 0.50 nmol m~=2 day™' (Figure 6). Recent studies in the Arctic Ocean and the
North Atlantic have suggested a benthic source of Pb, particularly in shelf regions with strong currents and mixing
(De Vera, Chandan, Pinedo-Gonzalez, et al., 2021; Noble et al., 2015; Rusiecka et al., 2018; Vieira et al., 2019).
The exact processes that control benthic dPb release are still under investigation, but sediment resuspension,

ROGALLA ET AL.

16 of 28

35UD17 SUOLUWOD SAIES1D 310! dde auy Aq pousenob a.e Sapie YO SN JO S3INJ 104 Akeug173U1UO AB]IM U (SUOIPUOD-PUB-SLLLIBY WO A3 IM A 10 1 BU JUO//:SHRY) SUORIPUOD pue SWS L 83U} 39S *[G202/70/.2] U0 AkeidiT BUlUO AB|IM ‘STHZZ000G202/620T OT/10p/wod As|imArelq 1 put|uo sgndnBe/ sdiy Wwo.y papeojumod ‘v ‘5202 ‘16266912



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans 10.1029/2025JC022415

release of pore waters, and reductive dissolution from diffusing Mn oxides have been suggested (Noble
etal., 2015; Rusiecka et al., 2018; Vieira et al., 2019). However, previous studies have also indicated greater near-
bottom removal of dPb due to the increased abundance of particulates near the ocean floor in shelf regions (M.
Chen et al., 2012; Lepore et al., 2009; Spencer et al., 1981). Within the CAA, observed dPb profiles did not show a
near-bottom increase in dPb concentrations, as were observed for other trace elements such as Fe and Mn, and
conditions were not observed to be strongly reducing (Colombo et al., 2020; Colombo, Rogalla, et al., 2019;
Rogalla et al., 2022). However, observed dPb concentrations also do not decrease near the seafloor as might be
expected in a case without a sedimentary source and with scavenging removal (nonreversible exchange). In the
dPb model, concentrations in the lower water column in the CAA are underestimated without sediment resus-
pension. So, it appears that a net sedimentary source of dPb to the lower water column is required to account for
the observed dPb profiles in the CAA. As suggested by De Vera, Chandan, Pinedo-Gonzilez, et al. (2021),
resuspension of sediments enriched in Pb by historical pollution could increase the contribution of this component
to the dPb budget in the future.

Particulate matter in runoff has recently been suggested as an important source of dPb to the ocean, accounting for
up to 30%—40% of the natural Pb budget globally (M. Chen, Carrasco, et al., 2023). Similarly, Schlosser and
Garbe-Schonberg (2019) suggest based on observations that particles and glacial flour can act as a “shuttle” of Pb
to the ocean with subsequent release to the dissolved form. In the model, particulate matter in runoff contributes
22% of the dPb supplied to the domain (Figure 6a) and is necessary to represent mixed layer dPb concentrations in
regions influenced by glacial runoff, that is, in northern Lancaster Sound, along the Baffin Island coast, and on the
west Greenland shelf (Figures 3a and 3d; Rogalla et al., 2023). This estimate of the contribution of particulate
runoff to the Arctic is comparable to M. Chen, Carrasco, et al. (2023). In contrast to the particulate fraction, the
dissolved Pb fraction in runoff represents only 1% of the model budget. This finding is consistent with studies that
suggest that the particulate fraction in runoff can be two orders of magnitude larger than the dissolved fraction (M.
Chen, Carrasco, et al., 2023, and references therein). The cycling of Pb along the land-to-sea pathway is complex,
and not enough is known to quantify exactly how much dPb adsorbs to particle surfaces and what fraction is
removed from suspension at the freshwater/sea interface versus how much dPb is released to the dissolved form in
the ocean (Elbaz-Poulichet et al., 1984; Krause et al., 2023; Rusiecka et al., 2018; Schlosser & Garbe-
Schonberg, 2019).

