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ABSTRACT

While it has generally been understood that the production of Labrador Sea Water (LSW) impacts the
Atlantic meridional overturning circulation (MOC), this relationship has not been explored extensively or
validated against observations. To explore this relationship, a suite of global ocean—sea ice models forced by
the same interannually varying atmospheric dataset, varying in resolution from non-eddy-permitting to eddy-
permitting (1°-1/4°), is analyzed to investigate the local and downstream relationships between LSW for-
mation and the MOC on interannual to decadal time scales. While all models display a strong relationship
between changes in the LSW volume and the MOC in the Labrador Sea, this relationship degrades consid-
erably downstream of the Labrador Sea. In particular, there is no consistent pattern among the models in the
North Atlantic subtropical basin over interannual to decadal time scales. Furthermore, the strong response of
the MOC in the Labrador Sea to LSW volume changes in that basin may be biased by the overproduction of
LSW in many models compared to observations. This analysis shows that changes in LSW volume in the
Labrador Sea cannot be clearly and consistently linked to a coherent MOC response across latitudes over
interannual to decadal time scales in ocean hindcast simulations of the last half century. Similarly, no coherent
relationships are identified between the MOC and the Labrador Sea mixed layer depth or the density of newly
formed LSW across latitudes or across models over interannual to decadal time scales.

1. Introduction

The Atlantic meridional overturning circulation
(MOC), an important component of the global ocean
circulation, is characterized by a northward flow of warm
and salty waters in the upper ocean and a southward
return flow of cold and fresh waters at depth. The MOC is
thought to play an important role in global climate vari-
ability over interannual-decadal (e.g., Robson et al.
2012), multidecadal (e.g., Deser et al. 2010; Drijfhout
et al. 2012), and millennial scales (Lynch-Stieglitz 2017

and references therein). The climatic importance of the
MOC and concerns for its potential slowdown (e.g., IPCC
2013) led to international efforts for direct observations of
the strength and structure of the MOC, notably in the
subtropics by the RAPID-Meridional Overturning Cir-
culation and Heatflux Array-Western Boundary Time
Series (RAPID-MOCHA-WBTS) array deployed in
2004 (herein referred to as RAPID; Cunningham et al.
2007), and at the subpolar latitudes by the Overturning in
the Subpolar North Atlantic Program (OSNAP) array
deployed in 2014 (Lozier et al. 2017, 2019). Data from
both arrays, which reveal strong MOC variability across
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the North Atlantic that dominates heat and freshwater
transport variability at both latitudes, substantially im-
prove our understanding of the MOC (Cunningham et al.
2007; Johns et al. 2011; McDonagh et al. 2015; Srokosz
and Bryden 2015; Lozier et al. 2019).
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Despite the insights provided by these observations,
their time series are too short yet to determine whether
changes in the formation of water masses in the subpolar
North Atlantic produce coherent downstream MOC
variability (Lozier 2010, 2012). A suite of modeling
studies has suggested a strong linkage between the
strength of Labrador Sea Water (LSW) formation and
the MOC on interannual to multidecadal time scales
(e.g., Eden and Willebrand 2001; Bailey et al. 2005;
Boning et al. 2006; Zhang 2010; Yeager and Danabasoglu
2014; Kwon and Frankignoul 2014). Paleoclimate re-
cords appear to support such a linkage as well, though on
much longer time scales. The weakening of the MOC
during the last glacial cycle was believed to be induced
by a suppression of deep-water formation at high lati-
tudes in response to a sudden increase in freshwater
content (Lynch-Stieglitz 2017). Most recently, the MOC
changes observed by the RAPID array at 26.5°N since
2004 (Smeed et al. 2018) has been attributed to changes
in the deep water formed in the Labrador Sea (Jackson
et al. 2016; Robson et al. 2016).

