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Abstract Neodymium (Nd) isotopic composition (eng) is an important tracer for water mass mixing and
the reconstruction of past ocean circulation. To allow for a direct model-data comparison, we have
implemented Nd isotopes in the ocean component of the Community Earth System Model (CESM1.3). The
model is able to capture the major features of the observed modern distribution of both enq and Nd
concentrations. Our model provides a useful tool for the interpretation of eng reconstructions. For example,
we show that in an idealized North Atlantic freshwater hosing experiment, exg changes in the Atlantic
are documenting primarily the changes in water mass mixing and are hardly affected by the concomitant
and large changes in the marine biological productivity and organic matter fluxes. However, the hosing
experiment also shows that the end-member changes due to the change of ocean circulation can influence
the interpretation of eng in the Atlantic, depending on the location. The implementation of Nd, together
with other existing tracers, such as 5180, 231Pa/?OTh, 8'3C, and radiocarbon in the same model, can improve
our understanding of past ocean circulation significantly.

Plain Language Summary The Climate model is an important tool to study past climate.
However, previous model-data comparison suffers from indirect comparison since reconstructions
measures proxy records and climate model simulate physical variables, both of which have uncertainties and
it is hard to address the model data discrepancies. To meet this challenge, we implement the Nd isotopes,
which is more and more used in paleoceanography, in the ocean component of the Community Earth
System Model (CESM). Our model is able to simulate enq in good agreement with observations. With other
isotopes, such as §'%0, 2*'Pa/***Th, §"3C, and radiocarbon in the same model, this isotope-enabled CESM
provides a powerful tool to improve the understanding of past ocean circulation changes. Furthermore,
the hosing experiment suggests that the interpretation of exg changes in the Atlantic as changes in the water
mass mixing can be complicated by the changes in the end-member values in some locations.

1. Introduction

Neodymium (Nd), as a rare earth element, is an important tracer in paleoceanographic studies. The main
sources and sinks of Nd in the ocean are from dust deposition, riverine input, boundary exchange, and rever-
sible scavenging. Neodymium isotopic composition (eng) is reported as Nd isotopic ratio (IR, 3Nd/MNd)
relative to the value of the bulk earth (**Nd/***Nd)cpur = 0.512638; Jacobsen & Wasserburg, 1980),
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2003; Jeandel, 1993) and has been used to reconstruct water mass source in paleoceanographic studies
(e.g., Huang et al., 2014; Pahnke et al., 2008; Piotrowski et al., 2012; Roberts et al., 2010). The exq values
of water masses originating from different ocean basins are distinctly different due to the different ages of
continental crusts in different regions and the related differences in isotopic source fluxes to the ocean:
the North Atlantic features some of the most negative eng values recorded, while the North Pacific has

—1|x10*. eyq is a quasi-conservative water mass tracer (Goldstein & Hemming,
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generally less negative eng values compared to the North Atlantic. Strongly negative eng values are linked to
Nd sources from old continental crust material, for example, as found in North America and Scandinavia,
and termed “unradiogenic”, whereas enq values close to that of bulk earth are linked to Nd sources from rela-
tively young continental crust material and termed “radiogenic”. In the modern ocean, a typical value of exg
is ~—13.5 for the North Atlantic Deep Water (NADW), ~—8.5 for the Antarctic Intermediate Water (AATW)
and the Antarctic Bottom Water (AABW), and ~—3.5 for water from the deep Pacific (Amakawa et al., 2009;
Piepgras & Wasserburg, 1987; Stichel et al., 2012). In the Atlantic basin, exq covaries with salinity and tends
to trace different water masses (von Blanckenburg, 1999). Unlike proxies such as 8'3C and #'Pa/>*°Th,
which are also used to reconstruct past ocean circulation but are subject to biological processes, eng is
suggested to be minimally influenced by biological processes (Goldstein & Hemming, 2003). Therefore, it
is important to implement Nd isotopes into climate models to help improve our understanding of ocean
circulation.