Itis well established that the Arctic receives Pb from long-range transport of aerosols, especially during the winter
Arctic Haze period (De Vera, Chandan, Landing, et al., 2021; Gong & Barrie, 2005; Sharma et al., 2019). In this
dPb model, natural and anthropogenic aerosols together contribute 13% of the dPb supplied to the domain via dry
and wet atmospheric deposition and flux from sea ice. The average model atmospheric and ice dPb aerosol fluxes
are both 0.17 nmol m~2 day~!, which combine to a total flux of 0.34 nmol m~2 day™'. Bulk atmospheric
deposition fluxes of Pb in the Arctic Ocean and subpolar North Atlantic from observations range from 0.08 to
12 nmol m~2 day~!, with a commonly assumed rate of approximately 1 nmol m~2 day~! (Kadko et al., 2016,
2019; Marsay et al., 2018; Shelley et al., 2017). Thus, the model atmospheric dPb flux is on the lower end of the
observed range. Marsay et al. (2018) and De Vera, Chandan, Landing, et al. (2021) attribute most of the Pb in
aerosols in the Arctic to anthropogenic sources and found enrichment factors of 10 or greater, comparable to the
ratio of anthropogenic to natural aerosols in the dPb model (Figure 6a). Observations of Pb in Greenland snow
also show that anthropogenic particles from Europe, North America, and Asia greatly exceed the natural dust
fraction (Bory et al., 2014; Lee et al., 2023). Modeled anthropogenic aerosol dPb contributions (derived from
black carbon) do not decrease from 2002 to 2021 (Figure 6b). The relative stability of this dPb pollution is
consistent with the results of De Vera, Chandan, Landing, et al. (2021), who found that compared to the rapid
decline observed in the 1980s and 1990s, the atmospheric pollution of Pb was relatively unchanged since the
2000s.

The fraction of natural versus anthropogenic dPb in Arctic seawater is still under discussion, but isotope ratios in
the Canada Basin suggest that anywhere from 25% to 85% of Pb in the water column is of anthropogenic origin
(Bridgestock et al., 2016; De Vera, Chandan, Pinedo-Gonzalez, et al., 2021). The dPb model presented here can
give a lower bound estimate of the impact of dPb pollution in the Canadian Arctic Ocean. Anthropogenic aerosols
contribute 12% to the dPb budget, and if we assume that 50% of dPb in the North Atlantic is from anthropogenic
origin (Bridgestock et al., 2016), the Labrador Sea boundary contributes another 16% anthropogenic dPb to the
budget. This gives a lower bound estimate of 28% of dPb in the western Arctic Ocean from pollution. The actual
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proportion is likely higher since sediment resuspension and boundary transport from the Pacific are potential
secondary sources of dPb pollution (Rudnicka-Kepa & Zaborska, 2021). While runoff may also be impacted by
pollution, Pb isotope ratios in CAA rivers are heterogeneous suggesting that external anthropogenic sources do
not dominate the Pb composition of runoff (Colombo, Brown, et al., 2019). Similarly, while Pb isotope ratios in
ice cores from the Greenland ice sheet identify signatures of anthropogenic Pb pollution (Wensman et al., 2022),
observed dPb fluxes in meltwater are primarily associated with dissolution of bedrock and sediments (Krisch
et al., 2022). As the net flux of dPb into the study region is greater than the flux out (Figure 6d), the Canadian
sector of the Arctic Ocean appears to be a net sink of dPb from pollution supplied directly to the Arctic and
indirectly by boundary transport.

4.2. Advection of Dissolved Pb From the Atlantic and Pacific Oceans

dPb concentrations in the Arctic Ocean are much lower (0—6 pM) than the neighboring North Atlantic and North
Pacific Oceans, which have received and continued to receive more direct inputs from pollution (Boyle
etal., 2014; Kelly et al., 2009; Zurbrick et al., 2017). Strong advective signatures of water from the North Atlantic
and Pacific Oceans are observed for dPb within the ocean of the Canadian Arctic (Colombo, Rogalla, et al., 2019).
These signatures occur in the dPb model, albeit modified, as discussed below.