Other studies, however, have questioned the linkage
between the LSW formation and the MOC. Using an
idealized model, Straneo (2006) suggested that there is
no simple relationship between the amount of dense
water formed and the overturning circulation within a
convective basin because of the contributions from the
circulation and the eddy efficiency. Pickart and Spall
(2007) provided observational support for this conclu-
sion—the overturning circulation in the Labrador Sea,
estimated based on hydrographic data, was remarkably
small [2Sv (1Sv = 10°m>s ™) in density space] during
the time period 1990-97 despite that it was a period of
intensified LSW formation. Even more recently, the first
21-month record of observations in the Labrador Sea as
part of OSNAP suggests a weak overturning response in
that basin to strong convection in each of the two winters
sampled to date (Lozier et al. 2019). Farther down-
stream in the North Atlantic, there has been no clear
indication of an MOC response at 26.5°N to changes in
the Labrador Sea as wind forcing can play a role over
interannual (Zhao and Johns 2014) to decadal time
scales (Polo et al. 2014). Finally, data from the RAPID
array also call into question the MOC-LSW formation
relationship—the observed interannual variations in the
MOC at 26.5°N are strongly related to the transport
anomalies in the deeper layers supplied by overflow
waters instead of LSW (Smeed et al. 2014, 2018).

As a recent study (Li and Lozier 2018) has pointed
out, the lack of consistency on the relationship between
LSW volume and the MOC stems in large part from the
fact that proxies have generally been used for the vol-
ume of deep water produced (e.g., Yashayaev 2007) and
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for overturning variability (e.g., Zhang 2008; Jackson
etal. 2016; Robson et al. 2016). Further complicating the
issue, different proxies have been used in different
studies and, because of the lack of direct measurements,
the proxies have not been validated. Using the collection
of Argo float data over the past decade, Li and Lozier
(2018) directly calculated the volume of newly formed
LSW each winter. With this metric, they were able to
validate an eddy-resolving model’s reproduction of
LSW volume each winter and then link that volume to
the MOC in the Labrador Sea. The linkage is positive:
the MOC across the Labrador Sea has a correlation of
0.61 (at zero lag) to LSW volume changes over a 15-yr
period. Furthermore, LSW formation was shown to be
strongly correlated to the strength of the air-sea heat
fluxes over the Labrador basin.

Here, we place the Li and Lozier (2018) study in a
larger spatial and temporal context, investigating the
strength of the MOC-LSW formation relationships across
the North Atlantic with a suite of ocean—sea ice models
that span from the 1960s to the 2000s. We aim to de-
termine the robustness of the relationships between LSW
volume and MOC at locations downstream of the Lab-
rador basin and over several decades. Models used in this
analysis are primarily from the Coordinated Ocean-ice
Reference Experiments Phase II (COREIL Danabasoglu
et al. 2014), which are forced with the same interannually
varying atmospheric forcing (IAF) datasets. The COREIIL
simulations have been used for studying MOC variability
across the North Atlantic and connections of this vari-
ability to the mixed layer depth (MLD) variability at high
latitudes (see Danabasoglu et al. 2014, 2016).

The paper is organized as follows. Section 2 describes
the datasets and methods used in this study. Sections 3
and 4 discuss the modeled LSW formation and over-
turning circulations, respectively, and compare model
estimates to observations when possible. Section 5 de-
scribes the MOC-LSW formation relationships among
the models. We summarize the paper in section 6.

2. Data and methods
a. Observations

Observational datasets used to validate the models
include the following:

(i) Argo temperature and salinity profiles for the
upper 2000 m in the Labrador Sea for 2003-16 from
the U.S. Global Ocean Data Assimilation Experi-
ment (USGODAE) Argo Data Assembly Center
(http://www.usgodae.org/argo/argo.html; accessed
in October 2017). Profiles with quality-controlled
(QC) flag 1 (good) or 2 (probably good) are used.
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(ii) World Ocean Atlas 2013 (WOA13) monthly temper-
ature (Locarnini et al. 2013) and salinity (Zweng
et al. 2013) data at 1/4° X1/4° resolution from the
NOAA National Centers for Environmental Infor-
mation (formerly the National Oceanographic Data
Center; https://www.nodc.noaa.gov).

