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Abstract

Recently observed 23°Th concentrations in 2007 and 2009 documented very high
230Th values within the Atlantic layer in the Canada Basin of the Arctic Ocean.
Similar levels of high ?3°Th had only been previously observed in the Alpha Ridge
region, implying that the Alpha Ridge is the potential source of the high 23°Th
waters. As the Alpha Ridge is downstream in the classic cyclonic circulation, that
circulation is believed to have changed. Motivated by this, a three-dimensional
Arctic 23°Th model is configured for the first time to study such change.

To simulate the tracer, I coupled a scavenging model, which describes the ex-
change of 22°Th (and ?3!Pa) between the dissolved and particulate phases, to an
offline NEMO model (the Nucleus for European Modelling of the Ocean) that pro-
vides the advection and mixing processes that redistribute the tracers within the
ocean. As the scavenging rates of such tracer elements are strongly affected by
oceanic particle concentrations, the scavenging rates are parameterized as a func-
tion of ice concentration, which, to a great extent, influences the biological processes
in the water.

Model output produced an increase of 23°Th concentration in the south Canada
Basin. Sensitivity experiments confirm such change is not caused by a change in
the particle field but a change in the intermediate circulation from cyclonic to an-
ticyclonic throughout the Amerasian Basin. This shift in circulation is the reason
for a subsequent transport of high 239Th concentration from the Alpha Ridge to the
south Canada Basin.

The model circulation and density fields suggest that the change in the flow is
caused by increased dense water flux into the Arctic Ocean, primarily through the
Barents Sea route. This increase of dense water inflow alters the density distribution
in the Arctic and results in a quick adjustment in the Atlantic layer (~ 1 year)
through propagation of boundary trapped internal Kelvin waves.
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Chapter 1

Introduction

1.1 Recent changes in the Arctic Ocean

The Arctic Ocean is recognized as an important component of the global circulation.
It takes an Atlantic input, densifies it and returns it back to the Atlantic. The mod-
ified water mass is an important component of meridional overturning circulation
(Rudels and Friedrich, 2000). As the overturning circulation plays a crucial role in
the global varying climate through transporting heat around the world (Delworth
et al., 2008), the Arctic ocean is not only crucial to local people there, but to all of
us.

The Arctic Ocean is traditionally studied as a three-layer system: the surface
layer, the intermediate layer (also known as Atlantic layer) and the deep layer, which
are separated by isopycnal gy = 27.8 at around 400 m and ispycnal gy = 28.0 at
around 1500 m, respectively (Lique et al., 2010). The warm, saline Atlantic layer
serves as an important source of heat and salt transport to the Arctic Ocean. Any
change in this layer significantly impacts the Arctic surface layer, as well as the
return flow back to the Atlantic Ocean.

Important as the Atlantic layer is, efforts have been made in understanding its
circulation in the Arctic. The classic intermediate circulation pattern includes three
cyclonic gyres inferred from the analysis of hydrographic observations (Rudels et al.,
1994) . The first cyclonic gyre is in the Eurasian Basin: it receives inflows from Fram
Strait and the Barents Sea, transports this water along the Lomonosov Ridge and
returns it to Fram Strait. A fraction of the inflows (mainly from the Barents Sea
branch), however, crosses the Lomonosov Ridge (Rudels et al., 1994) and develops
into two cyclonic gyres in the Canada Basin and the Makarov Basin. These flows
eventually exit the Arctic Ocean through Fram Strait (Fig 1.1).

However, this classic intermediate circulation is not stable. A recent study on
geo-tracer 2T revealed the circulation pattern in the Canada Basin changed from cy-
clonic to anticyclonic, as implied by the arrival in 2007 of a large '?°I spike (IXarcher
et al., 2012). Similarly, another geo-tracer study, 2*°Th, also reported that, in con-
trast to the previous 23°Th profile measured in the Canada Basin that displayed
a linear increase in concentration with depth (Edmonds et al.; 1998), an observed
230Th profile in 2007 surprisingly documented very large deviations from linearity
within the Atlantic Water. These deviations imply that recent changes occurred in
the Atlantic layer of the Canada Basin (Francois and Soon, 2010).



1.1. Recent changes in the Arctic Ocean

However, while the observations point to pronounce changes, the forcing mech-
anism in the Atlantic layer remains unclear. Originally, it was suggested, by an
idealized barotropic model, that the Atlantic flow pattern was mainly driven by the
lateral transport of positive potential vorticity (PV) (Yang, 2005). Later, a study
proposed that vertical PV flux, closely related to wind field changes, was a more im-
portant factor (IKarcher et al., 2007). They found that half the variance of Atlantic
Water (AW) layer of the Amerasian Basin could be explained by the wind forcing.
Zhang and Steele (2007) also emphasized the importance of the vertical mixing pro-
cess in simulating the direction and intensity of the AW circulation. However, recent
studies suggested that changes in the vertical mixing only significantly altered the
depth of the halocline but not the AW circulation (Lique et al., 2015; Spall, 2013).
Spall (2013) further showed that the ultimate driving force for the Atlantic Water
in the model was the salinity contrast between the Atlantic water and the Arctic
shelves.

Motivated by the observed changes in the tracer profiles and the unsolved puzzle
in the forcing mechanism, this thesis aims at exploring the ongoing changes in the
intermediate layer of the Arctic Ocean from a geo-tracer perspective.

180°

A

Eurasiai
Basin ‘

|
Aﬂné Kara
Bugh | Sea

Barents
Sea

3 Atlantic
gOcean

0 400 800 1200 1600 2000 2400 2800 3200 3600 4000
Bathymetry (m)

Figure 1.1: Bottom topography and schematic of the Atlantic Water circulation in
the Arctic Basin (modified from Spall (2013)).
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1.2 20Th and 2'Pa as tracers

Recent warming of the climate opens up the possibility of taking measurements
in the Arctic. However, as the existing velocity data in the Arctic does not have
good spatial and temporal coverage, this study does not directly apply velocity
measurements to study the recent change in the Atlantic layer, but uses a tracer
method.

Traditional tracers for ocean circulation are temperature and salinity. However,
in the intermediate Arctic, variations in temperature and salinity are generally small.
As such, a long-lived, highly particle-reactive isotope, 239Th, is better suited for
Arctic circulation studies because of its large spatial variations caused by the large
contrast in productivity between the seasonally ice-free shelves and the perennial
ice-covered deep basins. This isotope is commonly studied with ?3'Pa and their
ratio is a promising proxy of oceanic processes in both the present and past marine
environment (Marchal et al.; 2000; Yu et al., 2001).

Geochemical cycles for 23'Pa and 2**Th are very similar, however, their useful-
ness as tracers of ocean circulation is mainly a result of the difference in particle
reactivity between 23'Pa and 23°Th in the water column - 231 Pa has a higher affinity
for biogenic opal and authigenic manganese oxides compared with the other major
sedimentary components, such as calcium carbonate and clay/lithogenic material
(smaller in size), while 239Th is scavenged more equally among different particle
types (Bacon and Anderson, 1982). This difference in particle affinities results in a
significant difference in their oceanic residence time (20-40 years for 22°Th, 100-200
for 21Pa (Yu et al.,, 2001)).

The 231 Pa/239Th ratio is most extensively applied in understanding the Atlantic
Meridional overturning circulation because 23! Pa can be advected further south than
230Th, which leads to variations in the 23'Pa/239Th ratio. Consequently, the ratio
recorded in sediments preserves information on ventilation rate and geometry of the
overturning circulation in the past, while that in the water column helps to constrain
the long term mean, present circulation.

The second most popular 23'Pa and 23°Th application is in the Arctic. In the
1990s, chemical oceanographers used observed distributions of 2*°Th and 23'Pa in
the Arctic to explain the basin-scale ventilation rates (as well as the pronounced
differential scavenging) (Scholten et al., 1995). However, studies of ?*!Pa and 23°Th
discontinued in late 1990s. It was not until the 2007 Arctic explorations of the
Wilfried Laurier and the Polarstern that the observations of these isotopes restarted.

While 221Pa/?Th has been widely used in the ocean, an interesting question
to ask is if the information provided by 23'Pa/?3'Th can be acquired from only one
of these elements. If we take a step back and reconsider why 23!Pa/?9Th can be
used as a circulation proxy, we can find the long travel distance of 2*!Pa is the main
reason. Compared to the large scale overturning circulation, the spatial scale of
the Arctic circulation is much smaller, to such a degree that the travel distance for
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2307 is sufficient to indicate the Arctic water pathways. An argument to support
this is that the residence time of ?2°Th in the water column, approximately 22 years
in both the Canada and Eurasian basins and 39-45 years over the Alpha Ridge
and in the Makarov Basin (Scholten et al.; 1995; Trimble et al., 2004), is of similar
magnitude to the travel time (~30 years) of the intermediate water in the Arctic
(Lique et al., 2010).

Consequently, 23°Th alone is sufficient to act as a circulation proxy in the Arctic
Ocean. In my master’s research, the distribution of 23'Pa and 23°Th are both simu-
lated. However, for the reason mentioned above, this thesis presents only simulated
20T results. The results for 22! Pa are shown in Appendix D.

1.2.1 Geochemical behavior of ?*Th (and #*'Pa)

20Th (and 23'Pa) is added to seawater by the decay of Uranium isotopes with a
constant production rate (Fig. 1.2). The dissolved phases are removed from the wa-
ter column by attaching to marine particles, through a process known as scavenging,
and sink with marine particles in the particulate form. Since the exchange between
the dissolved and particulate phase is reversible, the particulate phase will also des-
orb from particles and return to water column as they sink. Such exchange occurs
continuously until the marine particles eventually reach the seafloor. Meanwhile,
currents play an important role in redistributing the tracers over the ocean.

777\

B — |Dissolved 20Th | — | Particulate 20Th

Sink?ng

Current ﬂ

TT7 7777777777

Figure 1.2: Conceptual map: 2*°Th cycle in the ocean.

1.2.2 Modeling study of ***Th (and %*!'Pa)

With more 2*°Th observations available, many recent efforts have been made to
model the 239Th (and ?3'Pa) distribution in the ocean. The typical way to simulate
the tracer is to couple a chemical scavenging model to a physical flow field, with
scavenging coefficients estimated from observations (Dutay et al., 2009; Lerner et al.,
2016; Luo and Lippold, 2015; Marchal et al., 2007, 2000; Roy-Barman, 2009).
However, most of the models tend to underestimate the potential complexity
of the system by using a vertically uniform particle sinking velocity and constant
scavenging coefficients. The former simplification implicitly assumes no variation

4
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in the particulate tracer field which is not supported by observations. The latter is
also not appropriate given rapidly changing biology fields.

Lately, improvements were made (Dutay et al., 2009; Lerner et al., 2016) to simu-
late 231Pa and 23Th distribution by generating the scavenging coefficients based on
simulated particle fields. Although some large deviations between the observations
and their simulations remain, the allowance of vertical and spatial variations in the
scavenging coefficients lead to a significantly better fit to the data. This method
was used as inspiration for the modeling of tracers in this study.

1.3 Thesis objectives

In this study, a three-dimensional, Arctic 2*°Th (and ?3!Pa) model is configured for
the first time.

I couple a scavenging model, which describes the exchange of 2*°Th (and 23!Pa)
between the dissolved and particulate phases, to an offline ocean dynamics model
(the Nucleus for European Modelling of the Ocean - NEMO) that provides the
advection and mixing processes that redistribute the tracers within the ocean to
simulate the tracer distributions in the Arctic ocean. In this attempt, the scavenging
coefficients are not treated as constants but vary spatially and vertically based on
particle concentrations.

This study addresses the following research questions:

1. Can the model produce the observed change of 23Th? What does the ob-
served change imply about the Arctic circulation?

2. What is the reason for the circulation changes in the Atlantic water layer in
the Arctic?

This thesis is organized as follows. Chapter 2 gives a detailed description of the
model construction. Chapter 3 presents the tracer model results and analyzes the
physical flow fields. Further implications of the results will be discussed in Chapter
4. A summary section is provided in Chapter 5.



Chapter 2

Methods

2.1 Model structure and regional Arctic configuration

To model the tracer distribution, the Nucleus for European Modelling of the Ocean
(NEMO v3.4) is used with two sub-models nested inside: first, a scavenging model
which simulates the exchange process between the dissolved and particulate form;
second, an ocean dynamics model which transports and mixes tracers within the
ocean. More detailed descriptions can be found in Section 2.1.1 and 2.1.2.

The regional Arctic configuration used in this study is the Arctic Northern
Hemisphere Atlantic configuration (ANHA4) and was initially configured by Uni-
versity of Alberta for the VITALS (Ventilation, Interactions and Transports Across
the Labrador Sea) project based on the NEMO framework. It includes a three-
dimensional, free surface, hydrostatic, primitive-equation ocean general circulation
model and a dynamic-thermodynamic sea-ice model (Louvain-la-Neuve: LIM?2).
Note that there is no tidal forcing implementation in current configuration.

o

T
£k — Boundary Condition
- ANHA4 grid

Figure 2.1: Model grids for the ANHA4 configuration. The grid is plotted every
10 grid points. The contours are the bathymetry. The black circle at latitude 70°
delimits the tracer boundary.

The ANHAA4 configuration is contained within open boundaries at 20°S latitude

6
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in the Atlantic and across the Bering Strait. It has a quarter-degree horizontal
resolution (Fig. 2.1), with the highest horizontal resolution located in Dease Strait
(near the artificial pole over northern Canada), and the lowest resolution at the
equator. In the vertical, it uses 50 levels with layer thickness smoothly increasing
from 1.05 m at the surface to 453 m at the deepest level. To ensure model stability,
the time step is set to be 1080 s; NEMO uses a Leapfrog algorithm for time-stepping.

Tracer transportation is simulated by the total variation diminishing scheme
(TVD). For tracer lateral diffusion, an isopycnal Laplacian operator with a horizon-
tal eddy diffusivity of 300 m?s~! is applied. Vertical mixing uses a turbulent kinetic
energy dependent vertical diffusion (TKE) scheme that was parameterized using
a second-order turbulent closure scheme. The model bathymetry is derived from
1-minute gridded elevations/bathymetry for the world (ETOPO1) data. Partial
z-steps are utilized to better resolve the sea floor.