The interpretation of the reconstructed exg changes in the Atlantic as water mass mixing changes is based on
the assumption that eng end-member changes can be neglected (e.g., Piotrowski et al., 2004). However,
NADW is formed by very unradiogenic Labrador Sea Water (<—20) and relative radiogenic water from
the Norwegian and Greenland Sea (—7 to —10; Goldstein & Hemming, 2003). Uncertainty in the relative
contributions from these different deepwater formation regions in the past (Crocket et al., 2011; Dokken
& Jansen, 1999; Labeyrie et al., 1992) leads to uncertainties in the eyq end-member value of NADW (van
de Flierdt et al., 2016), complicating the interpretation of exg reconstructions. Determining to which extent
the eng end-member values may have changed in different source regions and understanding the underlying
mechanisms are of great interest to the paleoceanographic community.

The Nd isotopes have already been simulated in modeling studies. These studies differ in the complexity of
the applied ocean model, of the Nd isotope implementation, and of the particle field as discussed below. The
first implementations of Nd isotopes were done in simple box models (Bertram & Elderfield, 1993; van de
Flierdt et al., 2004; Tachikawa et al., 2003). Later, eng Was implemented as a single, passive and conservative
tracer in offline ocean circulation models (Arsouze et al., 2007; Arsouze et al., 2008; Jones et al., 2008). Jones
et al. (2008) prescribed surface eng and did not consider external sources; these authors find that observed eng
values are consistent with quasi-conservative water mass mixing in many regions and they postulate the
need of a radiogenic Nd source in the deepwaters of the Pacific. Arsouze et al. (2007, 2008) considered the
boundary exchange in the continental margins as the only source and sink for enq, showing the importance
of boundary exchange for modeling eng. However, the implementation of eng in Jones et al. (2008) and
Arsouze et al. (2007, 2008) are simplified, as eng represents an IR and a ratio does not correspond to a con-
servative tracer during transport and water mass mixing. Also, their model did not permit a full assessment
of the entire Nd cycle or an investigation of the spatial pattern of Nd concentration. Therefore, later studies
(Arsouze et al., 2009; Rempfer et al., 2011; Siddall et al., 2008) simulated 43Nd and *Nd as two explicit
tracers with all major Nd sources and sinks considered, and, importantly, including the reversible scaven-
ging of dissolved Nd by sinking particles. Siddall et al. (2008), pioneering the reversible scavenging approach,
used an offline transport matrix of the MIT general circulation model with prescribed surface boundary con-
dition of exg and Nd concentration and prescribed particle fields and fluxes for biogenic opal, calcium car-
bonate, particulate organic carbon (POC), and dust. Their work showed the important role of reversible
scavenging of Nd isotopes by particles in the oceanic cycle of Nd. However, Siddall et al. (2008) did not expli-
citly include Nd exchange at continental boundaries. Arsouze et al. (2009) were the first to use a fully prog-
nostic coupled dynamic and biogeochemical model to simulate exq and Nd concentrations. Furthermore,
their approach explicitly considered different sources and sinks of Nd: dust sources, river sources, boundary
exchanges, and reversible scavenging. They showed that boundary exchanges are the dominant source but
that dust and river sources are also important, for both surface and subsurface waters. However, due to
the high computational cost of their model, the magnitude of different sources, and the partition coefficient
of particles could not be optimized through sensitivity tests. Rempfer et al. (2011) extended the earlier work
by Siddall et al. (2008) and Arsouze et al. (2009) by performing a comprehensive investigation of Nd sources
and the particle partition coefficient in a frictional-geostrophic balance ocean model with coarse resolution.
This cost-efficient model allowed for extensive sensitivity experiments for model calibration. In Rempfer
et al. (2012a), the effect of changes in the overturning circulation on eyg was examined, showing that
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variations in exgq reflect the changes in the formation of NADW and AABW and that changes in enqg of end-
members are relatively small. However, this conclusion may be affected by the relatively coarse resolution
and the simplified ocean dynamics of the applied ocean model.