(iii)) MOC at 26.5°N from 2004 to 2016 observed by the
RAPID array (http://www.rapid.ac.uk/rapidmoc/).
Daily data are averaged for each year, but note that
the 2004 data covered only from April to December.

b. Construction of density field

Using the Argo and WOAI3 datasets, we employ an
objective analysis (OA) method (Bretherton et al. 1976;
Hadfield et al. 2007) to produce monthly 2D density
fields across the AR7W section (see Fig. 1 for location),
and 3D density fields for the central Labrador Sea
(polygon in Fig. 1). There are on average ~70 Argo
profiles available in the Labrador Sea (53°-63°N, 59°-
45°W) each month during the 2003-16 period. The
number of available profiles has increased over time
during this period (from ~20 each month in 2003
to ~200 each month in 2016). We used OA to optimally
interpolate scattered observations to a grid with a hor-
izontal resolution of 1/4° and with 102 levels in the ver-
tical. The vertical grid spacing varies from Sm at the
surface to 100m at depth. The OA product below the
2000-m depth is filled with the WOAI3 climatology.
Further details on the method and products can be
found in Li et al. (2017) and Li and Lozier (2018).

c. Models

We analyze LSW formation, overturning transport
and their relationship in four different models (Table 1).
We use three non-eddy-permitting (NCAR, GISS,
GFDL-MOM) and an eddy-permitting model (GFDL-
MOMO025). The former three models have nominal 1°
horizontal resolution, which is finer at the low and
midlatitudes (Danabasoglu et al. 2014, 2016). GFDL-
MOMO025 has 1/4° horizontal resolution and is a finer
resolution version of GFDL-MOM (Farneti et al. 2015).
Models used in this analysis are forced with the COREII
IAF datasets over the 60-yr period from 1948 to 2007
(Large and Yeager 2009). Following the COREII IAF
experimental protocol [see appendix B in Griffies et al.
(2012)], all the models are integrated for 300 years,
corresponding to five cycles of the forcing data. The
outputs we used are from the fifth cycle. We then discard
the output before 1961 given the known issues related to
the cycling of the forcing fields (Danabasoglu et al. 2014;
He et al. 2016). For all the models, there is no restoring
term applied to sea surface temperature. However, a
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FIG. 1. Argo-derived March mixed layer climatology (Holte et al.
2017a) using the ““‘density threshold mean MLD”’ method (Holte
et al. 2017b). Gray contours show the 1000-, 2000-, and 3000-m
isobaths. Solid black and red lines indicate the AR7W hydro-
graphic section and the OSNAP-W section, respectively. The red
dashed line together with the OSNAP-W line indicates the area
used for model diagnostics.

form of surface salinity restoring may be used to prevent
unbounded local salinity trends, and the restoring time
scales vary notably between the models [see appendix C
in Danabasoglu et al. (2014) for more details of surface
salinity restoring]. We have included the eddy-
permitting model because mesoscale eddies have been
shown to play an important role in deep-water forma-
tion (e.g., Katsman et al. 2004; de Jong et al. 2016) and in
the southward propagation of deep waters in the
boundary currents (e.g., Bower et al. 2009; Gary et al.
2011; Lozier et al. 2013). As such, eddy-permitting
models may show a different relationship between the
MOC and LSW formation from the non-eddy-
permitting models.

d. MOC calculation

The MOC index (Sv), is defined as the maximum of
the overturning streamfunction W(o, ¢) in density (o)
space:

Tmin Y X

MOC(¢) = max[¥ (o, )] = max [ ’ Jxe v(x, o, t)dxdo} ,

M

where v is the volume transport per unit length per unit
density integrated between the western (x,,) and eastern
(x.) boundaries and from the surface (o) across
density layers (o). Transport is positive poleward and
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TABLE 1. Models used in this study.