The ANHA4 configuration has been successfully applied to study several fresh-
water processes in the Arctic regions, as well as circulation and deep convection of
the Labrador sea (Holdsworth and Myers, 2015). In this study, it is applied to both
the physical fields and the scavenging model.

2.1.1 Physical model

Five-day model outputs from University of Alberta are used as our ocean dynamic
inputs. Among available ANHA4 runs, I chose two velocity fields, EXH001 and
EXHO005, to conduct this study (Table 2.1). These two simulations were initialized
with Global Ocean Reanalyses and Simulations (GLORYS) data, ran with river
runoff taken from the 12-month climatological data of Dai and Trenberth (2002)
and forced by interannual atmospheric data from CMC GDPS reforecasts (CGRF)
(Smith et al., 2014).

It is particularly interesting to conduct studies on these two runs because they
are forced by the same input files, except for the precipitation field, but the mod-
eled velocity fields turn out to be surprisingly different. To be specific, the EXH001
boundary currents in the Arctic intermediate layer shifted from cyclonic to anti-
cyclonic during the run, while those in EXHO005 remained cyclonic over the entire
model period.

Simulation Integration Initial condition Climatology forcing
EXH001 2002-2014  GLORYS2v3 CGRF (less precipitation)
EXHO005 2002-2014  GLORYS2v3 CGRF (more precipitation)

Table 2.1: Summary of ANHA4 runs used in this thesis. More details can be found
at ( ).

The contrast between these two runs in terms of circulation pattern will be used
to understand how the tracers respond to currents. Meanwhile, the temperature,
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salinity and velocity fields from these runs will be applied to investigate what con-
tributes to the change in circulation pattern.

2.1.2 Scavenging model

The second component needed in this study is a reversible scavenging model (Bacon
and Anderson, 1982). The tracer scavenging processes are controlled by absorption,
desorption and sinking. Provided tracer concentrations are in dissolved form z4 and
particulate form x,, they are described by the following equations:

Oy

v = q — koxq + kqxp + advection + mizing (2.1)
0 0
7;;1” = kova — kqzp — s—axp + advection + mixing (2.2)
z

where ¢ (dpm m~3y~1!) is the production rate of 23°Th, k, (y~!) and kg (y~!) are
the exchange rate constants of 230Th by adsorption and desorption respectively, s
(m y~!) is the sinking rate of particles and z (m) is vertical depth, positive upward.
These equations neglect the radioactive decay of 23°Th itself (230Th half-life: 75000
years).

Production rate, ¢, sinking rate, s, scavenging coefficients k, and ky; together
control the tracer vertical distributions. Among all these parameters, the production
rate is the best known (0.0267 dpm m~3y~! for 230Th), while the rest are left to
be determined. (Same situation for 23'Pa. Details and results can be found in
Appendix D. )

2.2 Tracer parameterization

The main challenge of this work is constructing a spatial distribution of scavenging
intensity within the model domain based on existing 23°Th data. The following sec-
tion first introduces data used in the parameterization, then describes methods to
determine scavenging intensity at each sample location and finally presents an ap-
proximation method to interpolate the scavenging coefficients from isolated sample
locations to the entire Arctic domain.

Observations

I use water column particulate and dissolved data obtained from a dataset compiled
by Henderson and Wilkinson (2012) to constrain the unknown scavenging rates in
this thesis. The data mainly come from cruises in 1983 and 1991 (Fig. 2.2).
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B para. +IC: 1082 CESA 2007 Polarstern @ 2015 GEOTRACES; CCGS Amundsen
@ para. +1C: 1991 ARCTIC EXPEDITION 2007 CCGS Wilfrid Laurier @ 2015 GEOTRACES; Polarstern
A IC only (1090s) 2000 IPY

Figure 2.2: 230Th measurements over the Arctic regions. Data are available for the
Canada Basin, Alpha Ridge, Makarov Basin and Eurasian Basin. Data from cruises
1983 and 1991 are used in the parameterzation (para.) and initial conditions (IC),
while those measured in 2000s are used in model evaluation (section 3.2).

Determination of scavenging rates at sample locations

Assuming that the tracer profile is at steady state and that advection and mixing
processes are negligible, the solutions of (2.1) and (2.2) are:

xp:%z+c (2.3)
q  ka(q
_ 9 ka(g 2.4
T4 ka+ka<sz+c) (2.4)

where ¢ is an intercept from integrating (2.1). If the effect of the mixed layer is
neglected, particulate 23°Th produced at z = 0 tends towards 0, which gives the
surface boundary condition, ¢ = 0.

The linearity of the tracer analytic solutions (2.3) and (2.4) enables us to esti-
mate the scavenging coefficients through a least square regression. To ensure that
high-quality data influences the regression more than low-quality data, a weighted
least square regression technique is applied; data is weighted by measurement errors
reported in the original publications.

Equation (2.3) suggests that steady state particulate element concentrations are
proportional to the inverse of its sinking rate. Given that the slope of particulate
phase determined by linear regression is o, +€,,,, the sinking rate s can be estimated.
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The corresponding error is estimated by error propagation rules (Iu, 1966):

2
€= 5 (Z“”) (2.6)

Similarly, (2.4) indicates that the dissolved element has an intercept that is
inversely related to the adsorption rate and a slope that is controlled by the sinking
velocity and the ratio of desorption rate and adsorption rate. Provided the linear
regression slope for dissolved phase is ag £ €,,, the ratio of adsorption rate over
desorption rate can be estimated:

ke q ap
o _ 4 _ TP 2.7
kg oags ag (2.7)

The corresponding error is:

2
e, = K <6"‘”> + <Ead>2 (2.8)
kg /fd Oép a4
However, (2.7) only provides a relationship between absorption and desorption
rates. Inspired by an early study (Bacon and Anderson, 1982), which found a strong
positive correlation between the adsorption rate coefficient and suspended matter
concentration but did not find such dependence in desorption rate, I treated 23°Th

desorption rates as a constant over the Arctic domain. Therefore, the absorption
rate can be calculated:

ko = kg— (2.9)

This simplification on k; decreases the degrees of freedom such that the ana-
lytical solution fits the slope but not the intercept and thus creates a uniform in
depth discrepancy between the observation and the analytical solution (Fig. 2.3).
This discrepancy can be quantified by the difference in the intercept between the
observation and the analytical solution, Ac.
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Ac=By— L (2.10)
kq
in which Sy is the linear regression intercept from the observed profiles; ¢/k, is the
intercept from the analytical solution.

As such, with an iteration on (2.7) for all stations (or groups if one groups some
stations together), the sum of Ac (3 Ac) from all stations (or all groups) can be
used to find the best k, by searching for a k4 that minimizes the total discrepancy
between all observations and analytical solutions.

Selecting the data

However, one obvious disadvantage of this method is that it tends to generate high
uncertainty in scavenging intensity when the advection effect is strong compared to
particle sinking (Venchiarutti et al., 2008). Stations close to Fram Strait receive
strong lateral advection from the Atlantic Ocean (profiles are not linear deeper than
approximately 1000 m depth). For this reason, I did not apply data from those
locations in the paramerization (marked as triangles in Fig. 2.2).

part. 230Th conc. (dpmim*) diss. 230Th conc. (dpm/m*)
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Figure 2.3: Linear regressions of the observed 239Th profiles in the Eurasian Basin
and the Alpha Ridge region. The left panel shows a map with observation locations.
The middle panel shows linear regressions (dashed lines) on observed particulate
230Th (points). The solid lines are the analytical solutions recalculated from esti-
mated scavenging coefficients; Right panel: same but for the dissolved 23°Th profile.
Tracer profiles show that 2*°Th concentrations over the Alpha Ridge and in the
Makarov Basin (green) increase with depth faster than those in the Eurasian Basin
(blue).

The parameterization method established above was performed based on three
Eurasian Basin stations (‘EB group’) and two central Arctic stations (‘AR group’),

11



2.2. 'Tracer parameterization

one over the Alpha Ridge and one in the Makarov Basin (Fig. 2.3). Since particles
in each basin have similar sources, stations that are geographically close are grouped
together for a better least squares regression performance.

Fig. 2.4 indicates the intercept discrepancy between observations and analytical
solutions is smallest when kq = 0.8 y~!. Therefore, the *°Th desorption rate is set
to 0.8 y~! in this study. Estimated magnitudes of k, are consistent with previous
research (Table 2.2). In this study, k4 is 0.24 y~! in the Eurasian Basin, which falls
within the range of 0.12 to 0.55 y~!, shown by Trimble et al. (2004). Estimated
ko of the AR group is 0.1 y~!, which is, again, comparable to previously reported
values of 0.16 y~1 (Bacon et al., 1989).

Although estimated 23°Th absorption rates are in good agreement with previous
work, the desorption rate, kg, estimated in this study is much lower than previous
estimates which are 1.5 - 4.0 y=! (Bacon et al., 1989). This discrepancy means more
particulate phase will stay in the water column as compared to that from Bacon
et al. (1989), because less desorption will occur in the current parameterization
scheme. However, because adsorption of 239Th onto particles is balanced by losses
due to desorption and sinking processes, the lower desorption rate is compensated by
a higher particle sinking rate in my parameterization. In other words, even though
there is a difference in desorption rate between previous work and this study, the
ratio between dissolved and particulate phases is similar due to a more efficient
sinking process.

25
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Figure 2.4: Choosing the desorption rate: sum of intercept errors Ac versus kgz. The
minimum, kg= 0.8 y~!, was chosen.

Region ke 7Y s(my™l) kg
EB group 0.24 £0.04 10404+ 80 0.8
AR group 0.10 £ 0.03 520+ 100 0.8

Table 2.2: Scavenging parameters estimated through weighted least squares tech-
nique. k, and kg4 are absorption rate and desorption rate, respectively. s is sinking
rate. Values are higher for the Eurasian Basin (EB) than for the Alpha Ridge (AR).
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Paramerization of scavenging rates over the Arctic

Considering that the distribution of ?3°Th is closely related to particle concentration
distribution (Bacon and Anderson, 1982), and that primary production in the Arctic
is strongly affected by sea ice as a result of its control on the light availability
(Brown and Arrigo, 2012) (especially by the summer minimum ice, because the
major portion of biologic productivity occurs during the summer (Iim et al.; 2015)),
I conjecture that high biological productivity around the ice free margins of the
Arctic Ocean creates a region of enhanced removal of trace elements by scavenging
onto particles, while the low biological productivity area that sits under permanent
ice produces a region of weak scavenging.

The value of this conjecture lies in the relationship that it implies between the
scavenging coefficients and sea ice concentration. The application of this conjec-
ture allows an Arctic-wide scavenging intensity approximation from the horizontal
variations of the summer minimum sea ice concentration.

Ice-particle model

However, the influence from the summer minimum sea ice concentration is not im-
mediately reflected in tracer profiles at all depths. Shortly after the time-varying
particle fields originate from different sea ice concentrations at the surface, they sink
and are advected. As such, to complete the conjecture, it is important to take into
consideration this sinking, advection and mixing motion (2.11):

(?‘):'Z :sgz—i-ﬁ'Va?-i-mixing (2.11)
where z is the ice fraction that was at the surface when the particle formed. Because
particles that scavenge the tracer are assumed to move at same speed as tracer’s
particulate form, the sinking speed, s, of particles produced at the surface under
various sea ice cover is assumed to be identical to the sinking rate of the correspond-
ing particulate tracer. The output from this model is called ‘pseudo-particle field’ as
it tracks the ice fraction that has an implicit relation to the particle concentration.
This scheme is expected to capture the variation of scavenging in a changing Arctic.

Scavenging-ice relation

As mentioned above, it takes some time (more precisely, a few years) for the oceanic
particles to fall from upper ocean to deeper water, so the surface ice concentration
takes years to affect scavenging rates in the deep sea. Therefore, an important step
is to determine where particles were initially formed. To investigate this problem,
I performed a backward integration of trajectories on NEMO model outputs using
Ariane, a particle tracking tool based on an algorithm given by Doos (1995) and
Blanke and Raynaud (1997) ( ) (Fig. 2.5).
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Initial positions were distributed randomly within the sample locations area.
Particles were released at different depths (1000 m, 2000 m and at the seafloor). Be-
cause the time coverage of EXH001 and EXHO005 is 2002-2014 and the velocity field
from the late 1990s to the early 2000s does not have significant change, trajectory
calculations are based on the first three years velocity field from EXH001 (2002-
2004), with 1.5x velocity speed (the reason for increasing the velocity explained in
Section 4.2). Particles are integrated backward in time until they reach the surface.
I added an appropriate sinking term of 500 m y~! into Ariane to approximate the
sinking process of the marine particles.

Figure 2.5: Particle trajectories reproduced by Ariane, a computational tool to
calculate 3D streamlines from the output velocity field using a Lagrangian analysis.
Black points show the initial locations and the lines are the particle trajectories. A
and B areas refer to the areas where the particles are initially form in surface (i.e.
origin of the seafloor particles of each EB and AR group). Particles in the deep
Eurasian Basin are laterally transported from the Laptev side of the Eurasian Basin
as they sink, whereas those over the Alpha Ridge move very little laterally.

Judging by the long pathways of particles released in the Eurasian Basin (Fig.
2.5), the sampling locations in the Eurasian Basin are considered to receive strong
lateral transportation from the Laptev shelf side of the Eurasian Basin by boundary
currents. Since particles released in the central Arctic only moved a few kilometers,
the sampling locations from the AR group are treated as places that directly receive
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vertical particles from above. This result is consistent with earlier research that
shows water masses in the Eurasian Basin interior are carried by slope currents
(Pnyushkov et al.; 2013), while those over the Alpha Ridge remain in the interior
due to weak ventilation (Aagaard, 1989).