Here, we describe the implementation of ***Nd and **Nd in a comprehensive earth system model that
accounts for different deepwater source regions in the North Atlantic and perform a detailed investigation
of changes in the end-member signature in response to ocean circulation and climate change. Both of these
address gaps left by the previous studies, all of which were performed in much simpler ocean models and/or
used much simpler source functions. In particular, we have implemented Nd isotopes in the ocean compo-
nent of the Community Earth System Model (CESM1), following the modeling schemes of Arsouze et al.
(2009), Rempfer et al. (2011), and Siddall et al. (2008). We implemented two versions of Nd isotopes: one
is a standard Nd isotope, which uses the particle fluxes simultaneously calculated by the marine biogeo-
chemical module (p-coupled Nd), similar to the Nd in Arsouze et al. (2009) and Rempfer et al. (2011); the
other is a Nd isotope with prescribed particle fluxes (p-fixed Nd). With these two versions of Nd in the same
model, we are able to study the potential influence of biological productivity change on enq distribution by
comparing the p-coupled eng and p-fixed eng. The p-fixed version also provides a computationally efficient
tool for sensitivity studies. To study how exg end-member values will respond to the changes in the
NADW formation, we performed and analyzed a freshwater water hosing experiment in the North Atlantic.

This paper describes the details of Nd isotopes in the CESM1. Our main objective is to document the imple-
mentation of Nd in the ocean component of CESM for future community references and to show the impor-
tant effect of change of NADW formation on eyg in the Atlantic and the end-member signature in a
freshwater hosing experiment, which has not previously been shown. The paper is arranged as follows. In
section 2, we describe the implementation of Nd isotopes and the experimental design. In section 3, we com-
pare simulated Nd concentration and engq with observations and analyze the eng response to freshwater for-
cing in the North Atlantic.

2. Methods
2.1. Neodymium Isotope Implementation in CESM1

We implemented Nd isotopes (***Nd and '**Nd) in the ocean model (POP2; Danabasoglu et al., 2012) of the
CESM version 1.3 (Hurrell et al., 2013), which is a state-of-the-art coupled climate model, used frequently for
both present-day and paleoclimate research. Specific Nd model formulations, values of nontuned para-
meters and the model tuning approach are similar to Rempfer et al. (2011) but implemented here in a more
complex physical ocean model.

The sources of Nd to the ocean stem from dust deposition, river input, and weathering of continental crust
material. The surface dust deposition (Fyys) is prescribed using the monthly output from a model simulation
by Luo et al. (2003). The annual dust deposition field is shown in Figure S1. We assume that the Nd concen-
tration (Cgyst) in the dust is 20 ug/g (Goldstein et al., 1984; Grousset et al., 1988, 1998), of which 2% (Bqust) is
dissolved in ocean waters (Greaves et al., 1994). Therefore, the dust source (Sgus) per unit water volume in
the surface layer is calculated as

F XCx
Sdust(i,j, 1) _ dust(ldzlz(lc;ust ﬁdust7

¢y

where i is the index for latitude, j is the index for longitude, and dz(1) is the thickness of the surface layer,
which is 10 m in the model. We use the simulated river runoff (ROFF) from the coupler of CESM as river
discharge. The Nd concentration (Cyver) in the river discharge is prescribed following Goldstein and
Jacobsen (1987), with 30% (Yriver) Of Nd in the river runoff allowed to enter the ocean through estuaries
(Rempfer et al., 2011). Consequently, the river source (Syiyer) is calculated as

.. ROFF(i, j) X CriverXYiv
Sriver(l,]7 1) = ( J(;z(l)rl er XY river

2

A boundary source is applied to the continental margin, in the upper 3,000 m of the ocean, following
previous studies (Arsouze et al., 2009; Rempfer et al., 2011). The depth dependence of the boundary
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source is still in debate as observed evidence remains incomplete (Howe et al., 2016; Rousseau et al., 2015;
van de Flierdt et al., 2016). In our model, a given amount of Nd enters each model grid cell that is adjacent
to sediments of the continental margins. We neglect the comparably small lateral grid cell areas and consider
only the horizontal, bottom areas of the deepest grid cells in the upper 3,000 m for the boundary source
calculation. The boundary source per unit area was treated as depth dependent in Arsouze et al. (2009)
but was assumed as depth-independent in Rempfer et al. (2011). In this study, we follow Rempfer et al.
(2011) and assume a globally uniform constant value for the boundary source per unit area. As in
Rempfer et al. (2011), the total ocean boundary source (fooundary) is @ tuning parameter. The boundary source
per unit water volume (Spoundary) for each near-bottom grid cell in the upper 3,000 m is calculated as