Observed dPb concentrations in the North Atlantic Ocean range from 15 to 20 pM in the surface up to 30 pM at
intermediate depths (GEOTRACES Intermediate Data Product Group, 2021; Noble et al., 2015; Zurbrick
et al., 2018) and enter Baffin Bay through Davis Strait. Atlantic Water transport along the west coast of Greenland
displays significant interannual variability (Myers et al., 2007). Advection of high dPb water from the North
Atlantic Ocean is the largest contributor of dPb (32%) to the model domain and dominates interannual variability
in dPb supply (Figures 6a and 6d). The large net supply of dPb to Baffin Bay from the Labrador Sea boundary in
the model also implies that southward transport from Baffin Bay dilutes dPb concentrations in the North Atlantic
Ocean. Northward transport from the Labrador Sea boundary by the WGC increases simulated dPb concentra-
tions in the Labrador Sea, Baffin Bay, Nares Strait, and Lancaster Sound (Figures 3 and 7). This finding is un-
surprising; Colombo, Rogalla, et al. (2019) observed a peak in dPb concentrations (14-27 pM) in Baffin Bay
along a narrow isopycnal surface associated with North Atlantic Water and identified impacts of Atlantic Water in
Lancaster Sound.

The relative net contribution of boundary transport to the Canada Basin and CAA is significant but weaker than to
the Labrador Sea (5.4% and 5.2% from the western and northern Canada Basin boundaries, respectively). This
difference suggests that local dPb supply by external sources such as runoff, resuspension, and aerosols could play
a bigger role in dPb cycling in the western Arctic Ocean including the Canada Basin and the CAA. However, the
dPb model may also underestimate the role of the Canada Basin boundaries on dPb supply to the model domain as
discussed below.

dPb concentrations in the sub-Arctic Pacific Ocean are high (40-50 pM), mainly due to Asian industrial emis-
sions, and enter the Arctic Ocean through Bering Strait (GEOTRACES Intermediate Data Product Group, 2021;
Zurbrick et al., 2017). From Bering Strait, Pacific Water flows eastward along the continental shelf in the ACC or
across the Chukchi shelf, along the Siberian shelf and into the Transpolar Drift (Aksenov et al., 2016; Spall
etal., 2018). Observed dPb concentrations on the highly productive Chukchi shelf are reduced (3—16 pM) relative
to the sub-Arctic Pacific, likely due to scavenging (Colombo, Rogalla, et al., 2019; GEOTRACES Intermediate
Data Product Group, 2021; Hill et al., 2013). Elevated dPb concentrations (9—-16 pM) are observed at 50-100 m
depth in the Canada Basin and western CAA, associated with Pacific-derived ACW from the ACC (Colombo,
Rogalla, et al., 2019). The dPb model simulates elevated concentrations in the subsurface (Pacific) layer in the
Canada Basin, but at 5-7 pM, it underestimates the magnitude of the increase (Figures 3b, 3e, and 4). This
discrepancy between observed and simulated dPb concentrations has several possible explanations: the dPb
model boundary conditions do not capture ACW appropriately, the dPb concentrations in the ACC are highly
variable and can be greater than those observed in the Chukchi shelf region during GEOTRACES GNO1, and/or
the physical model underestimates Pacific Water transport by the ACC in the years prior to the observations. In
the following, we discuss these scenarios.

The underestimation of the subsurface (Pacific) layer peak in simulated dPb is unlikely to be due to the dPb model
treatment of the Pacific-derived ACW. ACW enters the dPb model domain via the western Canada Basin
boundary (Figure 1) and is identified in the boundary conditions based on its temperature and salinity signature
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(details in Section 2.1, Text S1 in Supporting Information S1). We assigned a concentration of 14 pM to the ACW
dPb end-member, within the range of 3—16 pM observed in the Bering Strait (GEOTRACES Intermediate Data
Product Group, 2021), and thereby set the maximum Pacific Water end-member concentration at the boundary.
With our boundary condition metric, ACW is recognized at the Canada Basin boundary from June to October up
to 500 km off the Beaufort coast and down to 75 m depth (Figure 2f), and on the Chukchi shelf. Interannual
variation in the extent of the ACW does not correlate with changes in the subsurface (Pacific) layer dPb con-
centrations in subsequent years (transit time is estimated at 2-5 years in X. Hu and Myers (2013)). During tuning,
we tested a 4-pM increase in the ACW dPb end-member; however, the simulated concentrations in the subsurface
layer in the model domain only increased by a small fraction (approximately 1 pM). Excess adsorptive removal of
dPb in the model is unlikely as the mean simulated dPb residence time in the western Arctic Ocean is several years
at these depths, potentially longer than observed (Figure 5).