Based on this analysis, scavenging coefficients from the Eurasian Basin group
(Table 2.2) are related to five-year-averaged sea ice condition from the Laptev shelf
side of the Eurasian Basin (location B in Fig. 2.5), while those from the Alpha
Ridge group are related to five-year-averaged sea ice condition from the central
Arctic (location A in Fig. 2.5).

Information of historical sea ice concentration is taken from NOAA /NSIDC Cli-
mate Data Record dataset (Meier et al., 2013; Peng et al.; 2013). Satellite-derived
sea ice was used instead of the sea ice time series from the model due to bias in the
model ice concentration (Appendix A). The averaged sea ice concentration for the
Eurasian Basin group and the Alpha Ridge group are 0.62 and 0.97, respectively
(Fig. 2.6).
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Figure 2.6: Sea ice concentration series over the Alpha Ridge and the Laptev shelf
side of the Eurasian Basin from NASA National Snow and Ice Data Center (Meier
et al., 2013; Peng et al., 2013). The grey shading shows the potion of the sea ice time
series used to estimate the sea ice condition where the particles originally formed.

With these numbers, the linear relation inferred by the conjecture can easily be
found. Values for sinking and adsorption coefficients used in this paper are:

5= (—1387 x i + 1874) my ! (2.12)

ko = (—0.38 x i 4+ 0.46) y~* (2.13)

where i is ice fraction from the ice particle model.
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2.3. Boundary and initial conditions

2.3 Boundary and initial conditions

2.3.1 Initial conditions

Initializing from zero concentration, the time scale for 239Th to reach equilibrium
is on an order of decades. (Take 2*°Th at 1000 m depth as an example. The
average 239Th concentration at this depth is approximately 0.4-0.5 dpm m™ in the
Arctic region. With a production rate at 0.0267 dpm m™2 y~! and assuming there
is no exchange between different phases and no lateral mixing between different
water masses, it already takes 2*°Th at least 15-19 years to accumulate to 0.4-0.5
dpm m~3 (Appendix B.1). With the mixing and exchange processes, it takes even
longer.) Given the high resolution in ANHA4, obtaining initial conditions by this
method is computationally expensive. There are two other options to generate the
initial fields: first, initializing the tracer fields from analytical solutions; second,
initializing from existing observations.

Initial * Th conc. at intermediate depth (1062 m)

L L L L L L L L L
030 035 040 045 050 055 060 065 070 575 600 625 650 675 700 725 750

Dissohved *"'Th conc. (dmp/m?) Particulate *"Th conc. (dmp/m*) 1e-2

Figure 2.7: Initial conditions for particulate and dissolved ?3°Th at 1000 m depth.
The colored points are observational data. The spatial pattern of dissolved 230Th
shows high values in the central Arctic and lower values in the Canada and Eurasian
basins.

Generating the initial fields from analytical solutions is quick, however, because
the analytical solution assumes the advection is negligible, the corresponding initial
field purely reflects scavenging effects. On the contrary, initializing the tracer field
with observed data gives an initial 23°Th field that will not only reflect particle
scavenging, but also the impact of advection.
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2.4. Description of numerical experiments

Given a relatively uniform horizontal distribution of observed 230Th, I generated
the initial fields from all available observations measured before 2000 (Fig. 2.7).

Total 230Th data are included in initializing tracer distributions in order to
compensate for a lack of spatial coverage of particulate and dissolved data in the
Canada and Makarov Basins. To extract dissolved and particulate information from
the total 239Th data, I use 90% of the total as the dissolved phase and 10% as the
particulate phase since the particulate and dissolved data in the Arctic suggests that
the particulate fraction accounts in average for 10-20% of the total 220Th, with the
remaining 80-90% in dissolved form.

Vertical linear interpolation was performed to obtain tracer values at the model

1

depths first then a horizontal interpolation on the % X ZO model grid was implemented

(Fig. 2.7). The interpolation was performed using PyKrige 0.1.2 Python package

( )-

2.3.2 Boundary conditions

The lateral boundaries for the tracer model is 70° N (Fig. 2.1). Tracer values at
the boundary are set equal to the initial condition.

Surface boundary condition for the particulate phase is set to 0; for the dissolved
phase is set to q/kg.

The bottom boundary uses the Neumann boundary conditions to constrain the
value at the deepest level - the first derivative in the deepest layer concentration is
the same as that directly above.

2.3.3 Model Spin-up

The spin-up period is 12 years. There are two reasons for this spin-up length. First,
most of the data used in initialization is from 1991. Therefore, spinning up the
model for at least a decade enables the tracer to evolve from the 1991 conditions to
a 2002 state. Second, there is no significant change in 23°Th concentration reported
in the Arctic during the late 1990s and the time derivative of the modeled tracer is
almost constant after running for this length of time. As such, this spin-up length
is considered to be appropriate.

The temporal coverage of EXH001 and EXHO005, 2002-2014, does not include
1991-2001. As the circulation pattern does not have significant changes throughout
this period, the model is spun up with 2002-2004 circulation repeated four times to
give the 12 years.

2.4 Description of numerical experiments

The sensitivity experiments are designed to test contributions from potential affect-
ing factors (Table 2.3). The reference run is forced by flow fields from EXHO001; sea
ice concentration used for the ice particle model varies based on satellite-derived sea
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2.5. Methods for analyzing model results

ice data. The model is run from 2002-2020. Since the physical fields from EXHO001
(as well as EXHO005) only cover the period of 2002-2014, runs later than 2014 use
the 2014 ocean circulation result and sea ice field as dynamic inputs.

The first experiment is designed to investigate tracer sensitivity to ice concen-
tration by holding it constant at 2002 values. It is forced by identical dynamics as
that in the reference run. The second experiment is forced by a different flow field
(EXHO005) to test the tracer sensitivity to circulation. Its sea ice concentration is
identical to that in the reference run.

Simulation Integration Forcing field  Sea ice
Reference run  2002-2020 EXHO001 annual
Exp. 1 2002-2020 EXHO001 constant
Exp. 2 2002-2020 EXH005 annual

Table 2.3: Summary of the numerical runs. Runs beyond 2014 repeat the ocean
circulation and sea ice field in 2014.

2.5 Methods for analyzing model results

2.5.1 Method of model evaluation

To assess the accuracy of the tracer model, point-to-point comparison between sim-
ulated results and existing data are made. Data were collected during four cruises:
Polarstern 2007, Wilfried Laurier 2007, GEOTRACES cruises 2009 and 2015 (Table
2.4).

Reference Year Location diss.?Th  tot.?'Th
Grenier et al. (in prep.) 2007 Canada Basin Y

Valk et al. (in prep.) 2007 Eurasian Basin Y Y
Grenier et al. (in prep.) 2009 Canada Basin Y

Grenier et al. (in prep.) 2015 Canada Basin Y

Valk et al. (in prep.) 2015 Eurasian Basin Y

Table 2.4: Data sources for model-data comparisons.

2.5.2 Method of sensitivity analysis

The sensitivity analysis is evaluated on section (a) in Fig. 2.8 to explore unique
properties of each run. This section is selected because it connects the Canada
Basin to the Alpha Ridge and is a key pathway for high 23°Th in the model.
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Figure 2.8: Sections involved in sensitivity analysis and physical calculations. The
shaded area is the Canada Basin region used for average topostrophy (2.14) and
wind stress curl. Section (a) the Alpha Ridge to the Canada Basin is used for tracer
analysis; Section (b) Kara and Barents Sea opening and (c¢) Fram Strait are used
for the dense water inflow calculation.

Tracers at approximately 1000 m depth are chosen as representative of the tracer
evolution in the intermediate layer. Results are visualized as Hovmoller diagrams
to highlight the tracer distribution evolution.

2.5.3 Method of boundary current analysis

In order to visualize model vector flow fields, a scalar field, topostrophy, is employed
in diagnosing circulation (Holloway et al., 2007). In the northern hemisphere, posi-
tive topostrophy corresponds to flows that tend to keep shallow water to the right.
Therefore, positive topostrophy characterizes cyclonic boundary currents in the Arc-
tic, while negative topostrophy represents anticyclonic boundary flows.

The definition of topostrophy (7) is:

T=UxVH 2 (2.14)

where U is yearly mean horizontal velocity, VH is the gradient of total depth and
z stands for the unit vertical vector. In order to characterize the change of flow
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pattern in the Canada Basin, a sum of topostrophy over Canada Basin is used (Fig.
2.8).

2.5.4 Method of physical component calculations

Calculations of dense water influx

Influx calculation focuses on two main passages: the Barents Sea and Fram Strait
(Fig. 2.8). In this study, the dense water influx is the total flux of water denser
than oy = 28.05, which represents the separation of the Atlantic layer and the deep
layer (Lique et al., 2010).
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Chapter 3

Results

The first half of this section presents model results and model evaluation. The second
half displays comparison analysis between two different dynamics fields (salinity and
temperature fields) from EXHO001 and EXH005, to understand potential factors that
contribute to the different behaviors in the two flow fields.

3.1 Model evolution

3.1.1 Dissolved #°Th

The tracer analysis presented here is at a depth of 1000 m. I chose this depth for
two reasons: first, the section of the 2009 23OTh observations that deviates from
linearity was centered within the Atlantic Water (Francois and Soon, 2010), from
approximately 500-1500 m; second, as mentioned in Section 2.5, the Atlantic layer
is defined as a layer between isopycnal g9 = 27.8 and og = 28.05, with the shallow
limit at 200-400 m depth and the deeper limit at approximately 1500 m depth (Lique
et al.; 2010). Therefore, I assume isopycnal oy = 28.0 is a reasonable central location
for the core Atlantic layer, which is roughly at depth 1000 m.

Over the time series, the simulated 23°Th pattern in the Arctic Ocean expe-
rienced a substantial change. The evolution of simulated dissolved 23°Th can be
separated into four phases: phase I - before the change (2007), phase II - during the
change (2009), phase III - shortly after the change (2015) and phase IV - long after
the change (2020). Note that the characteristic year for each phase was chosen to
match a cruise date for which we have 23°Th data: 2007, 2009, 2015.

In phase I, simulated dissolved 239Th showed highest concentrations over the
Alpha Ridge and showed lower values in both the Canada and the Eurasian basins
(Fig. 3.1 (a)). This spatial pattern is in good agreement with the previous obser-
vation patterns, which showed that scavenging intensity was lower in the central
Arctic and higher in the Canada Basin and the Eurasian Basin (Edmonds et al.,
1998; Scholten et al.; 1995). One noticeable feature in this phase is that a low
230Th tongue originating from the low sea ice Canada Basin displayed a northward
extension along the Canada Basin side of the Alpha Ridge.
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Figure 3.1: Simulated dissolved 23Th concentration in phase (a) I (2007), (b) II
(2009), (c) III (2015) and (d) IV (2020). Tracer concentrations shown here are
annually averaged model results. In phase I, a low 2**Th concentration tongue is
seen extending from the Canada Basin (red arrow in (a)). In phase III, a similar
tongue but of high 2°Th extended from the Alpha Ridge (red arrow in (c)). High
concentrations seen in phase I (2007) and phase II (2009) moved southward along
the CAA in phase III (2015) and dissipated in phase IV (2020).

In phase II, the overall spatial variation of dissolved 2**Th concentrations did
not change dramatically compared to phase I. However, there was a small change in
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the south Canada Basin - the northward-moving, low 2*°Th tongue seen in phase I
disappeared. Instead, this low 2?OTh concentration water mass accumulated in the
south the Canada Basin.

In phase III, changes in the spatial pattern of dissolved 23°Th became more
observable. First of all, there was a high **°Th concentration tongue developed
with a very pronounced southward progression (Fig. 3.1 (c)). Also, the simulated
high 23°Th concentration zone was displaced further south toward the Canada Basin,
compared to its previous position which had been maintained through phase I and
II. Meanwhile, the low 23°Th concentration that accumulated in the south Canada
Basin in phase II now moved eastward to the Chukchi Plateau side of the Canada
Basin.

A notable feature revealed by phase IV (Fig. 3.1 (d)) is that the previously
high 230Th concentration water over the Alpha Ridge was completely flushed away
and replaced by new, relatively lower 220Th from adjacent water masses. The high
230Th concentration water mass moved further south to the Canada Basin and
progressively dissipated during its journey to the south. By phase IV, a transition
to a new, remarkably different spatial pattern had been accomplished.

Observations (Francois and Soon, 2010) indicate similar changes - high #*°Th
values began to invade the Canada Basin in 2007 and were more wide spread in the
basin in 2009. However, the modeled tracer evolution in the Canada Basin has a
different timing - the emergence of each phase is slightly delayed compared to the
observations. Note that although timing does not match well, the model captured
the main trends of 3°Th evolution. This indicates the model has a similar behavior
with observations but it does not reproduce the change at the right time.

3.1.2 Particulate ?°Th

Compared to the distribution of dissolved 23°Th, the particulate distribution has
more spatial and temporal variation (Fig. 3.2).

In phase I, the spatial pattern of particulate 23°Th was similar to the dissolved
230Th pattern. There was a low particulate 239Th tongue extending from the south
Canada Basin, along the edge of the Canada Basin, to the Alpha Ridge, where the
highest particulate 23°Th was found (Fig. 3.2 (a)). Unlike the dissolved phase, there
were some intermediate concentrations of particulate 23°Th at the seasonally ice free
edge of the Canada Basin and the Eurasian Basin.
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Figure 3.2: Simulated particulate 23°Th concentration in phase (a) I (2007), (b)
IT (2009), (c) III (2015) and (d) IV (2020). Tracer concentrations shown here are
annually averaged model results. High concentration seen over the Alpha Ridge in
phase I (2007) and II (2009) moved southward along edge of the Canada Basin in
phase IIT (2015) and IV (2020).

Phase II exhibited a domain-wide increase in modeled particulate 23°Th (Fig.
3.2 (b)). The largest increases occurred in the Canada Basin and the Makarov
Basin. This is associated with the dramatically low sea ice coverage event observed
in 2007, when the sea ice coverage was at its 2nd lowest on record. The two-year
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3.1. Model evolution

(2007-2009) delay in responding to the sea ice is due to the sinking process.