A(i,j, k 1 1
(17.17 )X _ .)“bc;wunv;iary><

A AL k)xdz(k) T A dz(k) @

Sboundary(iaj: k) = fboundary><

where i, j, and k are the indices of the model grid for longitude, latitude, and depth; dz(k) is the thickness of
layer k. A(i,j,k) represents the bottom area of the grid cell, and A is the total area of the continental margin
in the model.

143Nd and '**Nd are simulated as two tracers in the model (equation (4)). ***Nd and '**Nd account for 36% of
total Nd. Individual fluxes for ***Nd and ***Nd are calculated using the IR (equation (5)). The IR in the dust
source is prescribed following Tachikawa et al. (2003; Figure S2). IR in the river source and the boundary
source is prescribed following Jeandel et al. (2007; Figure S3). The prescribed IR in the river and boundary
source features quite different values in the deepwater formation regions in the North Atlantic: most unra-
diogenic values (~—30) in the Labrador Sea, most radiogenic values (~3) around Iceland, and intermediate
values (~—15) around the American and Scandinavian continent.

Nd="3Nd+*Nd 4)

IR=""Nd/"Nd ©)

The internal cycling of Nd is modeled using the reversible scavenging by sinking particles (Bacon &
Anderson, 1982; Henderson et al., 1999; Siddall et al., 2005). Unlike the quasi-conservative behavior of
end, the Nd concentration shows a nutrient-like distribution: it increases with depth and along the circula-
tion pathway, due to reversible scavenging (Siddall et al., 2008). Reversible scavenging describes the adsorp-
tion and desorption of the isotopes onto sinking particles. The Nd associated with the particles that reaches
the ocean bottom is buried in the sediment. This burial of Nd represents a sink which in equilibrium
balances the input of Nd to the ocean from the external sources. The particles involved in the reversible
scavenging of Nd are CaCO3, opal, POC, and dust. The particle fluxes can be computed by the biogeochem-
ical module (p-coupled Nd). For simplicity and computational efficiency, the particle fluxes can also be
prescribed using those generated by the biogeochemical module under modern climate (p-fixed Nd). The
reversible scavenging scheme in this study is the same as the scheme applied to model **'Pa and **°Th in
the CESM (Gu & Liu, 2017). The CaCOs, opal, and POC fluxes produced by the biogeochemical module
in the CESM are in reasonable agreement with the observations (Gu & Liu, 2017). The dust flux is prescribed
using the output from Luo et al. (2003).

The reversible scavenging (S;s) considers total Nd ([Nd] i), where i denotes 1**Nd and **Nd, as dissolved Nd (
[Nd]},) and particulate Nd ([Nd];) associated with different particle types ([Nd]; j» where j denotes to CaCOs,
opal and POC, and dust (equation (6)).

[NdJ; = [NdJ; + [NdJ; = [Nd]y + ¥};[Nd]; ; (6)

We assume [Nd]q and [Nd],, to be in equilibrium, and the ratio between [Nd]q and [Nd], is controlled by the

partition coefficient (K) and the ratio (R;) between particle concentration (C;) and the density of seawater

(1,024.5 kg/m?; equation (7)). K; is calculated from the global average of R; and the tuning parameter (%}Z

; equation (8)). Although the tuning parameter (%) is assumed to be the same for different particles, R;
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depends on the particle type. Therefore, Kj is different for different particles (Table 1). The tuning parameter

N9, theasures the average scavenging ability in the model. Larger &Z}Z will lead to a reduced Nd residence

[Nd],
time, a reduced Nd concentration and an increased interbasin gyq contrast (Rempfer et al., 2011). We assume
that there is no differentiation during the reversible scavenging and apply the same K; to 143Nd and *“Nd
due to their similar molecular mass. Reversible scavenging transports [Nd], downward by the settling
velocity (w) of 1,000 m/year (Arsouze et al., 2009; Dutay et al., 2009; Kriest, 2002; Rempfer et al., 2011;
equation (9)). By combining equations (6) and (7), we obtain [Nd], (equation (10)). As mentioned above,
[Nd], is removed from the ocean in the bottom layer.