Name Ocean model  Time coverage  Nominal horizontal resolution ~ Vertical (levels) Reference
NCAR POP 2 1961-2007 1° z (60) Danabasoglu et al. (2014)
GISS Model E2-R 1961-2007 1° Mass (32)

GFDL-MOM MOM 4pl 1961-2007 1° z (50)
GFDL-MOM025 MOM 5 1961-2007 1/4° z (50) Farneti et al. (2015)

perpendicular to the section. Calculation of the MOC in
density space, as opposed to depth space, is especially
important at high latitudes where water densities at the
same depth level can vary significantly (Zhang 2010;
Mercier et al. 2015; Holliday et al. 2018; Lozier et al.
2019). Consequently, overturning in density space (at
these latitudes) includes flow traditionally thought of as
wind-driven gyre circulation. The MOC is calculated
across the OSNAP West section (OSNAP-W) and at
each of these six latitudinal transects: 50°, 45°, 40°, 35°,
30°, and 26.5°N. We next subtract the Ekman transport
from the MOC time series to focus on the non-Ekman
part (e.g., Mielke et al. 2013; Smeed et al. 2018). We note
that the barotropic return flow compensating the Ekman
transport (e.g., Jayne and Marotzke 2001) has a negli-
gible impact on either the MOC magnitude (i.e.,
<~0.3Sv or ~3% of the total MOC) or its variability.
At any latitudinal transects, the Ekman transport
TExman (SV) can be calculated from the zonal wind stress
component 7, as

T

Ekman

o=--[" T*ff;‘;’)dx, @

where py = 1027kgm > and fis the Coriolis parameter.
At OSNAP-W, both the zonal and meridional wind
stress components are used and the resultant Ekman
transports are rotated to the section. Unless otherwise
noted, the MOC in this paper is the non-Ekman part.

e. LSW formation index

There is no consistent definition of LSW formation rate
and estimates can vary widely depending on different
methods and assumptions, for example, some are derived
from chlorofluorocarbon (CFC) inventories and others
from air-sea heat fluxes (Haine et al. 2008 and references
therein). Following Li and Lozier (2018), we use the
volume of newly formed LSW as a direct measure of LSW
formation. We define newly formed LSW as water with
potential vorticity (PV) <4 X 10" ?m ™ 's ™! (e.g., Talley
and McCartney 1982) and calculate the volume of water
that meets this criterion in the area northwest of the
OSNAP-W line. We focus our attention on the volume of
water produced there because we are interested in the
impact of water mass formation on the overturning cir-
culation across the OSNAP-W section.

Assuming that the relative vorticity is small compared
to the planetary vorticity, we approximate PV (m~'s™')

as
PV = fN?Z, 3)

where g is the acceleration due to gravity, and N is the
Brunt-Viisild frequency (—g/o) (80/8z) and o is
the potential density. This PV criterion also avoids the
problem of under- or overcounting LSW volume from
one year to the next because LSW density may vary
from year to year (Yashayaev 2007). Because models
have density biases in the Labrador Sea (Danabasoglu
et al. 2014), we rely on this PV criterion rather than
density limits to identify LSW. However, we note that
potential model biases in the representation of the ver-
tical density gradient remain. The only exception is
GFDL-MOMO025, where we use an extra density con-
straint ([27.6, 27.8] kgm ) to exclude bottom waters
that share a low PV signature with the newly formed
LSW, but have a greater density. For each winter season
(including December of the previous year through April
of that year), we calculate each month’s LSW volume,
select the maximum and refer to that value as the winter
maximum LSW volume. The maximum of the monthly
estimates of the LSW volume is typically in March in all
the models. The newly formed LSW may include LSW
formed in the previous year or years via advections (e.g.,
Yashayaev et al. 2007; Zou and Lozier 2016), for example,
due to the model’s different locations and strengths of
LSW formation in the subpolar region (Danabasoglu
et al. 2014). However, we note that it is more important to
apply a common criterion for all models than the specific
details of the LSW volume calculations.