In phase III, as the sea ice concentration slightly rebounded after 2007, the
Arctic-wide high particulate 22°Th pattern disappeared - the simulated 2*°Th dropped
back to its previous level (Fig. 3.2 (c)). However, the high particulate 23°Th con-
centration over the Alpha Ridge was not maintained. It developed into a narrow
tongue that propagated along the northern edge of the Canadian Arctic Archipelago,
similar with that seen in the dissolved 23°Th.

This high particulate 23°Th tongue arrived at the Chukchi plateau side of the
Canada Basin in phase IV, with the rest of the Amerasian Basin filled with low
particulate 239Th concentration water and the Eurasian Basin occupied with inter-
mediate particulate 220Th concentration water. (Fig. 3.2 (d)).

Unlike the high dissolved 239Th concentration tongue which dissipated along its
pathway, the particulate 22°Th tongue increased its value during its way southward.

Unfortunately, there is not particulate 22°Th data available to evaluate the simu-
lated particulate 22°Th evolution over the modeling period. However, judging by the
reasonable behavior of simulated dissolved 23°Th, one can conclude that although
any analysis for simulated particulate 22Th should be undertaken with care, this
evolution is reasonable.

3.1.3 Particle field

The particle field is generated by the ice-particle model (2.11) that simulates the
movement of advected and sinking particles. Note that the ‘particle’ field here is not
tracking the particle concentration but an ice fraction which has an implicit relation
to the particle concentration; this field will be referred to as the ‘pseudo-particle
field’. Keep in mind that the sea ice fraction and the marine particle concentration
are inversely correlated; low /high values of the pseudo-particle field are associated
with high/low particle concentrations, respectively.

In phase I, high pseudo-particle values accumulated over the central Arctic region
(Fig. 3.3 (a)). Much lower pseudo-particle values were found around the east edge of
the Eurasian Basin and the south boundary of the Canada Basin. The low pseudo-
particle values in the Canada Basin exhibited a weak northward tongue along the
basin boundary.

In phase II, the tongue disappeared along with a significant shrinking in the high
pseudo-particle pool (Fig. 3.3 (b)). This Arctic-wide decrease in the pseudo-particle
values is coincident with the appearance of Arctic-wide increase in particulate 23°Th
concentrations. During this shrinking event, there is a newly-formed low pseudo-
particle area developed around the Chukchi plateau; this location also documents a
transient occurrence of high particulate 23°Th zone at the same time (Fig. 3.2).

In phase III, the high pseudo-particle pool went back to its normal size. However,
different from previous years, the high pseudo-particle region extended from the
Alpha Ridge to the south Canada Basin with the low pseudo-particle water mass
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3.1. Model evolution

moving toward the Chukchi Plateau side. This spatial pattern remained in phase
1V.

Despite the temporal change, there is a robust spatial pattern to the pseudo-
particle field - the highest pseudo-particle value (suggesting the lowest particle con-
centration) always appears north of the Canadian Archipelago, while lowest pseudo-
particle value (suggesting the highest particle concentration) is located along the
south edge of the Canada Basin and the east edge of the Eurasian Basin. It is also
notable that the low pseudo-particle locations have high similarity with the high
particulate 239Th zones.
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Figure 3.3: Distribution of pseudo-particle in phase (a) I (2007), (b) II (2009),
(c) III (2015) and (d) IV (2020). Note that low/high pseudo-particle values are
associated with high/low particle concentrations, respectively. The low pseudo-
particle locations have high similarity with the high particulate 23°Th zones.
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3.2. Model evaluation

3.2 Model evaluation

Canada Basin

To assess model accuracy, a model and data comparison was conducted. The main
focus was on the Canada Basin where the temporal coverage of 230Th data was
greatest.

As indicated previously, the tracer model has a delay in the change of 23°Th con-
centration in the Canada Basin. To study the lag between the observation and the
simulation, time series of 23Th concentration in the south Canada Basin (shaded
area in Fig. 3.4) at 1000 m depth are presented. In the model, an increase in
thedissolved 22°Th concentration started in 2009, reached a maximum in 2015 and
the maximum 2*°Th values decreased slightly since then (Fig. 3.4). In the obser-
vations, however, the dramatic increase of 23°Th appeared in 2009 instead of 2015.
It suggests the modeled change of 22°Th concentration in the Canada Basin is six
years delayed.

Therefore, in order to have a fair data-model comparison, the model compari-
son conducted here is evaluating the model behavior at different ‘evolution status’,
rather than directly comparing data with model results in the same sample year.
Suggested by the lag, the observed 2009 data was compared with simulated result
in phase III (in model year 2015, when the highest simulated 23*Th concentration
occurred in the Canada Basin). Data from the GEOTRACES cruise in 2015 is
compared with phase IV (2020, which is 5 years after phase III).
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Figure 3.4: Tukey box plots showing modeled and observed time series of dissolved
230Th concentration at between 500-1500 m depth. Each box shows data range
from first to third quartile, and median (central horizontal line); black dots show
extremes (Tukey, 1977). The green boxes (and black points) represent the simulated
239Th concentrations in the Canada Basin (the shaded area). The blue boxes show
the observed data.
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3.2. Model evaluation

The 2007 and 2015 observed 23°Th profiles in the Canada Basin are close to but
not exactly, straight lines (Fig. 3.5 (a-1)). This shape is captured by the simulated
profiles in the Canada Basin, which show an increase with depth. Also, the simulated
230Th magnitudes appear realistic compared to the observations in 2007 and 2015
(Figure 3.5 (a-c, g-i)). ) The major deviation from the observations is found in
the intermediate layer in 2009, where the model tends to underestimate the 23°Th
concentration. However, the model predicts reasonable values in the surface and the
deep layer.
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Figure 3.5: Observed versus modeled 23°Th. Panels (a-u) show observed 2*°Th pro-
files (points) from the Canada Basin, Makarov Basin, Alpha Ridge and the Eurasian
Basin versus model results (curves) (*: total 239Th; without *: dissolved 230Th).
Sample locations are mapped with different colors. Panel (v) is an linear regression
of observations versus simulations. Red dashed line is a reference line showing y=x.
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Other basins

In the Eurasian Basin, simulated dissolved 23°Th is consistent with observations in
both magnitude and vertical structure (Fig. 3.5 (I-u)).

As for the central Arctic (areas above the Alpha Ridge and in the Makarov
Basin) that are permanently covered with ice, the observation profiles are not as
linear as those in the Canada Basin and Eurasian Basin. More specifically, the
values of observed 23°Th in the intermediate layer always exceeds (or equals to) the
values in the deep layer. As such, while the simulated 23°Th in this region appears
to be realistic in the surface and deep layers, the simulated 2°Th in the intermediate
layer is underestimated (Fig. 3.5 (j,k)). For example, at a depth of 1000 m, the
average 23Th concentration of the observed data is approximately 0.6 dmp m™3
but the model only produces a range of 0.3-0.5 dmp m~3. This reveals that the
estimated scavenging intensity in this specific layer is still not low enough in the
model.

In order to provide a more quantitative evaluation of the simulation, a linear
regression between model and ?**Th observations is performed (Fig. 3.5). The
result shows large scatter between the model and the observations when the value
of observed 230Th is greater than 0.8 dmp m~3 and lower than 0.2 dmp m~3. This
indicates the model performance is less satisfactory in simulating very high and very
low 230Th values.

However, the values of the slope of the linear regression, an indicator to assess
the ability of the model in simulating the tracer distribution, gives 0.91 £ 0.03,
a value that is very close to 1. The discrepancy between the reference and the
regression is in acceptable range. It reveals that despite the uncertainty in producing
very high/low 23°Th values, the model, in general, is in good agreement with the
observations. This can be supported by the reasonable spatial contrast between the
high ice region in the central Arctic and the low sea ice zone in both the Canada
and Eurasian basins, and the well simulated vertical structures that are broadly
consistent with observations.

3.3 Sensitivity experiments

As the 230Th concentrations are controlled by the scavenging process and the phys-
ical process such as advection/diffusion, I conducted two sensitivity experiments
(see section 2.4) to test the contribution of each process to understand the change
in 22°Th concentrations.
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Figure 3.6: Simulated dissolved ?*°Th concentration at 1000 m depth versus time
for (a) reference run and sensitivity experiments (I (b) and II (c)). The left end of
this section is to the south in the Canada Basin and the right end extends north to
the Alpha Ridge. Run descriptions can be found in section 2.4. Results show that
the reference run is similar with Exp. 1 but very different from Exp. 2.

3.3.1 A constant ice case
Dissolved 23°Th

The only difference between sensitivity Exp. 1 (Fig. 3.6 (b)) and the reference run
(Fig. 3.6 (a)) is the sea ice concentration, which varies annually in the reference
run but is held constant at 2002 values in Exp. 1. Experiment results show a high
similarity between Exp. 1 and the reference run throughout the model period.
Focusing on a vertical section along the north edge of the CAA (section (a) in
Fig. 2.8), we see, in both runs, two distinct water masses. Between 2002 and 2015,
the Canada Basin side was occupied with relatively low dissolved ?**Th concentra-
tion water, while the Alpha Ridge side had much higher ?*Th concentrations. In
between, water masses from both sides took turns to dominate. From 2002 to 2007,
the low 220Th water from the Canada Basin dominated the mid-section. However,
starting from approximately 2007, this situation changed - the low 2*°Th water mass
was slowly pushed back toward the Canada Basin by high dissolved 2*°Th from the
Alpha Ridge. By 2015, the whole section was filled with the high 23°Th water.
Although these two runs are very similar, a slight difference exists: tracer con-
centrations from the constant ice case (Exp. 1), were always higher than that of
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3.3. Sensitivity experiments

the reference run. This difference was less obvious in the early part of the run but
became more noticeable in time.

Particulate 23°Th

For the particulate phase, comparing results for variable ice versus constant ice also
shows high similarity in the tracer evolution (Fig. 3.7 (a)(b)).

As in section 3.3.1, we focus on the vertical section north of CAA, where we
see it is dominated by a low particulate 23°Th water mass from the low ice Canada
Basin and a high particulate *°Th water mass from the Alpha Ridge. In both the
reference and Exp. 2 runs, the high ?*OTh labeled water dominated the section
shortly after 2007. The similarity in the qualitative behavior between these runs
reveals that the ice field has limited effect on the tracer distributions.

It should be noted that, in the reference run with variable ice (Fig. 3.7 (a)), there
is a short-term, section-wide increase in particulate 239Th recorded from approxi-
mately 2014 - 2015. This occurred 2-3 years after 2012, when sea ice concentration
was at record low. The length of this time coincides with that required for the
particles to sink from surface to the current depth.

This fluctuation in particulate 23°Th, however, is not found in Exp.1, in which
the sea ice concentration was the same in each year. These findings indicate that,
although the persistent increase in particulate 2*°Th field that began in 2007 was
not caused by the ice, the short-time scale fluctuations were caused by it. This
explanation can equally apply to the temporary Arctic-wide increase in particulate
230Th seen in phase II that showed up 2-3 years after 2007 (Fig. 3.2).

3.3.2 A different flow scheme case
Dissolved 23'Th

While Exp. 1 tests the tracer sensitivity to changes in sea ice concentration, Exp.
2 tests how sensitive the tracer is in response to changes in the circulation.

Exp. 2 (Fig. 3.6 (c)) produced significantly different results as compared to
those of the reference run. Between 2002 and 2007, the dissolved 23°Th distribution
is similar in the two runs. Low 23°Th water occurred on the Canada Basin side
and high 239Th labeled water occurred on the Alpha Ridge side. However, after
2007, high ?*OTh water in the reference run spread southward but the change did
not occur in Exp. 2. This experiment suggests that the 230Th distribution is very
sensitive to the circulation.

Next, I investigated the velocity fields in the reference run and in Exp. 2 (Fig.
3.8).

In the period 2002 - 2006, a strong northward velocity dominated in the se-
lected section in both runs. This flow transported low 2*°Th concentrations from
the Canada Basin to the Alpha Ridge. A significant change took place in 2007 - ve-
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Figure 3.7: Simulated particulate 22°Th concentration at 1000 m depth versus time
for (a) reference run and sensitivity experiments (I (b) and II (c)). The left end of
this section is at south the Canada Basin and the right end extends north to the
Alpha Ridge. Runs descriptions can be found in section 2.4. Results show that the
reference run is more similar to Exp. 1 than to Exp. 2.

locity direction totally reversed in the reference run; however, the velocity direction
in Exp. 2 remained northward. This velocity shift is coincident with the southward
propagation of high 239Th labeled water in the reference run. Almost immediately
after the circulation pattern switched, the tracer concentrations increased progres-
sively. The high ?*°Th concentration eventually arrived in the Canada Basin in
2015.

The distance between the Alpha Ridge and the south Canada Basin is approxi-
mately 1500 kilometers. With an average southward velocity of 0.006 m s~! in the
reference run, the time for high dissolved ?3*Th arrive at the south Canada Basin
is approximately 8 years. This is consistent with the tracer evolution we see in the
reference run.

Particulate 23°Th

As with dissolved 22Th, results from reference run and Exp. 2 show that the
differences between these runs increased after 2007. After 2007, the mid-section of
line CAA in the reference run was filled with high particulate 23°Th concentration
from the Alpha Ridge; however, in Exp. 2 this region had low particulate 23°Th from

32



3.3. Sensitivity experiments

(a) Reference run

2014 ' AT T eemewwee T WY | g 0020
012 | :
2010 f - | Moo1s
2008 | 1Moo =
2006 | -
- N 0007 E
s 2004 | 1 &
Y 2002 . . . . . . 0002 2
2 {b) Exp. 2 z
g 21 - T 0002
012 | - ‘- w w 8
2010 F 1Hooo7 2
- 3
2008 | — - - L o1 2
2006 | * ey el
2004 | 1
2002 L . ; . . i 0.020
0 200 a00 600 800 1000 1200
the Canada Basin Distance (km) the Alpha Ridge

Figure 3.8: Vertical cross-section of along shore velocity along CAA line (section
(a) in Fig. 2.8) in (a) reference and (b) Exp. 2. Results show the velocity changed
direction in the reference run but not in Exp. 2.

the south Canada Basin. This pattern, similar with that in dissolved 23°Th results,
suggests particulate 239Th has a rapid response to the circulation (Fig. 3.8)).