Nd]! :
@ = KjxR; ©)
(Nd],
[Nd] ) 1
Kj=(—=L]|x 8
! ([Nd}d Rjavg ®
3 (W[Nd]p>
Sw==— g ©
Z
INdJ. = [NdJix [ 1-— (10)
P ! 1+ Y KixR
The total conservation equation for Nd can be written as
6[Nd}i _ i i i i
T - Sdust + Sriver + Sboundary + Srs + Transport (11)

In this implementation, the sources of Nd in the CESM are the dust source, the river source, and the bound-
ary source. The sink is the reversible scavenging by particles to the ocean floor. Recent studies suggest that
nepheloid layer may be important to simulate particle reactive tracers (Deng et al., 2014; Hayes et al., 2015;
Rempfer et al., 2017; van de Flierdt et al., 2016). However, currently, the nepheloid layer, and hence its effect
on Nd, is not modeled in the CESM.

2.2. Experiments

All the experiments in this study were run in the ocean-alone setup, forced by climatological atmospheric
variables from the data set of the Coordinated Ocean-ice Reference Experiments, phase II (Large &
Yeager, 2008). Our model is the low-resolution POP2 with a nominal 3° horizontal resolution and 60
vertical layers.

Our tuning procedure largely follows that of Rempfer et al. (2011). We first tuned the model parameters

(fooundary and mk) in p-fixed Nd, following the method in Rempfer et al. (2011). The observations used to

tune the parameters were compiled by van de Flierdt et al. (2016). This compilation has more than twice
the observations than an earlier compilation (Lacan et al., 2012) used in Rempfer et al. (2011). The locations

of these observations can be found in Figure 1 in van de Flierdt et al. (2016). The details of the tuning process
and the sensitivity of our model to variations in fyoundary and % are similar to Rempfer et al. (2011) and are
described briefly in the supplementary information. The values of fyoundary and % tuned for the CESM
(control experiment, CTRL) are 4 x 10° g/year and 0.0009, which are similar to the values used in
[Nd],
[Ndl,
the CESM simulates both Nd concentrations and eyg in good agreement with the observations in van de
Flierdt et al., 2016, as shown in section 3. A p-coupled CTRL with the same tuned parameters was also
performed. The CTRL experiment is integrated for 4,000 years and has reached equilibrium. Results

shown in section 3 are the decadal means at the end of CTRL.

Rempfer et al. (2011; 5.5 X 10° g/year and 0.001, respectively). With the tuned values of fioundary and
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Table 1
Variables, Abbreviations, Values, and Units in Nd Implementation
Variable Symbol Value Units
Dust source density S g-mfs-sf1
River source density Sriver gm st
Boundary source density Spoundary g~m_3 st
Reversible Scavenging S g-m_3-5_1
Surface dust deposition Fgust g~m_2-s_1
Nd concentration in dust Cqust 20 ug/g
Nd release rate in dust Badust 2%
Total dust source Saust 21 x 10% g/year
River discharge ROFF kg-m_24s_1
Nd concentration in river Crer g/kg
Nd enters the ocean through estuaries Vi 30%
Total river source Jfer 1.3 X 1%9 g/year
Total boundary source Jooundary 4x10 g/year
Total area of continental margin Asot m?
Isotopic ratio IR
Dissolved Nd [Nd]gq pmol/kg
Particle related Nd [Nd], pmol/kg
Total Nd [Nd]; pmol/kg
Ratio between [Nd], and [Nd]g N, 0.0009
[NdJ,

Particle settling velocity w 1000 m/year
Ratio between average POC concentration Rpoc, avg 2.6x107°

and density of seawater
Ratio between average CaCO3 concentration Rcacos, avg 93x10°°

and density of seawater
Ratio between average opal concentration Ropal, avg 8.1 X 1077

and density of seawater
Ratio between average dust concentration Raust, avg 12x107°

and density of seawater
Partition coefficient K
Partition coefficient for POC Kpoc 3.5%10°
Partition coefficient for CaCO3 Kcacos 9.7 x 10*
Partition coefficient for opal Kopal 1.1x10°
Partition coefficient for dust Kgust 7.5x10°

Note. POC = particulate organic carbon.