The underestimation of the simulated ACW dPb end-member may suggest that the ACC may not have been fully
captured by the GEOTRACES GNO1 observations over the Chukchi shelf, or that there could be significant
variability in dPb concentrations within the ACC. As water transits from the Chukchi shelf to the interior of the
Canada Basin, we would expect a gradual decrease in dPb concentrations due to scavenging removal, yet peak
values observed in the subsurface (Pacific) layer in the Canada Basin are as high as, or higher than, those observed
on the Chukchi shelf. Observations of particulate Mn and V were unusually elevated in the Pacific layer,
potentially influenced by bacteria from the Chukchi shelf, suggesting high abundance of particle surfaces that dPb
can adsorb to (Colombo et al., 2022). Typical observed dPb concentrations in the Pacific layer over the Chukchi
shelf are between 3 and 6 pM, with two stations nearer the Alaskan coast measuring up to 14 and 16 pM
(GEOTRACES Intermediate Data Product Group, 2021). It is possible that GEOTRACES GNO1 observations
may not have captured the upper maximum dPb concentrations in Pacific Water supplied by the ACC to the
Canada Basin and the western CAA. However, observed dPb concentrations in ACW in Bering Strait were not
significantly higher (up to 13—-16 pM). So, another possibility is that there is strong variation in Bering Strait dPb
concentrations, depending on the originating pathways within the Pacific Ocean. The dPb model can not
definitively say the observations are missing the maximum dPb concentrations in the ACC; however, it does raise
questions about the variability of dPb concentrations flowing in to the Arctic Ocean via Bering Strait.

The underestimation of the simulated subsurface (Pacific) layer dPb concentration can also be used to assess the
representation of the transport of ACW in the physical ocean model. The proportion of Pacific Water that follows
the Transpolar Drift versus the ACC in the Arctic Ocean varies between ocean models (Aksenov et al., 2016). The
most realistic proportion for each of these routes is not well established and is likely to vary considerably
interannually. With the same 1/12° configuration, X. Hu et al. (2019) identified that Pacific Water mainly follows
the Transpolar Drift from 2002 to 2016, rather than the ACC, suggesting a contributor to the dPb underestimation.
The split in supply of ACW between the Transpolar Drift and the ACC can not be the single cause of the dPb
underestimation, since the observed 14 pM concentration in the Canada Basin is near the upper maximum
observed in Bering Strait and would thus require very direct flow from the boundary. The underestimation of
simulated dPb concentrations may also highlight the role of recent observed increases in Bering Strait
throughflow (Woodgate, 2018; Woodgate et al., 2012) for the subsurface (Pacific) layer in the Canada Basin.

4.3. Tracing Atlantic Water Pathways in Baffin Bay Using Dissolved Pb

Dissolved Pb (dPb) is a convenient tracer of Atlantic Water due its pollution history; in Baffin Bay, dPb traces
well-known pathways of Atlantic influence ([Figure 7; Colombo, Rogalla, et al., 2019; Gobeil et al., 2001). The
Labrador Sea boundary condition in the dPb model identifies the Atlantic Water end-member as mainly Irminger
Water within the West Greenland Current (WGC; Pacini et al., 2020). Irminger Water is an important source of
heat in Baffin Bay and can drive melt of marine-terminating glaciers, which in turn can shallow and warm the
Irminger Water layer in Baffin Bay (Castro de la Guardia et al., 2015; Curry et al., 2014). In the following
discussion, we highlight pathways of Atlantic Water within Baffin Bay using “A dissolved Pb (AdPb)” as a tracer
of the extent and magnitude of influence of Atlantic Water. “AdPb” is defined as the difference between the
Labrador Atlantic experiment, with an increased concentration of 5 pM in the Labrador Sea Atlantic Water end-
member, and the reference experiment.