Section summary

Exp. 1 indicates the ice-particle field has a more rapid impact on the particulate
20T than the dissolved 22°Th. More importantly, it demonstrates that tracer
spatial patterns persist even though the sea ice conditions are different. On the
other hand, Exp. 2 demonstrates that the circulation field is crucial in creating the
high 23°Th zone in the Canada Basin.

As such, the increase in observed and modeled 23°Th concentrations in the south
Canada Basin suggests an establishment of southward directed currents along the
CAA line. As the water transport in the Arctic mainly occurs along the boundaries,
the velocity direction along the CAA line implies the general circulation pattern in
the Canada Basin. Thus the change of transport direction along the CAA line (from
north to south) indicates a general change in the Canada Basin (from cyclonic to
anticyclonic).

That engenders a follow-up question: what factor leads to the change in interme-
diate circulation pattern in the reference run and why did the anticyclonic pattern
not show up in Exp. 27
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3.4 Hydrographic comparisons of two flow scenarios

This section provides further analysis on the two different circulation runs. I first
investigated the topostrophy evolution during the model period, then explored hy-
drography differences in the runs along the boundary of the Arctic Ocean.

The years chosen to display here are different from those in the tracer analysis.
As revealed by the simulated 22°Th, the flow pattern in the reference run started
to change during 2007. As a result, I selected 2006, 2007, 2008 to investigate the
transition of the flow field. For a comparison purpose, analysis in Exp. 2 also
contains these years, even though the change is not seen in this run.

3.4.1 Topostrophy analysis

As mentioned before, isopycnal oy = 27.8 and gy = 28.05 are the upper and lower
bounds for the Atlantic layer. Therefore, isopycnal o9 = 28.0, centered in between
isopycnal g9 = 27.8 and g9 = 28.05, is considered as a representative depth for
analyzing the flow pattern in the Atlantic layer. I conducted a topostrophy analysis
for this layer as a means of comparing the model circulations.

The results show that, in 2006 (before the change), the topostrophy fields along
the isopycnal oy = 28.0 are similar in the reference run and Exp. 2 (Fig. 3.9). In
this year, positive topostrophy dominates over the whole Arctic.

As mentioned in Chapter 2.5.3, positive and negative topostrophy characterizes
cyclonic and anticyclonic boundary currents, respectively. This positive topostrophy
thus shows that, after the Atlantic water enters the Arctic system through the east
side of Fram Strait, it flows in a cyclonic direction in the Eurasian Basin. Part of the
water splits from the main loop shortly after it passes the Laptev shelf and enters
the Amerasian Basin. After that, this branch flows into the Canada Basin, via the
Makarov Basin and the slope of the Chukchi Sea. This pattern can be revealed by
a cyclonic transport of low 23°Th (in both dissolved and particulate form) along the
Arctic boundary in phase I .

During 2007 in the reference run, most of the topostrophy along the boundary
of the Amerasian Basin changed from positive to negative. This reversal in the
signs of topostrophy field shows the water masses in the Amerasian Basin were in
transition from a cyclonic rotation to an anticyclonic rotation. This flow pattern is
in contrast to the dominant pattern in the early years and it leads to the transport
of high 23°Th concentration water from the Alpha Ridge to the south Canada Basin
in the reference run, with arrival in 2015.
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Figure 3.9: Topostrophy along isopycnal gy = 28.0 in the reference run and Exp.
2, suggesting significant change in the flow pattern is seen in the reference run but
not in Exp. 2.
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However, while negative topostrophy occupied most of the Amerasian Basin in
the reference run, only a small area with negative topostrophy was found in Exp.
2, around the Chukchi Plateau. It indicates the development of anticyclonic flow
in Exp. 2 preliminarily started from the east side of the Amerasian Basin. This
negative area in Exp. 2 is coincident with the region with the strongest negative
topostrophy signal in the reference run.

The reference run shows that shortly after 2007, the positive topostrophy in the
Canada Basin completely disappeared. The negative topostrophy extended farther
towards the Alpha Ridge, which indicates the weak anticyclonic flow in the previous
year further developed into an Amerasian-basin-wide anticyclonic flow. Also, this
anticyclonic flow was intensified compared to 2007, as revealed by more negative
topostrophy values in this region. A notable feature is that the absolute values of
negative topostropy decreased along the Amerasian boundary, from the east to the
west.

However, while the anticyclonic flow was fully developed in the Amerasian Basin
in the reference run, the situation in Exp. 2 was quite different. The results show
a stronger positive topostrophy signal in the Amerasian Basin, which means the
boundary current not only remained cyclonic but was enhanced. Meanwhile, the
2007 small negative signal close to the Chukchi plateau vanished.

3.4.2 Density analysis

In order to understand the hydrographic distributions within the model domain,
density variations in 2006, 2007 and 2008 at 1000 m depth, the same depth as used
for the tracer analysis, are investigated.

Result shows that the density spatial distribution are similar in both runs in
2006 (Fig. 3.10). Less dense water occurred on the Russia side of the Eurasian and
Makarov Basin, with much denser water existing in the central Arctic and around
the edge of the Barents Sea.

In 2007, when the topostrophy in the Amerasian Basin reversed sign in the
reference run, the boundary current along the Barents and Kara Sea exhibited higher
density in both runs. However, compared to the reference run, the increase of density
was less obvious in the Exp. 2 - its high density terminated at the Laptev side of
the Eurasian Basin.

In contrast, the increasing density signal in the reference run spread cyclonically
all the way from the Eurasian Basin to the CAA side of the Canada Basin, although
the signal dissipated along its pathway.

In 2008, despite the enhanced anticyclonic flow revealed by the negative topostro-
phy from the reference run (Fig. 3.9), this high isopycnal signal propagated cycloni-
cally around the Arctic. An noticeable feature is that this high density signal was
trapped by the shelf slope and always kept the shelf to its right. Also note that its
propagation speed was, clearly, much faster than the simulated 230Th signal. These
features point to an existence of an internal Kelvin wave.
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Figure 3.10: Analysis of density variations at 1000 m depth for 2006, 2007 and 2008
for the reference run and Exp. 2. The upper panels show density fields for 2006.
The lower panels show the density differences in 2007 and 2008, as compared to
2006, indicating a denser boundary current in the Amerasian Basin in the reference
run but not in Exp. 2. 37
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To further study of the propagation of the dense water, an investigation of the
core Atlantic layer (isopycnals oy = 28.0 ) in the Amerasian Basin was conducted
on the reference run.
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Figure 3.11: The vertical distribution of isopycnal oy = 28.0 in the reference run
along the 1000 m isobath around the Arctic boundary. The left panel maps the
location of the 1000 m isobath. The right panel shows time evolution of isopycnal
og = 28.0 in the Amerasian Basin along the Arctic boundary (displayed the map). As
the bathymetry around the Chukchi Plateau is complicated to contour, the vertical
position of isopycnal gy = 28.0 in this region is dotted. Result shows the isopycnal
rose in 2007 in the Makarov Basin. The signal reached all the way to the Alpha
Ridge, although in diminished amplitude.

Following the isopycnal oy = 28.0 (the core layer of Atlantic water), we can see
that the depth of this isopycnal g at the Makarov Basin changed dramatically from
1300 m to 500 m during 2006 - 2007. The density contrast created a wedge-shape
isopycnal in the Makarov Basin.

The isopycnal oy = 28.0 in the rest of the basin responded accordingly - it was
lifted by approximately 50 m at the west side of the Amerasian Basin (the Canada
Basin plus the Alpha Ridge) in no more than one year. The timing of this event is
coincident with the time when topostrophy reversed signs in the Amerasian Basin
(Fig. 3.9).

As flow at this time scale is geostrophic, it is not a surprise that the change
in Atlantic isopycnal shape is synchronous with the change in the circulation. The
lift of the isopycnals implies the density increased at the continental slope, which
implies vertical shear of the boundary current by the thermal wind relationship. This
vertical shear implies a more anticyclonic flow in the intermediate layer compared
to the deep layer.

In 2008, the isopycnal g9 = 28.0 in the Makarov Basin was pushed further
up. The wedge-shape isopycnal remained in the Makarov Basin. In this year, the
isopycnal gy = 28.0 in the rest of the basin was lifted another 50 m. Note that
previous density analysis indicates while the density along the Arctic boundary
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increased after 2007, that in the interior basin decreased (Fig. 3.10). Therefore,
the further lifting of isopycnal oy = 28.0 means that density contrast between the
boundary and the internal ocean were further increased, which created an enhanced
anticyclonic flow as implied by the topostrophy field.

The density and the isopycnal analysis suggests that the major difference be-
tween the reference run and Exp. 2 is whether the dense water succeeds in pene-
trating into the deep Arctic and reshaping the isopycnals. When a dramatic lift of
isopycnal slope developed along the Arctic boundary (the reference run), one can
expect an anticyclonic flow; however, if the dramatic lift of isopycnal slope is not
developed (Exp. 2), the anticyclonic flow will not be generated.

3.4.3 The Arctic inflow analysis
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Figure 3.12: The amount of dense water inflows (og > 28.05, from the Barents
Sea and the Fram Strait) (upper panel) and average topostrophy in the Canada
Basin (lower panel) versus time in both the reference run and Exp. 2, indicating an
increase dense water inflow is coincident with a change of topostrophy.

In order to change the shape of the Atlantic layer, there must be a sufficient inflow
of dense water. I integrated all inflows where gy > 28.05 from a section across the
Fram Strait and a section along the Barents Sea shelf (Fig. 2.8; sections b and c,
respectively) to further complete the puzzle.

In the reference run, the dense inflow started to increase in 2005 (Fig. 3.12).
This moderate increase was followed by a dramatic increase starting in 2006. The
highest influx occurred in 2011 with a slightly decrease in the following years.

During this period, topostrophy in the Canada Basin (Fig. 3.12 (a)) persistently
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decreased in the reference run. It changed from positive to negative in 2007, which
indicated the change from the cyclonic to the anticyclonic circulation pattern.

On the contrary, Exp. 2 maintained a positive topostrophy in the Canada Basin
during the model period. Note that its dense water inflow did not dramatically
increase as that in the reference run.

While the influence from dense water inflow has been highlighted, its source is
left to be determined. There are two branches of inflow that can bring dense water
into the Arctic, one is the Fram Strait branch and the other is the Barents Sea
branch.
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Figure 3.13: Time series of dense water inflow (below oy = 28.05 from a section
across the Fram Strait and a section along the Barents Sea shelf (Fig. 2.8)) in the
reference run (upper panel) and the Exp. 2 run (lower panel). Results suggest the
dense water influx that significantly increased after 2006 in the reference run mainly
comes from the Barents Sea. However, such change did not appear in Exp. 2.

The increase in the dense water inflow in the reference run starting in 2006 was
mainly caused by a significant increase in the amount of Barents Sea dense water.
Before that, the dense water was mainly from the Fram Strait. However, the dense
water source in Exp. 2 continued to come mainly through the Fram Strait from the
Atlantic Ocean (Fig. 3.13). It can be concluded that the difference between two
runs is attributed to the increase of dense water input from the Barents Sea.

Finally, there is one last question left to be solved. Despite the differences
in the long term linear trend in topostrophy, one may notice that the short term
topostrophy variations in both runs are similar. Why is that? Given the fact that
both runs are forced by the same wind field, I further investigated the correlation
between the wind field and the change of topostrophy.

The wind pattern over the Canada Basin (Fig. 3.14) is anticyclonic due to the
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3.4. Hydrographic comparisons of two flow scenarios
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Figure 3.14: Time derivatives of averaged topostrophy over the Canada Basin versus
the time series of averaged wind curl over the Canada Basin. Upper panel: the
reference run, lower panel: Exp. 2. The wind affects the topostrophy on an annual
time scale.

Beaufort high. The time derivative of topostrophy is well correlated with the wind
series. The strongest anticyclonic wind was seen in 2007, when topostrophy had
large drops in both runs. The second largest decrease occurred almost at the end of
runs, 2013, when topostrophy was observed to have a similar downward trend. The
topostrophy responds to the wind curl in less than one year.
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Chapter 4

Discussion

4.1 Cause of observed increase in 2*'Th in the Canada
Basin

4.1.1 Model Evaluation

The data-model comparison supports the results of the tracer simulation in three
ways. First, the general vertical structure simulated by the model is in good agree-
ment with observations. Second, the contrast between the low ice areas and high ice
areas is reasonably reproduced. Third, similar to the observations, the simulated
20T experienced an increase in the Canada Basin in the reference case.

However, there are two main discrepancies between model and data.

First, there is a 6 year difference in the arrival time of high 239Th concentration in
the Canada Basin between the observation and simulation. This delay in the change
of the simulated tracer is caused by a late change of the velocity pattern in the
reference run, suggested by the sensitivity experiments. One can expect the arrival
time of high ?*°Th concentration will get closer to the observation if the change
of circulation pattern occurs earlier. Due to the difficulty in accurately modeling
all features of the Arctic circulation, I cannot expect to generate an accurate map
of 239Th in this study: rather this attempt is a means to answer what circulation
changes could have altered the 23°Th distribution in the real world.

Second, there is a major dissolved 23°Th deviation from the observations found
over the Alpha Ridge and in the Makarov Basin region. The model consistently
underestimated the tracer concentration in this region, which suggest an overesti-
mation of scavenging intensity over the Alpha Ridge (more discussion in Section
4.3). In this model, the high 239Th concentration over the Alpha Ridge is the main
contributor to the high ?*°Th observed in the Canada Basin. Therefore, the un-
derestimation of scavenging coefficients over the Alpha Ridge directly causes the
underestimation of the increase of simulated ?*°Th concentration in the Canada
Basin.