In addition to LSW volume, we consider two proxy
indices for LSW formation that have been widely used in
previous studies. One proxy is the winter [December—
April (DJFMA)] mean potential density of the entire
volume of newly formed LSW over the domain shown in
Fig. 1. The other proxy is the March-mean MLD, cal-
culated using a Ao = 0.125kgm ™~ criterion, averaged
over the domain shown in Fig. 1. Note that this com-
monly used density criteria might overestimate the
MLD in models (Courtois et al. 2017). We adopted
it for consistency with previous estimates. As for
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FIG. 2. Monthly LSW volume (1014 m?) in each 0.005 kg m > density bin, derived from (a) observations and (b)—(e) models. Note that the
color map range used in (a) is different from that in (b)—(e).

observations, the March MLD is the average MLD
calculated using a Ac = 0.03kgm > criterion for all
Argo profiles collected during each March in the domain
shown in Fig. 1. The larger threshold used in the models
is to accommodate the relatively smooth vertical density
structure in model output compared to observations.

3. LSW formation and its variability
a. LSW volume

The volume of newly formed LSW shows striking
variability over the observational record from 2003 to
2016 (Fig. 2a). The 2003-13 period was characterized by
relatively weak convection that produced small amounts
of LSW with light densities (oy < 27.74kgm "), with a
stronger event occurring in 2008. In contrast, the most
recent winters for 2015 and 2016 were marked by strong
convection that produced the densest and largest
amount of LSW over the entire 14-yr record. These re-
sults are consistent with a number of previous studies
that used the section-averaged LSW layer thickness at
AR7TW as a proxy for LSW volume (Yashayaev and
Loder 2009, 2016; Kieke and Yashayaev 2015). The

reader is referred to Yashayaev and Loder (2017) for a
detailed discussion of recently enhanced LSW formation
in the Labrador Sea and LSW variability over the past
decades. We also note that the LSW density range shown
in Fig. 2a agrees well with what has been traditionally
used to define this water mass (o = 27.68-27.80kgm>;
e.g., Kieke and Yashayaev 2015), thus providing assur-
ance that LSW defined by the PV constraint alone suffi-
ciently captures LSW formation variability.

The LSW volume calculated from model output
shows large interannual-to-decadal changes during
1961-2007 (Fig. 2). The enhanced formation of LSW
during the 1990s is broadly consistent with hydrographic
observations that show intense convection during the
early part of this decade (Yashayaev 2007; Yashayaev
and Loder 2016). The models also show an association
between LSW volume and density variability that is
consistent with observations (e.g., Kieke and Yashayaev
2015). Such an association is strong in the 1990s when
LSW density reaches its maximum in NCAR and GISS.
There are differences in the LSW volume among the
models, in particular near the beginning of the record,
that is, in the early 1960s (Fig. 2). The models have
different LSW densities, which tend to be greater than
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TABLE 2. Time-mean winter maximum LSW volume (10'* m*) and MOC (Sv). Numbers are time mean plus and minus one standard
deviation. Numbers in parentheses are the time mean during the overlapping time period. For LSW volume the overlapping period is

2003-07 between the observations and the models, while for MOC at 26.5°N it is 2004-07. All modeled MOC values are calculated in o,

space, while the observed MOC values are calculated in o space at OSNAP-W and in depth space at 26.5°N.

NCAR GISS GFDL-MOM GFDL-MOMO025 Observation
LSW volume 7.00 = 1.41 (6.46) 11.98 + 1.76 (10.36) 10.58 + 2.30 (10.52) 498 = 2.17 (3.42) 3.44 = 0.34 (3.37)
MOC (OSNAP-W) 18.7 £ 2.7 175+ 7.0 89+29 7.6 25 2.3
MOC (26.5°N) 142 £ 0.8 (15.0) 18.8 = 2.0 (18.7) 11.1 = 1.6 (12.2) 13.5 £ 1.5 (15.8) 13.3 £1.5(15.2)

that observed (Fig. 2). The differences in the LSW vol-
ume and density among the models and between the
models and observations are related to models’ different
representation of LSW formation, which are potentially
impacted by factors such as the magnitude of mixing and
ventilation, sea ice extent in the Labrador Sea, and the
strength of surface salinity restoring used by the models
(Danabasoglu et al. 2014).