In both the model and observations, the cyclonic WGC carries Atlantic Water with anthropogenically elevated
dPb concentrations northward along the Greenland coast and combines with outflow from Nares Strait and
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Lancaster Sound to flow southward with the Baffin Island Current (Figure 7; Colombo, Rogalla, et al., 2019; Tang
et al., 2004). In the model experiments, AdPb concentrations gradually decrease and deepen during transit along
this pathway as they are diluted by Arctic outflow, mix, and are removed by adsorption (Figure 7). Atlantic
influence in Baffin Bay is strongest in the subsurface as identified by peak simulated and observed dPb con-
centrations and highest simulated values of AdPb, and is weak below that due to constraints by the topography
(Figures 4 and 8b; Colombo, Rogalla, et al., 2019).

In Nares Strait, AdPb indicates consistent spreading of Atlantic influence from the WGC north to Kane Basin
(Figures 7a and 7b). On the western side of Nares Strait, a plume of low AdPb is visible where Arctic outflow is
prevalent. This across-channel difference in AdPb concentrations and associated water masses is also apparent in
observations with warm salty water on the eastern side of Nares Strait and colder fresher water on the western side
(Miinchow et al., 2007; Rabe et al., 2010). Periodic flow reversal events could enhance the northward spread of
Atlantic Waters in Nares Strait (Myers et al., 2021). In the model, the Atlantic dPb influence within Nares Strait
increases below 100 m (AdPb up to 1 pM). Observational studies identify mainly Atlantic Water below 100 m at
Kennedy Channel north of Kane Basin (Jones & Eert, 2006; Miinchow et al., 2007; Rabe et al., 2010), attributed to
the Arctic Ocean Atlantic layer. The dPb experiments suggest that in the model, Atlantic Waters in Kane Basin
receive contributions from the WGC in addition to the Arctic Ocean Atlantic layer.

The shallow sills in Nares Strait (220 m depth), the CAA (120 m depth), and Davis Strait (640 m depth) isolate the
intermediate and deep waters of Baffin Bay from direct connection with the Arctic Ocean and Atlantic Ocean
(Tang et al., 2004). Several formation mechanisms have been suggested for deep water in Baffin Bay (sum-
marized by Tang et al. (2004)). In our model, the deep water of Baffin Bay is more or less isolated below the Davis
Strait sill (around 670 m in the model), and AdPb is very small (Figure 8b). However, AdPb is nonzero down to
1,750 m depth, suggesting some weak Atlantic influence. Marson et al. (2017) identify cascading of dense water
from Davis Strait, primarily from 2003 to 2006, into Baffin Bay in a 1/4° model configuration similar to our
configuration. Around 1,245 m depth, a plume of dPb from Atlantic influence crosses Davis Strait into the Baffin
Bay interior starting in June and diminishing by November 2004 but is absent later in the time series (Movie S1).
Adsorptive removal and mixing depletes this signature in AdPb over the following years. So, cascades of dense
water from Davis Strait could possibly supply weak Atlantic-derived dPb in the deep interior basin. After 2014,
some Atlantic influence occurs along the Baffin Island slope at 1,245 m depth in winter (Movie S1).

Above the Davis Strait sill, AdPb highlights strong flow of Atlantic-derived water into Baffin Bay starting in
September and lasting through February, inducing a weak seasonal cycle in the Baffin Bay interior in the model
(Figures 8c and 9; Figure S11 in Supporting Information S1). The Atlantic Water inflow follows the Greenland
continental slope, extends up to the surface, and is strongly controlled by topography (Figure 9; Figure S10 in
Supporting Information S1). The period of increased transport of dPb across Davis Strait is preceded by a seasonal
increase in total WGC transport and Irminger Water transport from July to January observed near the western tip
of Greenland (Curry et al., 2014; Grist et al., 2014; Pacini et al., 2020). Tang et al. (2004) also show strongest
northward mean currents in eastern Davis Strait in the fall at all depths. These lines of evidence suggest that the
simulated seasonal inflow of Atlantic-derived water, outlined with dPb, is a realistic feature.