4.1.2 Sensitivity to sea ice concentration

Exp. 1 indicates that the temporal change of sea ice concentration will result in
a subsequent change in 23Th concentration by altering the scavenging intensity.
Between the two phases of 220Th, the particulate form responds to the sea ice
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4.1. Cause of observed increase in 239Th in the Canada Basin

change more rapidly. In both phases, the difference between the Exp. 1 and the
reference run grows slowly in time, suggesting the scavenging adjustment occurs
on a relatively long time scale. However, the variation of sea ice accounts for a
less than 0.05 dpm m ™3 variation in simulated 2*°Th concentration at intermediate
depth. Since the overall change at the same depth is more than 0.3 dpm m™3, this
experiment indicates that the change in sea ice concentration over the model period
is not sufficient to cause the observed change in 23°Th concentration.

However, one should keep in mind that this result does not mean sea ice concen-
tration is not important. On the contrary, the spatial pattern of sea ice concentration
plays an extremely important role in controlling the distribution of 239Th - because
a concentration contrast between the Canada Basin and the Alpha Ridge is required
to cause the observed change.

4.1.3 Sensitivity to circulation pattern

Comparison between runs with the same ice concentration but different circulations
shows that the change in observed 23°Th concentration is directly caused by the
shift in circulation. This result is consistent with findings that non-linear profiles of
230Th in the Arctic are generally due to lateral transport (Roy-Barman, 2009).

This change in circulation also leads to a decrease of 239Th concentration over the
Alpha Ridge, in addition to the observed increase in the Canada Basin. However,
it does not result in a significant change in the Eurasian Basin.

The decreasing tracer concentration over the Alpha Ridge suggests that the
build-up of high concentration over the Alpha Ridge requires both low scavenging
rates and limited exchange. It leads to a new implication, if the intermediate pattern
remains anticyclonic in the Amerasian Basin, the high concentration will not occur
again, because the high concentration source cannot be rebuilt. However, if the
flow becomes cyclonic again, a high concentration in the Canada Basin might occur
next time the anticyclonic flow re-establish, provided high 23°Th concentration can
rebuild in the high ice region over the Alpha Ridge (at a time scale of a few decades
according to a one-dimensional scavenging model - Appendix B.1).

Another important implication from this tracer simulation is that the real-world
transition from cyclonic to anticyclonic pattern is stronger than that shown in the
model. Assuming the intermediate circulation pattern changed in 2004, as suggested
by Karcher et al. (2012), the observed peak of high 22°Th concentration arrived in the
Canada Basin 5 years afterward. In this study, the circulation pattern shifted during
2007 and the simulated high ?*°Th peak arrived 8 years later. In the simulation,
the newly-formed anticyclonic circulation was weak from 2007 to 2010. It increased
progressively and slowly gained speed over 2010. However, judging by the arrival
time of observed high 23°Th concentration, one can infer that the anticyclonic flow
in the real world is different from the simulation - it could be 1.6x stronger, which is
quite possible due to the grid resolution (>10 km) versus Rossby deformation radius
(~6 km) (more discussion in Section 4.2).
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4.1. Cause of observed increase in 239Th in the Canada Basin

The modeled arrival of simulated high 23°Th is consistent with the modeled
velocity. The distance between the Canada Basin and the Alpha Ridge is approxi-
mately 1500 kilometers, which, given 5 years, implies a mean real world anticyclonic
velocity is of around 0.01 ms™!, compared to the modeled velocity of 0.006 ms™".

4.1.4 General circulation pattern revealed by 2°Th

Figure 4.1: Sketch of general circulation pattern (a) before 2007, (b) after 2007 at
the intermediate layer (between oy = 27.8 and oy = 28.05) inferred from simulated
230Th. The flow pattern in the Eurasian Basin remains cyclonic while that in the
Canada Basin changed to anticyclonic.

The evolution of 23°Th revealed that there are two circulation patterns during
the model period (Fig. 4.1). The first circulation pattern contains three cyclonic
gyres: in the Eurasian, Makarov and the Canada basins. This is consistent with
previous knowledge of the Arctic circulation (Rudels et al., 1994). The second
circulation pattern also has cyclonic flow in the Eurasian Basin, however, it has
a completely reversed circulation pattern in the Canada Basin. Previous research
suggested a small anticyclonic recirculation cell in the Beaufort sea in an overall
cyclonic intermediate circulation in the Amerasian Basin (McLaughlin et al., 2009).
However, the simulated tracer distribution indicates the switch to an anticyclonic
flow is more than a regional phenomenon in the Beaufort sea but, actually, an entire
reversal in the Amerasian basin (Fig. 4.1). Otherwise, with just a small anticyclonic
region in the Canada Basin, it is impossible for the high concentration 23°Th from
the Alpha ridge to reach the Canada Basin. Note that this larger scale change not
only exists in the model, it is also supported by the real-world 23°Th data.

The topostrophy (Fig. 3.9) indicates two counter rotating flows in the Makarov
Basin, with the outer flow cyclonic and the inner flow anticyclonic. Unfortunately,

44



4.2. Cause of circulation pattern change

the simulated 22°Th distribution in the Makarov Basin does not have enough contrast
to reflect these flows.

One feature of the simulation that can be further investigated is the persistence
of the anticyclonic flow. In this study, the run is not long enough to track whether
the anticyclonic circulation is enhanced in time or weakens or disappears.

4.2 Cause of circulation pattern change

While the tracer model and the tracer observations both confirm the change in
circulation, the model uncertainty in timing is not sufficient to conclude when the
change happened. However, the combination of two physical flow fields provides a
perspective on the mechanism of such change. This study proposes that the change
in circulation regime during the mid 2000s was associated with a strengthening of
the Arctic dense water inflow (mainly from the Barents Seas).

Effect from wind

This attribution of the change is different from a previous finding that suggested that
strong Ekman pumping was the reason for anti-cyclonic intermediate flow (K archer
et al., 2012). Their conclusion came from a strong anticyclonic wind pattern in 2004
that was coincident with the year when the Atlantic layer shifted flow direction. In
both my physical runs (the reference run and Exp. 2), a strong anti-cyclonic wind
pattern dominated in model year 2007 (Fig. 3.14). Coincidentally, the change of
flow pattern in the reference run also showed up at this year.

However, disagreement arises when considering Exp. 2, which is forced by the
same wind field as the reference run and therefore also experienced strong anti-
cyclonic winds in 2007, did not exhibit an anti-cyclonic circulation.

This study recognizes that wind has an impact on the topostrophy variation in
the intermediate layer by compressing intermediate flow at the continental slope
but does not agree that the wind is the dominant reason for anticyclonic flow in
the intermediate layer. Judging by the response to the wind field in Exp. 2, the
response happens at a relatively short temporal scale on the order of a year (Fig.
3.14) and once the anti-cyclonic wind pattern weakens, a rebound in topostrophy is
seen immediately.

Effect from dense inflow

Analysis on different flow fields suggests that the change in topostrophy is affected
by both a short term effect from the wind patterns (Fig. 3.14) and a long term effect
from the variation of dense Arctic inflow (Fig. 3.12). This result is consistent with
a previous study that concluded that the intensity of remote inflow and intensity
of the surface circulation were the main factors that affected the strength of the
circulation in the Atlantic water (Lique et al., 2015). However, since the change in
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4.2. Cause of circulation pattern change

wind pattern that governs the surface flow is not sufficient to cause the reversal of
the flow pattern, my work emphasizes the importance of ‘remote forcing’.

In the reference run, the long term linearly decreasing trend in topostrophy is
well correlated to a large volume of dense water transported into the Arctic system.
This correlation suggests that the dense water input is a necessary condition for
anticyclonic movement in the intermediate layer in the Canada Basin. This finding
is in agreement with an earlier finding that recognized the importance of dense shelf
water in terms of explaining the temperature and salinity characteristics observed
in the Canadian Basin (Rudels et al., 1994).

This study suggests that a possible mechanism responsible for the circulation
change is a high density wedge that develops and forms an internal Kelvin wave
after the dense water inflow alters the previous density distribution. This deduction
comes from two reasons: First, the propagation of high density values (or ‘signals’)
is trapped along the continental slope; and despite the anticyclonic movement in the
intermediate flow, which has the coastline on its left, the density signal propagates
consistently with the coast on its right. Second, the propagation of the density
signal is much faster than the model velocity. The average boundary velocity speed
in the reference run at 1000 m depth is 0.006-0.008 m s~!. Ignoring the transport in
the Eurasian Basin, the distance along the boundary of the Amerasian Basin alone
is more than 3000 km. It would take more than ten years for the density signal to
advect. However, this signal propagated throughout the Arctic in no more than one
year (Fig. 3.10 and Fig. 3.11). This is only possible for a wave, not advection.

The internal Kelvin wave velocity for a two-layer fluid is (eg. Stoylen and Fer
(2014)):

p2—p1  HiH»
c= 4.1
\/ p2 VHy+ Hy (4.1)

where py and p; are the density in the upper and lower layer; H; and Hy are the
upper and lower layer thicknesses, respectively. Assuming p; and po are 1028.0 kg
m~ and 1028.1 kg m~2 , and H; and Hy are 1000 m and 2000 m, the propagation
of the internal Kelvin wave is 25000 km y~!. In that case, it is not surprising that
the isopycnal signal can circle the Amerasian Basin in just one year. This result
conforms to previous study that suggests the circulation in the AW layers can adjust
to any change of forcing through the propagation of boundary trapped waves (Lique
et al., 2015).
The Rossby radius of deformation (R) is:

R= % (4.2)

where ¢ is the wave speed and f is the Coriolis frequency. With f = 2Q sin(90°)
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(~ 1.458 x 10~%), the Rossby radius is approximately 6 km. As the grid resolution
(>10 km) is approximately 1.6x larger than the Rossby radius, it is likely that
the wave is only marginally resolved and thus explains why the model velocity was
slower than the realistic one that suggested by 23°Th observations.

Source of the dense water inflow

The dense water mainly comes from the Barents Sea (Fig. 3.13). The formation of
dense Barents Sea Water is facilitated by brine rejection due to ice formation. Due
to the dramatic changes in sea ice conditions, the salinity of Barents Sea water has
increased over the last 30 years (Oziel et al., 2016; Skogseth et al., 2005).

The highest-ever recorded bottom salinity, 35.83, was observed in 2002 in the
deepest pool of Storfjorden (north-west Barents Sea) (Skogseth et al., 2005). To
the north of Severnaya Zemlya (between the Barents Sea and the Kara Sea), a very
saline and dense bottom layer was also observed in 2007 (Rudels et al., 2013). These
observations all imply that the inflow into the Arctic Ocean is becoming denser and
thus it is possible that the dense water source has increased.

This argument is also supported by a recent modeling study that finds a 1.5x
increase of salt flux under a warming climate, which leads to a threefold increase of
shelf-slope volume flux below the warm core of Atlantic water (Ivanov and Watan-
abe, 2013).

The timing of these increases in density agrees with the 23°Th data which re-
vealed an anticyclonic flow from at least 2007. However, our model does not re-
produce the exact time when the circulation change. Therefore, combining the
observations in the Barents Sea with the previous dense water analysis, I propose
that, if the dense water recorded in 2002 entered the Arctic Ocean, it is possibly
this source that triggered the anticyclonic flow in the Amerasian Basin.

Note that as release of the dense water plume requires multiple conditions, such
as offshore (easterly) winds and large ice production events (Skogseth et al., 2005),
the anticyclonic circulation pattern in the real Arctic should reverse, back to cy-
clonic, once the dense inflow decreases.

Also, because the dense water can be produced by ice formation and heat loss
in the real world, this study suggests that whenever these (or similar) processes sig-
nificantly increase the amount of dense water inflow, there is a potential to generate
anticyclonic flow in the Amerasian Basin.

Finally, there is one question left to be answered: Exp. 2 corrected a precipi-
tation error in the reference run. Why then is the circulation in Exp. 2 unable to
reproduce the 220Th observation?

As mentioned before, dense water on the shelf is mainly formed by the brine
rejection during ice formation events, as in cold, polar regions, changes in salinity
affect ocean density more than changes in temperature. I compared the amount of
sea ice formation in both the observation and the simulation. The annual sea ice
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Figure 4.2: Sea ice formation events from observations and model in the period of
2002-2013. The red and purple lines show the change of sea ice concentration de-
rived from satellite data using Bootstrap and NASA Team Algorithms respectively.
The blue and green lines represents the increase in sea ice concentration from the
reference run and the Exp. 2, respectively. Results indicate that, the ice formation
predicted in the model is less than that from observations.

formation is approximated by subtracting the minimum sea ice condition (previous
September) from maximum sea ice condition (March). Both sea ice concentrations
from the Bootstrap (bt) and NASA team (nt) algorithms were used (Singarayer and
Bamber, 2003). The sea ice formations computed from the nt and bt algorithms are
similar and are much larger than those simulated by the model runs (Fig. 4.2). As
such, we can conclude that there is less salt released in the modeled Barents Sea
shelf region than in the real world.

For this reason, the amount of dense water in Exp. 2 is not sufficient to alter
the shape of the Atlantic water isopycnals and thus is not able to alter the circula-
tion. On the contrary, the lack of salt released from sea ice in the reference run is
coincidently compensated by the effect of reduced precipitation.

It should be noted that we can not exclude the possibility that the drift of
model salinity has an influence on the distribution of dense inflow, as the dense
water inflow in the reference run is apparently too much. However, this possibility
does not weaken our conclusion that an increase in dense water is the main reason
for the circulation change.
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4.3 Model limitations and perspectives

An unavoidable source of uncertainty is poor temporal and spatial coverage of Arctic
observations. However, this factor is not within our control. During the construction
of this model, several assumptions and extrapolations were made in order to use the
limited data to establish an Arctic-wide model. This section will focus on discussing
how those assumptions bring uncertainty into the simulated results.

The model uncertainty comes from the following steps:

e Biases related to circulation

Biases related to the physical field is the main reason why the model has a six-
year delay in the increase of 230Th concentration. Therefore, the biases related to
the physical field can not be ignored. In order to predict a precise 23Th map in
the future, it will be essential to simulate an accurate flow field first. This could be
achieved by improving the ice model as well as increasing the model resolution.

e Uncertainty in parameterizing scavenging coefficients

Uncertainty in parameterization is another source for the model uncertainty.
There are three sources of uncertainty in parameterzing the scavenging coefficients.