To test the eng response to the change of the Atlantic Meridional Overturning Circulation (AMOC) strength
and to study whether the associated productivity change will influence the enq distribution in the Atlantic,
we ran an idealized freshwater forcing experiment (HOSING) in both the p-fixed and p-coupled Nd model
setup. The HOSING experiment is forced by a freshwater flux of 1 Sv to 50-70°N in the North Atlantic.
The HOSING experiment is the same experiment as in Gu and Liu (2017). HOSING is initialized from the

[Nd, and the

end of CTRL and is integrated for 1,400 model years, using the same fioundary and .

Coordinated Ocean-ice Reference Experiments, phase II, surface forcing as in CTRL.

3. Results
3.1. The Control Experiment

The results from the p-fixed and p-coupled Nd setups are virtually identical in CTRL. This is expected, as the
particle fields used in the p-fixed Nd setup are the climatology of the particle fields in the p-coupled Nd setup
under present-day climate forcing. Therefore, for the present-day CTRL simulation, the decadal mean Nd
and eng results are the same in the p-fixed and p-coupled Nd setup. The discussion of Nd and enq in CTRL
below will therefore not refer explicitly to p-fixed or p-coupled.

The Nd inventory in CTRL is 4.3 X 10"? g. This value is in agreement with the model-based estimates in
Arsouze et al. (2009), Rempfer et al. (2011), and Tachikawa et al. (2003; 4.2 x 10" g). The simulated
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Figure 1. Nd concentration (a and b) and eng (c and d) in the vertical section in the Atlantic (20-30°W) and the
Pacific (150-160°W) in CTRL. Observations (from the same regions) are superimposed as filled circles using the
same color scale.

residence time of Nd is 785 years, which is comparable with previous modeling estimates of 700 years
(Rempfer et al., 2011) and ~500 years (Siddall et al., 2008; Tachikawa et al., 2003) but is longer than the
360 years found in the modeling study of Arsouze et al. (2009). The much smaller residence time
estimated in Arsouze et al. (2009) than in Rempfer et al. (2011) and in this study is mainly caused by
differences in the magnitude of the global Nd sources. The residence time is calculated using the total Nd
inventory divided by the total sources (dust source, river source, and boundary source). The estimated Nd
inventory is similar in the different modeling studies (4.3 x 10" to 4.2 x 10" g), but the total source is
1.136 x 10" g/year in Arsouze et al. (2009), 6.1 X 10° g/year in Rempfer et al. (2011), and 5.51 X 10° g/
year in this study. Therefore, the estimated residence time in this study is similar to Rempfer et al. (2011)
but is much larger than the estimate in Arsouze et al. (2009).

The general features of the Nd concentration distribution in CTRL are in reasonable agreement with the
observations and are comparable with results from previous modeling studies. The Nd concentrations in
CTRL increase with depth and along the circulation pathway from the North Atlantic to the North
Pacific, which is in agreement with the observations (Figures 1 and 2). Figure 1 shows a vertical section in
the Atlantic (20-30°W) and the Pacific (150-160°W) in CTRL with observations in this region overlaid.
Figure 2 shows near-seafloor Nd concentrations in CTRL with several vertical profiles along with observa-
tions. The largest Nd concentrations are found in the abyssal North Pacific. As in the observations, the Nd
concentrations generally increases with depth (Figures 1a and 1b and 2). However, the surface Nd concen-
trations in CTRL are generally smaller than in the observations, while the deep ocean concentrations are
generally larger than in the observations, especially in the Pacific (Figure 4). Low Nd concentrations in
the surface ocean compared to the observations were also found in previous Nd modeling studies
(Arsouze et al., 2009; Rempfer et al., 2011), probably because of a similar modeling scheme applied in these
studies. This indicates that the representation of the processes governing Nd concentrations in the ocean
needs further improvements and should be a focus in future Nd modeling studies.
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