Irminger Water transported across Davis Strait by the WGC can supply heat to the Greenland shelf and up Disko
and Uummannaq troughs as identified by several studies (Gillard et al., 2020; Gladish et al., 2015; Hansen
etal., 2012; Myers & Ribergaard, 2013). Stronger inflow of Atlantic-derived Pb across Davis Strait appears in the
dPb model in the early winter (October—January; Figure 9), closely following the bathymetry. The dPb associated
with this Atlantic influence extends into the Disko trough and to a lesser extent up to the Uummannaq trough
throughout the winter and spring months (Figure S11 in Supporting Information S1). Gillard et al. (2020) identify
onshore heat flux from Irminger Water through the Disko trough with a maximum in September—January using a
1/4° resolution version of the model configuration used here, matching the arrival of high dPb Irminger Water in
the dPb model. While it takes longer for the band of Atlantic-derived dPb to reach the shelf by the Uummannaq
trough than the Disko trough because it is farther along the advection pathway (Figure 9; Grist et al., 2014), the up
trough spreading appears to occur in December for both troughs via the southern edge (also seen in heat flux by
Gillard et al., 2020). Both Disko and Uummannagq troughs transport heat to the Greenland shelf where it can have
serious consequences for the marine-terminating glaciers (Gillard et al., 2020; Holland et al., 2008). These regions
are also very important for local community fisheries (Jacobsen, 2017), but the seasonal increase in Atlantic-
derived Pb supply is unlikely to impact fisheries.
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4.4. Limitations

The simulated dissolved Pb (dPb) concentrations, component contributions, and traced Atlantic Water influence
depend on the dPb model parameterizations and boundary conditions, and the physical model's representation of
Pacific and Atlantic Water transport in the Canada Basin and Baffin Bay (as discussed in Section 4.2). Below, we
identify and explain the impact of these factors on the results presented in this study.

The residence time of dPb in the model is set by the scavenging rate (adsorptive removal) and affects the degree of
extension of dPb along circulation pathways and the simulated dPb concentrations. The simulated concentrations
are most sensitive to the removal rate in regions that are isolated or that have short residence times such as the
surface and Baffin Bay (Figure 5). If the modeled residence time of dPb is shorter than in reality, the amount of
dPb in the “Labrador Atlantic” experiment would be underestimated. The dPb residence time estimates in the
model are comparable to observations on annual timescales, but there is significant variation in the magnitude of
observed residence times, and it is challenging to constrain the seasonal variation of removal and its magnitude in
coastal regions as observations are sparse or lacking. Further, studies have suggested reversible exchange of dPb,
particularly in deep basins that lack strong advective transport and vertically structured water masses (Boyle
et al., 2020; Lanning et al., 2023; Noble et al., 2015; Wu et al., 2010). However, reversible exchange can alter Pb
isotope ratios without much change in the dissolved Pb concentrations (M. Chen et al., 2016; M. Chen, Boyle,
etal., 2023; Lanning et al., 2023). As a result, it is unlikely that reversible scavenging contributes significantly to
dPb concentrations in our study region, which also has strong vertical structure and advective signals in the deep
Canada Basin and Baffin Bay. The lack of reversible exchange in the dPb model results in weak vertical coupling
of dPb, with strongest impact in the deep Canada Basin and Baffin Bay, as the only way for dPb to travel vertically
is through advection and mixing. The scavenging rate constant also does not explicitly vary by the particle type,
but the parameter f does add a preference of scavenging based on the particle type.