First, the observation profiles under the high ice zone (over the Alpha Ridge
and in the Makarov Basin) strongly deviate from linear. However, although I am
aware that the non-linear shape of tracer profiles increases the uncertainty in the
parameterization, limited data in the high ice region does not allow me to filter the
unwanted stations.

Second, as lateral transport is ignored, the 23Th based scavenging rates might
be biased by assuming a one-dimensional model (Roy-Barman, 2009). For example,
for a place that receives lateral transport from another place with higher 23°Th,
the scavenging intensity would be underestimated; similarly, those affected by lower
230Th water would be overestimated. Although the weak advection in Arctic justifies
the method of using a one-dimensional model to estimate scavenging coefficients,
this problem still generates potential uncertainty in this work. Also, we should
note that in this one-dimensional model, we assume zero particulate concentration
at the surface. Thus, this model does not take external sources (from sea ice or
river or dust from atmosphere) into consideration. This has a larger influence on
the particulate form than the dissolved form because the magnitude of a potential
external source is small compared with the dissolved 23°Th concentrations.

Third, the uncertainty in the linear relationship between sea ice concentration
and scavenging coefficients based on only two groups of observations can not be ig-
nored. This uncertainty is probably the largest of the three. We can not exclude the
possibility that the relationship between sea ice concentration and particle concen-
tration might not always be linear. For example, it is very likely that the change in
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scavenging coefficients might be flatter when the sea ice concentration is approaching
0 % and 100% and steeper in the middle (like an S-Curve). Also, there is only one
particle type considered in the model. It is fair to believe that with more particle
types included, approximations of the scavenging coefficients can be more accurate.

e Simplified in particle dynamics

The particle dynamics is another source of uncertainty. I did not consider aggre-
gation/disaggregation /remineralization processes in the ice-particle model (2.11).
The incomplete particle dynamics cycle leads to an inaccuracy in particle-related
behavior and will be reflected in the tracer profile. This disadvantage will be ex-
aggerated when it comes to the deeper ocean. For example, the break-down of
biogenic particles in deep water, which may result in a noticeable decrease in the
number of particles and thus a non-linear increase in the dissolved phase, will not
be reproduced in the model. A more realistic particle dynamics in the ocean would
be the largest area open for improvement in further modeling work.
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Chapter 5

Summary

This work coupled a reversible scavenging model to an ocean flow field using NEMO
v3.4 to model the water column distribution of dissolved and particulate 23°Th
over the Arctic region. The three-dimensional 23°Th in Arctic is simulated for
the first time. Due to the lack of particle fields in the model, I established an ice-
particle model to approximate the particle distribution. The model is run from 2002-
2020 with a 12-year spin-up period. Two sensitivity experiments were conducted to
understand the simulated 23°Th behaviors, with one testing the impact from changes
in circulation and the other testing the influence of changing particle fields caused
by sea ice concentration variations.

The objective of this model work is to address the following research questions:

1. Can the model produce the observed change of >3° Th? What does the observed
change imply about the Arctic circulation?

The model produced a reasonable spatial pattern that agrees with early mea-
surements. During the run, this spatial pattern changed when the flow field in the
reference run switched from cyclonic to anticyclonic in the intermediate layer of the
Canada Basin. It resulted in a subsequent increase in simulated ?*°Th concentration
in the south Canada Basin. This change in simulated ?*°Th concentration is con-
sistent with the observed change. Thus it is fair to say that the model is successful
in capturing the main feature of the 23°Th distribution.

Suggested by the tracer model, the observed change in ?*°Th profile indicates
the flow pattern in the Arctic Ocean has experienced a transition. Before 2007,
intermediate circulation in the Canada Basin was cyclonic, which transported low
230Th concentration towards the Alpha Ridge. In the late 2000s, the intermediate
flow changed to an anticyclonic pattern. This change results in a reversal in 23°Th
transport - high 23°Th concentrations from the Alpha Ridge was transported into the
south Canada Basin. Consequently, measurements in 2009 documented an unusual,
non-linear 230Th profile.

The tracer model did not reproduce the exact year when the 23°Th increased and
therefore it is difficult to derive conclusions on when the anticyclonic flow started.
Judging by the 23°Th data only, the anticyclonic flow existed before 2007.

2. What’s the reason for circulation changes in the Arctic?
There are two processes that contribute to circulation changes: local wind and
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Chapter 5. Summary

remote inflow.

The influence of wind occurs on a relatively short time scale (in less than a year)
but the persistently decreasing topostrophy adjustment occurred over a much longer
time scale. As such, the reversal of topostrophy sign is a result of an increase dense
inflow from Fram Strait and, mainly, from the Barents Sea. The increase of dense
water inflow alters the density distribution in the Arctic. A lift of isopycnals gener-
ates an internal Kelvin wave which carries an anticyclonic signal to the Amerasian
Basin. The source of the dense water is located in the Barents Sea. The increase of
dense water source is probably caused by enhanced ice formation over the Barents
Sea.

There was a large ice formation event, together with the highest-ever recorded
bottom salinity, observed in 2002 in the Barents Sea region (Skogseth et al., 2005).
It is possible that the change in intermediate circulation was triggered by this event.

As this three-dimensional Arctic 22°Th model is established for the first time,
this study also highlighted some limitations/difficulties in accurately simulating the
tracer distribution. Future improvement can focus on two aspects: first, improving
the scavenging model by finding a more realistic particle distribution through a more
comprehensive relation between sea ice and biology productivity and by developing
of a more complete particle cycle; second, improving the physical field by better
parameterizing the ice model and increasing the model resolution. Regarding the
shift in the intermediate circulation, this work was not able to resolve the sensitiv-
ity of the intermediate circulation to the increasing amount of dense water inflow.
More simulation experiments that explore the relationship between the amount of
dense water inflow and the dynamics of the intermediate layer are required to fully
understand the response mechanism.

Since the intermediate layer is crucial to the overturning circulation and this the-
sis has proven that the flow pattern in this layer has significantly changed, one can
speculate that the outflow from the Arctic Ocean would be saltier and stronger as
a way to balance the intensified dense water inflow. If this is the case, the overturn-
ing circulation would be driven by a higher pole-to-tropics density contrast, with
the condition that the density field in the tropical region experiences no significant
change. Thus, instead of slowing down due to a decreasing contrast in the tem-
perature field under a warming scenario, the future overturning circulation could
possibly be strengthened as a result of the larger density contrast. Moreover, the
shift in the overall circulation pattern of the intermediate layer is expected to pro-
duce changes in the heat distribution in the Arctic Ocean. Further exploration of
the heat balance in the context of a new established intermediate circulation scheme
would greatly contribute to the understanding of Arctic Ocean dynamics.
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Appendix A

Choice of sea ice concentration

There are two options to embed sea ice concentration into the tracer model. The
first choice is to directly apply simulated sea ice results from the existing physical
runs (Table 2.1). The alternative one is to use satellite-derived sea ice data from
NOAA/NSIDC Climate Data Record dataset (Meier et al., 2013; Peng et al., 2013).

Holdsworth and Myers (2015) suggests that the model generally does a good job
of representing sea ice in the Labrador Sea. However, while the simulated sea ice
is reasonable in the Labrador Sea, it is less than satisfactory in the Arctic region.
A data-model comparison shows that while the observed data only has high sea
ice concentrations on the CAA side of the Canada Basin, the model has high sea
ice concentration in the entire Canada Basin (Fig. A.1). Also, while the observed
sea ice is thin in the shelf region, the model displays thick sea ice there. This
result indicates that the spatial variation of the modeled sea ice deviates from the
observations.

In this study, the variation of sea ice concentration is crucial in setting the
scavenging intensity in the Arctic region, therefore, I chose observed sea ice data as
model inputs.

Observation (BT) -180°E

Observation (NT) -1B0°E

sea ice conc

Figure A.1: Data-model comparison on average sea ice pattern from 2002-2014.
From left to right: observations from (a) the NASA Team (NT), (b) Bootstrap
(BT) algorithm and (c) the reference run. Result shows that the sea ice spatial
pattern from the model deviates from the observations.

However, the observed sea ice dataset contains ice concentration products from
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Appendix A. Choice of sea ice concentration

two well established algorithms: the NASA Team (NT) algorithm and the Boot-
strap (BT) algorithm. Given that there are considerable differences in total ice
covered area between these two products due to the difference in processing passive
microwave radiation data, the following paragraphs discuss the choice between these
products.

Previous work analyzes the ice products from these two algorithms using Em-
pirical Orthogonal Function (EOF). Result indicates that, in general, the NASA
team data produce lower ice concentrations than the Bootstrap. However, the ma-
jor modes of variability derived from the EOF analysis from both products were
essentially the same (Singarayer and Bamber, 2003).

To model the tracer distribution, variability in sea ice concentration is more
important than absolute magnitude. As such, the high similarity of the most signif-
icant modes of variability makes the choice of dataset less critical. Considering that
large areas of artificial-saturation observed in the BT records, I selected products
from NT as sea ice inputs in this study.

Note that not all satellites pass close enough to the North Pole for their sensors
to collect data there. This missing data around the North Pole is filled in by nearest-
neighbor interpolation using Scipy.interpolate Python package.
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Appendix B

Preliminary model

B.1 1D Model

The preliminary 1D model solves a system of coupled, linear equations. It is set
up on a 1D domain with a zero background velocity field imposed. Steady state
numerical solutions are compared with analytical solutions for consistency.

Initialized with zero concentration

With a hypothetical state of no advection, there is no lateral transport of 23°Th
concentration. As such, for the steady state, the numerical solutions for 23Th (in
both forms) linearly increase in magnitude with depth (Fig. B.1: left and mid
panels). The time required for tracers to reach steady state increases from surface
to seafloor. The magnitudes of the numerical solutions are consistent with the
analytical results.

Initialized with zero concentrations, the time for 2*°Th at 1000 m depth to
achieve steady state is approximately 18 years under the ice-free and and approxi-
mately 125 years under the permanent ice area. Both forms of tracer increase fast in
concentrations for the first few years and their values slowly converge to the steady
states (Fig. B.1: right panels).

Initialized with steady state ?*°Th concentrations from low ice
region

An interesting question to ask will be: if the **Th profiles were initialized with a
steady state low 230Th concentration from a low ice region, instead of zero concen-
tration, how long it takes to build up high 23°Th values.

In this part, the initial 23°Th concentrations are generated from a ice-free, steady
state 220Th profile. Result shows that 239Th at 1000 m depth spends approxi-
mately 125 years to reach a new steady state (Fig. B.2). This length of time is,
surprisingly, not significantly shorter than that initialized with zero concentration
(125~130 years). This quick experiment supports that the significant increase in
observed 23Th in such a short time scale (in less than 5 years) is not caused by a
change in scavenging intensities.
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B.1. 1D Model
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Figure B.1: Numerical solutions of one-dimensional ?**Th model without back-
ground velocity. The left and middle panels in (a) and (b) show the evolutions of
230Th vertical profiles (dissolved and particulate, respectively) under different sea ice
conditions. The right panels focus specifically on the evolutions at 1000 m depth,
with gray lines indicating the steady state values. Results show that the steady
state solutions in both phases propagate from surface to seafloor and that the time
to reach steady state would be longer for profiles under a high ice condition.
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Figure B.2: Numerical solutions of one-dimensional 23°Th model without back-
ground velocity and with a steady state 2*°Th concentration from low ice region.
Panels structure is the same as Fig. B.1. The amount of time to reach steady state
is found to be just slightly shorter than that initialized with zero concentration (<5
years).

B.2 2D Model

The 2D model not only adds an extra dimension to the 1D model, but also includes
an addition process: the advection process. In this test, the model is forced by an
idealized eastward constant flow. The model domain is 5000 m by 1000 km, with a
20 km horizontal resolution and a 100 m vertical resolution. The model is separated
into two regions with different characteristics: the first 400 km in x direction is
assumed to be covered by permanent ice; the rest (400 - 1000 km in x direction),
however, is ice-free. Their scavenging rates are estimated with 100% and 0% ice
concentration, respectively. This model is established to examine how the tracer
distribution evolves with the advection process imposed.

With advection, tracer concentrations from the high ice region was advected to
the low ice covered zone. With a constant 100 km y~—! velocity, the front of the high
239Th concentration water mass (originally at x = 400 km) reached the right edge
of the model boundary (at x = 1000 km) during the sixth year. The flow pathway
is reflected by the movement of the high 2*°Th.

Note that the high dissolved 22°Th concentration dissipated after it was trans-
ported to the ice free zone which has higher scavenging intensities. On the contrary,
the particulate 23°Th gained large amounts of concentration from the huge drop in
dissolved 239Th concentration. In order to balance the decrease in dissolved 23°Th,
the maximum particulate 22Th concentration even exceeded that originally devel-
oped under the high ice region.
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Figure B.3: Numerical solutions of two-dimensional 2*°Th model, with a constant
eastward background velocity imposed for ten model years. Consistent with modeled
velocity speed (100 km y~!), the front of the high 23Th concentration water mass
(originally at x = 400 km) reached the right edge of the model boundary (at x =
1000 km) during the sixth year. However, all panels similarly display significant
increases in particulate 23°Th concentrations while the high 23°Th water masses are
transported eastward.



B.2. 2D Model

Back to the high ice region, the scavenging rates are low enough to build up high
230Th (in both phases). However, with continuous transport of low 23Th water mass
into the high ice zone ( 0-400 km in x direction), the high 239Th concentration was
not able to re-establish.
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Appendix C

Physical model evaluation

This section conducted a quick evaluation on the performances of the physical
model’s salinity and temperature fields. The observed data used in the comparison
is from the World Ocean Database (WOD). The evaluation focused on six Arctic
sub-regions: the boundary of the Canada and Makarov basins, the internal Canada
Basin, the interior of the central Arctic, the Kara sea opening and the Barents Sea
opening (Fig. C.1). This comparison focuses on the intermediate layer: the data
from 1000 £+ 50 m were chosen; model results all from the 1000 m depth.

o

o b
=¥ £) Barents

Figure C.1: Locations of the data-model comparison: the boundary of the Canada
and Makarov basins, the internal Canada Basin, the internal of central Arctic, the
Kara sea opening and the Barents Sea opening. Points indicate the sample locations.

The magnitude of simulated salinity compares very well with the observed salin-
ity fields in both EXH001 and EXHO005 (used in the reference run and Exp. 2,
respectively). Observations suggest that there are large variations in the Makarov
Basin and the Kara Sea opening. This feature is captured in the model. For the rest
of the sub-domains, the modeled salinity also compares favorably to the observed
salinity, which is in the range of 34.88-34.94.

For the temperature field, the largest variations are also seen in the Makarov
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Figure C.2: Physical model evaluations with respect to the observations from the
World Ocean Database (WOD). The model simulations of the intermediate depth
in six sub-domains are generally in line with observations.
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Basin and in front of the Kara Sea and the Barents Sea openings. The results show
that the magnitude of simulated temperature in both runs generally corresponds well
to the observations with exceptions in the Kara Sea and the Barents Sea opening
area. In this region, the simulated temperature is approximately 0.2-0.3 °C higher
than that from observations. However, as the density /stratification in the Arctic,
which includes the Kara Sea opening, is salinity-dominant, the influence caused by
temperature deviations from the observations are limited. As such, it is fair to
assume that the overall Arctic dynamics is not strongly affected.

There is a hardly noticeable feature revealed by this evaluation: the modeled
salinity field in EXHO001 is found to have higher values than that in EXH005. This
difference mainly occurred in the Barents Sea and the Kara Sea openings. From the
limited observations in the Barents Sea opening, slightly higher values of salinity
field are found compared to those from the model. This result supports the previous
argument that insufficient salt is released in the modeled Barents Sea region in
EXHO005.

Summarizing, the model simulations of the intermediate depth in six sub-domains
are in line with observations and the model is fit for the purpose of the study.
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Appendix D

231Pa and “"Pa/*'Th in the
intermediate layer

In order to maintain consistency with the earlier ?>°Th analysis (Chapter 3), the
21Pa and 239Pa/?39Th concentrations are shown in year 2007, 2009, 2015, 2020 at
1000 m depth for the reference run.

D.1 Dissolved 23'Pa

The model behavior of dissolved ?3'Pa is almost the same as dissolved 2>°Th during
the model period (Fig. D.1). Due to this similarity, the 23! Pa results are put in this
appendix for compactness and clarity of the thesis.

In phase I (2007), the highest concentration of dissolved 23'Pa was located in
the Alpha Ridge area, with some low ?*!Pa water masses from the Canada Basin
extending cyclonicly along the basin boundary. In phase II (2009), the spatial
pattern did not change significantly. A slight difference to 2007 is that the low
231Pa water mass retreated back to the Canada Basin, rather than extending to the
Alpha Ridge.

In phase III (2009) and IV (2015), it is clear that the high dissolved 23!Pa
water masses moved from the Alpha Ridge, via the south Canada Basin, toward the
Chukchi Plateau and the low 23! Pa concentration water moved toward the Makarov
Basin and the central Arctic.

The high similarity between the 23'Pa and **°Th evolution suggests that both
of the tracers are similarly affected by lateral transports and scavenging.

The change in the highest 2*!Pa location, as well as the change in the low 23! Pa
water propagation direction, suggests the flow pattern reversed from cyclonic to
anticyclonic during the model period. This result is consistent with that revealed
by the 239Th simulation.

Unfortunately, 23'Pa observations in the Canada Basin are only available in
2007 and 2015, but not in 2009 when the high 23°Th concentrations were detected.
However, given the similarity in the 3°Th and ?3!Pa cycles, one can expect that the
increase in 23!Pa, concentration found in phase III and IV is a real feature.
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Figure D.1: Horizontal distribution of simulated dissolved ?*!'Pa concentration in
the intermediate layer. Results are displayed in phase (a) I (2007), (b) II (2009),
(c) IIT (2015) and (d) IV (2020). Tracer concentrations shown here are annually
averaged model results. High concentrations seen in phase I (2007) and phase II
(2009) moved southward along the CAA in phase III (2015) and dissipated in phase
IV (2020).

D.2 Particulate *!'Pa

The evolution of particulate 22! Pa exhibited a similar pattern to that of particulate
230Th. In phase I (2007) and II (2009), the highest particulate *!Pa was found
under the seasonally ice-free area in the Canada Basin. Intermediate particulate
231Pa concentration water was located over the Alpha Ridge. The Eurasian Basin
and the south Makarov Basin had low particulate 2?!Pa water masses.
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Figure D.2: Horizontal distribution of simulated particulate 23'Pa concentration in
the intermediate layer. Results are displayed in phase (a) I (2007), (b) II (2009), (c)
III (2015) and (d) IV (2020). There was an domain-wide increase in the particulate
231Pa, concentration, with the high particulate 2*'Pa constrained to the Chukchi
Plateau side of the Canada Basin in phase III and IV.

In phase III (2015) and IV (2020), the particulate ?*!Pa experienced an Arctic-
wide increase. The previous low 2! Pa in the Eurasian Basin and the south Makarov
Basin increased to an intermediate level. Meanwhile, high particulate 23! Pa concen-
trations were more constrained to the Chukchi Plateau side of the Canada Basin.
This spatial pattern is different from the ice-type particle field, which suggests an
advection signal. Unfortunately, I do not have particulate 23'Pa data to evaluate
this change at this stage.
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D.3 Dissolved #'Pa/?'Th

The distribution of dissolved 23'Pa/?3Th is, again, similar to the spatial pat-
tern in dissolved 23OTh, but reversed. Where the 23°Th concentration is high, the
231Pa/239Th ratio turns out to be low (as ?**Th is the denominator). In phase I, a
high 231Pa/?3Th pool occurred in the Canada Basin, with a noticable north-west
trend towards the Alpha Ridge. The rest of the Arctic mainly consisted of low
231Pa /230Th water because of the relatively low scavenging intensities which were
caused by high sea ice condition.

The spatial pattern in phase II did not change significantly as compared to phase
I. However, the north-west spread of the high 23'Pa/?39Th terminated. The high
231pa /230Th poll retreated back to the south Canada Basin. Meanwhile, due to a
sharp decrease in sea ice concentration at the east Arctic Ocean, the 2*!Pa/?°Th
in the south Makarov Basin and the Russia side of the Eurasian Basin increased.

Phase I1I depicts a significant change in the 23'Pa/?3Th field. The high 23'Pa/?39Th
water now moved east from the south Canada Basin, through the Chukchi Plateau ,
to the Makarov Basin. The low 231Pa/?39Th water over the Alpha Ridge was moved
southward to fill the south Canada Basin. Meanwhile, an intermediate 23! Pa/?3°Th
water developed in the Eurasian Basin.

The spatial pattern in phase IV further evolved and became less similar to that
in dissolved 2*°Th. In this phase, low 2*'Pa/?°Th occurred in the Canada Basin
and over the Alpha Ridge, while high 23'Pa/23°Th occupied the Makarov Basin and
medium #'Pa/?**Th dominated the Eurasian Basin. This pattern reflected three
main gyres in the intermediate circulation.

The difference in spatial pattern between dissolved 23°Th and 23!Pa/?*°Th sup-
ports the idea that 23'Pa/?3Th is a useful tool for larger scale circulation. However,
because the residence time of the Arctic Ocean intermediate water is relatively short
as compared to the tracers’, the usefulness of 23!Pa/?30Th is limited as its spatial
variation can be very quickly homogenized (eg. Fig. D.3).
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Figure D.3: Horizontal distribution of simulated particulate 23'Pa/?3°Th concen-
tration in the intermediate layer. Results are displayed in phase (a) I (2007), (b)
IT (2009), (c) III (2015) and (d) IV (2020). Tracer concentrations shown here are
annually averaged model results. High concentrations seen in phase I (2007) and
phase IT (2009) moved anticyclonic to the Chukchi Plateau side of the Canada Basin
in phase III (2015) and dissipated in Phase IV (2020).

D.4 Particulate »*!Pa/?'Th

Evolution of the particulate 23'Pa/239Th is consistent with that seen in the dis-
solved #1Pa/?3°Th (Fig. D.4). Similar to dissolved **'Pa/?3Th, a spread of high
231Pa /230Th was seen in the Canada Basin in phase I (2007). It extended north-west
into the Alpha Ridge region. Meanwhile, a transport of low 2*!Pa/?°Th water from
the Eurasian Basin to the Amerasian Basin was observed in the simulation.
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Figure D.4: Simulated particulate 23'Pa/?3Th concentration in phase (a) I (2007),
(b) 1I (2009), (c) III (2015) and (d) IV (2020). The high particulate 23'Pa/?3°Th
water originally propagated northward toward the Alpha Ridge but finally accumu-
lated in the Makarov Basin.

In phase IT (2009), the north-west spread of high **'Pa/?3'Th water in the
Canada Basin discontinued. A significant amount of low 23!Pa/?39Th water from
the Eurasian Basin was transported further into the central Arctic.

Phase III (2015) shows that the low 2*'Pa/23°Th concentration pool traveled
along the Canada side of the Alpha Ridge and arrived in the south Canada Basin.
The change in spatial pattern was also witnessed by the shift in the high 231Pa/239Th
pool location, which was seen in both the south Canada Basin and in the Makarov
Basin.

Phase IV (2020) indicates an increase in overall 22! Pa/?*°Th values due to thin-
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ner sea ice condition. However, if we focus on the spatial pattern instead of the
absolute value, the reader can find that the particulate 23!Pa/?*Th was relatively
low in the Canada Basin; very high in the Makarov Basin and intermediate in the
Eurasian Basin. These three different particulate 23'Pa/?3°Th water masses coin-
cided with three intermediate depth circulation loops. This result is similar with
that inferred from the dissolved 23'Pa/?30Th.
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Appendix E

Tracer distribution in deep layer

E.1 Dissolved #*'Pa and %°Th

Water beneath the intermediate layer is considered as the deep layer. Tracer con-
centrations from a depth of 3000 m are chosen to present model results for this
layer.

Among the limited observations in deep water, there is no significant changes
observed (Fig. 3.5). Here, the year 2002, 2007 and 2015 are chosen to represent the
tracer pattern before, during and after the intermediate flow pattern changes.

The dissolved 23'Pa and 2*°Th distributions in 2002 (before the shift in the
intermediate layer occurred) showed the Canada Basin, the Makarov Basin and the
FEurasian Basin contained the lowest, the highest and intermediate values in both
239Th and 23'Pa concentrations, respectively (Fig. E.1).

The spatial pattern in 2007, when the shift in the intermediate circulation oc-
curred, did not significantly change as compared to 2002. The main differences were
seen in the low 220Th and 2! Pa concentration tongues, which extended further north
toward the Alpha Ridge.

In 2015 after the intermediate change happened, the low concentration tongue
still existed along the boundary of the Canada Basin; however, instead of moving
north-west toward the Alpha Ridge side, it extended all the way to the Chukchi
Plateau. Meanwhile, the high 2*°Th and 23!'Pa at this layer decreased dramatically
in the Makarov and Eurasian basins. However, unlike tracers in the intermediate
layer, there were not high tracer concentration tongues developed at this depth.

Since the velocity is slow (approximately 0.002m s~!) in the deep layer, the
advection effect is small as compared to the upper ocean. It is likely that the 2015
pattern is caused by the sinking from the intermediate layer. The scavenging process
dominates the deep ocean tracer distribution.
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Figure E.1: Simulated dissolve ?3!Pa and ?*°Th concentration in year (a,b) 2002,
(c,d) 2007 and (e,f) 2015. The low tracer concentrations in the south Canada Basin
found in 2002 and 2007 extended to the Chukchi Plateau side of the Canada Basin
in 2015.
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E.2 Particulate 2>'Pa and 2°Th

Result shows that, in 2002, the high concentrations of both particulate 23°Th and
231Pg, were constrained to the Chukchi Plateau side of the seasonally ice-free Canada
Basin (Fig. E.2). In 2007 and 2015, these zones dissipated but relatively high 23°Th
and 2!'Pa concentration could still be seen on the Chukchi Sea side of the Canada
Basin. Again, there were no high particulate tracer tongues seen at this depth.

E.3 Ratio of ?*'Pa/*Th

Surprisingly, while the dissolved and particulate 23! Pa and 239Th distributions only
provide obscure circulation patterns, their ratios indicated a clear cyclonic movement
of the 221Pa/?Th ratio in the Canada Basin in 2007, from the south Canada Basin
to the west basin along the boundary of the CAA; and an anticyclonic movement in
2015, revealed by the east-moving high 23! Pa/23'Th tongues from the south Canada
Basin to the Chukchi Plateau side of the Canada Basin. Such change suggests that
the Arctic, to be specific, the Canada Basin, experienced a significant change in
circulation pattern.

However, as the deep layer receives plenty of sinking particles from the upper
ocean, it is hard to quantify how much of the change in tracer concentration was
caused by the intermediate layer. It therefore appears difficult to derive some defini-
tive conclusions upon the behavior of the trace elements from these results.

As for the Eurasian Basin, the high ?*'Pa/?*Th moved in a cyclonic pattern
over the model period. As a result, one can expect there is no significant change in
flow field in this (and the intermediate) layer.
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E.3. Ratio of 23! Pa/?3°Th

Year: 2015
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a1
Figure E.2: Simulated particulate 23'Pa and 23°Th concentration in year 2002 (a)(b),
2007 (c)(d) and 2015 (e)(f). High tracer concentrations zones over the south edge of
the Canada Basin found in 2002 spread into the central Canada Basin in the 2007
and 2015.
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Figure E.3: Simulated dissolve and particulate 2*!Pa/?°Th concentration in year
2002 (a)(b), 2007 (c)(d) and 2015 (e)(f). In the Canada Basin, a high ratio zone
developed along the CAA side in 2007 then it flowed along the south edge of the
Canada Basin to the Chukchi Plateau side in 2015.
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