The fractional solubility of Pb is part of all our model parameterizations (except for dissolved Pb in runoff) and is
assumed to be constant. The fractional solubility observed and used in other studies covers a broad range from 1%
in Schlosser and Garbe-Schonberg (2019), 8% in Henderson and Maier-Reimer (2002), and to 80% in Fishwick
et al. (2018) and Lim et al. (1994). Shelley et al. (2018) estimate a typical fractional solubility from 30% to 80%
with values covering the full range from 0% to 100%. The fractional solubility used in this study (80%) is on the
higher end of the observed ranges, but because the solubility impacts almost all sources, the percent contributions
to the budget would remain mostly unchanged (magnitudes would be affected). A potentially more important
limitation is that the fractional solubility is the same for all sources, while for example, the solubility of
anthropogenic aerosols maybe higher than natural aerosols (Zurbrick et al., 2018). The estimate of the anthro-
pogenic aerosol contribution in the dPb model also assumes a constant ratio of black carbon to anthropogenic Pb.
Black carbon has similar but not identical source pathways as anthropogenic Pb (such as biomass burning), so
while the ratio appears to have remained relatively constant over time (Sharma et al., 2019), this approach may not
capture changes in source regions if applied on longer timescales.

One of the main challenges in both the sediment resuspension and runoff parameterizations is to estimate the
magnitude of the net transfer of Pb from particulates to the dissolved Pb pool in the context of the particle
reactivity of Pb. The 1/12° resolution of this model is not able to represent the scale of estuarine or local
resuspension dynamics, and these processes are highly spatially and temporally variable. Sediment resuspension
is expected to vary seasonally due to changing sea ice cover, wind, and storms, but it is represented as a constant
process throughout the year, and thus, the dPb model likely underestimates the variability in this component. For
runoff in the dPb model, runoff from marine-terminating glaciers is not distinguished from glacial regions drained
by rivers. The dynamics of these runoff pathways differ and could impact dPb concentrations nearby Ellesmere
Island and on the Greenland shelf. The model also does not resolve subglacial melt plumes, which could entrain
higher dPb concentrations from the subsurface ocean around Greenland and Nares Strait and bring these to the
surface (Bhatia et al., 2021).

The largest net supply of dPb in the model (42%) is transported into the domain from the boundaries, so the
simulated dPb concentrations are sensitive to the choice of water mass end-member concentrations. For this
study, we chose to hold the dPb concentrations of the end-members in the boundary conditions constant over time.
However, changing pollution patterns impact water mass characteristic dPb properties, and over longer time-
scales, these would certainly not remain constant. Observations in the Irminger Sea suggest a decrease in dPb at
all depths from 1993 to 2014 (Véron et al., 1999; Zurbrick et al., 2018). If the Atlantic end-member in the
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Labrador Sea boundary condition decreased over time, dPb concentrations in the Atlantic layer in Baffin Bay
would decrease as indicated by the “Labrador Atlantic” experiment. Simulated dPb concentrations in Baffin Bay
in 2015 are lower than observed, so it is possible that the Atlantic Water end-member concentration in the
boundary is underestimated as it is based on recent observations. Further, while the dPb boundary conditions vary
monthly based on which water masses are present, the water mass end-member concentrations are derived from
observations in September—October. This assumption is most likely to impact results near the ocean surface close
to the open boundaries, where differing particulate contents are likely to induce a seasonal cycle in dPb con-
centrations in incoming water masses.

While the estimates of the influence of sediment resuspension, particulate runoff, and boundary transport on dPb
in the Western Arctic Ocean and Baffin Bay are coarse, the dPb model presented here provides a platform to ask
questions about the drivers of dPb concentrations and their likely variability (and potential for change), and
outlines pathways of contribution of Atlantic Water and its historical pollution into Baffin Bay. The analysis
focused on general questions instead of interannual variability, since the model can only be evaluated with ob-
servations in 2015.

5. Conclusions

In this study, we present a model of dissolved Pb (dPb) in the western Arctic Ocean including the Canada Basin,
the Canadian Arctic Archipelago (CAA), and Baffin Bay. This model builds on observations collected by the
GEOTRACES program (Anderson, 2020), and to the best of our knowledge, this is the first three-dimensional
model of dPb in the ocean that includes impacts of anthropogenic pollution. The model captures key features
observed in oceanic dPb distributions (Colombo, Rogalla, et al., 2019), including an increase in concentrations
from the Canada Basin toward Baffin Bay through the CAA, and an intermediate depth peak in dPb concen-
trations in Baffin Bay formed by Atlantic Water from the Labrador Sea. With model experiments from 2002 to
2021, we (a) estimate a dPb budget that shows the diversity of dPb sources and (b) trace the pathways of influence
of Atlantic Water in Baffin Bay (summarized in Figure 10).

1. The dPb model reveals a diversity of natural and anthropogenic dPb sources that control dPb distributions
within the Canadian Arctic. Net transport from the surrounding oceans accounts for 43% of dPb added to the
region annually, highlighting the importance of advected water masses for dPb concentrations in the Canadian
Arctic. The dPb model underestimates concentrations in advected Pacific-derived Alaskan Coastal Water in
the western Arctic, possibly due to strong variability in dPb concentrations in Bering Strait. Particulate matter
in runoff supplies 22% of dPb in this model, and this component is likely to be affected by climate-related
changes such as increased runoff (Peterson et al., 2002). Aerosols derived from anthropogenic pollution
remain important and contribute 12% to simulated dPb addition. Finally, the dPb model suggests that sediment
resuspension is necessary (19%) to reproduce observed near-bottom dPb concentrations on the continental
shelves of the CAA. In the model, the Canadian sector of the Arctic Ocean is a net sink of dPb with adsorptive
removal exceeding local supply, leading to a 10% decrease in dPb concentrations in the Canadian Arctic from
2002 to 2021.

2. Pb has been recognized as a useful tracer of Atlantic Water due to its historical exposure to pollution
(Colombo, Rogalla, et al., 2019; Gobeil et al., 2001). With the dPb model, we identify a seasonal (September
through January) increase in Atlantic-derived dPb supply to Baffin Bay by the West Greenland Current, which
closely follows the topography. This dPb supply traces Atlantic Irminger Water as it spreads up the Disko and
Uummannaq troughs to the Greenland coast where the heat of the Atlantic Water can affect marine-
terminating glaciers, as identified by Gillard et al. (2020). On the other hand, the deep Baffin Bay interior
appears to be largely isolated from Atlantic Water influence and has low Atlantic-derived dPb concentrations.
Nevertheless, in the model, a weak supply of dPb from Atlantic Water enters deep Baffin Bay from Davis
Strait in 2004. This event is similar to the dense water cascades seen by Marson et al. (2017) and may suggest
an episodic supply pathway of Atlantic Water into deep Baffin Bay.

Our dPb model results clarify the mechanisms governing dPb concentrations in the western Arctic Ocean and
demonstrate that despite the Arctic Ocean's relative isolation and despite global reductions in Pb pollution, the
dPb budget in the Arctic Ocean continues to be impacted by current and historical anthropogenic Pb pollution.
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The dPb model code, configuration, results, and analysis scripts are archived on the Federated Research Data
Repository (FRDR) at https://doi.org/10.20383/103.0965 (Rogalla, 2024). Analysis code is also available on
Github at https://github.com/brogalla/Pb-western-arctic-ocean. Dissolved Pb observations are available as part of
the GEOTRACES Intermediate Data Product Group (2021) via the British Oceanographic Data Centre as fol-
lows: https://www.bodc.ac.uk/geotraces/data/idp2021/. The numerical ocean model, NEMO, is available at
https://www.nemo-ocean.eu/ (Madec, 2008). For more details on the Arctic and Northern Hemispheric Atlantic 1/
12° configuration (ANHA12) of NEMO, visit https://canadian-nemo-ocean-modelling-forum-commuity-of-
practice.readthedocs.io/en/latest/Institutions/Uof A/Configurations/ANHA12/. All analyses were performed us-
ing Python 3 (Van Rossum & Drake, 2009) within Jupyter Notebooks with the NumPy, Pandas, Matplotlib, and
cmocean packages (Hunter, 2007; Kluyver et al., 2016; Oliphant, 2006; The Pandas development team, 2020;
Thyng et al., 2016). The CESM2 large ensemble data set used for atmosphere, sea ice dust, and black carbon
aerosol flux was accessed via the Climate Data Gateway (https://www.earthsystemgrid.org/dataset/ucar.cgd.
cesm2le.output.html).
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