A prominent feature in Fig. 2 is that three of the
models produce an excessive amount of LSW each
winter, compared to the observational estimate. Dur-
ing the time period overlapping with the observations,
only GFDL-MOMO025 produce LSW volume com-
parable to the observations (Table 2). The models’
overproduction of LSW can be further revealed by the
difference in the March-mean PV fields across the
AR7W line (Fig. 3). For the observations, the pool of

PV minimum water occupies the upper 1500 m of the
water column and is ““‘drawn’’ away from the basin’s
boundaries. The models have patterns distinct from
that observed: the pool of PV minimum waters extends
to the bottom of the basin for two of the models (GISS
and GFDL-MOM) and extends to the boundaries in all
the models. In addition, all the models except GFDL-
MOM seem to show a sharp decrease in the LSW
volume during the course of a year (Fig. 2), also in
contrast to the observed field. It appears that these
models “flush’”” most if not all newly formed LSW at the
end of each convection period, whereas the observa-
tions show a much longer residence time for LSW in
the basin, in agreement with previous studies (e.g.,
Straneo et al. 2003). Another possibility is that the
models being too diffusive, and thus the low PV layer
cannot be maintained throughout the seasonal cycle.
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That is, the low PV layer is destroyed locally in the
Labrador Sea. In this case, we likely underestimate the
volume of LSW formed in the model, which would impact
the relationship between the volume of LSW and down-
stream MOC yet not necessarily the relationships be-
tween the proxies and the downstream MOC.

A quantification of the winter maximum LSW volume
over the full record shows that GISS and GFDL-MOM
produce the largest LSW volume among all models
(Table 2). During the years overlapping with the obser-
vations, these two models overproduce the LSW volume
by a factor of 3. NCAR produces approximately twice the
amount of LSW volume that is observed during the
overlapping period. By comparison, GFDL-MOMO025
produces an LSW volume comparable to that observed
during the overlapping period. But even that model
produces nearly 60% more LSW than is observed. We
note that some caution is necessary when comparing the
models to the observations given the limited availability
of the Argo data near the beginning of the observational
record, which might result in an underestimation of the
LSW volume and thus partly explaining the large model-
observation difference during the overlapping periods.

For the variability in LSW volume, we calculate model—
model correlations to provide an overall assessment of
model agreements and disagreements in the representa-
tion of changes in LSW volume. Unless otherwise noted,
the correlations in this paper are calculated based on
unfiltered data from which the linear trends have been
removed. This is to focus on changes over interannual to
decadal time scales. The model-model correlations for
LSW volume are highly variable: the correlation co-
efficients range from 0.33 (GISS and GFDL-MOM) to
0.74 (NCAR and GFDL-MOMO025). Strong model-
model agreements are evident during the early 1990s
when the North Atlantic Oscillation (NAO; Hurrell 1995)
had a persistently strong positive phase (Fig. 4). Such an
enhanced LSW production is consistent with the obser-
vational record because during those years there were
successive winters of strong convection (Yashayaev 2007;
Yashayaev and Loder 2017). However, the models do not
exhibit similar behavior during periods of weak or nega-
tive NAO, for example, in the 1960s and the late 1990s.

To conclude, all the models produce an excessive
amount of LSW during winter. In terms of the variability
of LSW, the models show notable differences over in-
terannual to decadal time scales, yet they are broadly
consistent over the periods of strong NAO.

b. LSW density and mixed layer depth

Many models show a bias in the winter-mean LSW
density compared to observations (Fig. 2 and Fig. S1 in
the online supplemental material). NCAR produces
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ting). The maximum volume is the volume from the month that is
the maximum in that winter (typically March). Gray shades in-
dicate the winter (DJFM) NAO index (Hurrell and National
Center for Atmospheric Research Staff 2018).

relatively dense LSW, while GISS produces the densest
LSW among all models. Only GFDL-MOM has a winter-
mean density comparable to the observations during the
overlapping periods.

As with LSW volume, there is no consistent change in
LSW density among the models but with some shared
features for certain time periods. For example, all models
show a consistently strong signal during the early 1990s,
that is, they produce dense LSW in response to a persis-
tently strong positive NAO. Also, of note is that the
dominant variability in LSW density for GFDL-MOM is
at a lower frequency (i.e., multidecadal) than that for
NCAR and GISS (i.e., decadal; Fig. S1). As a result, there
is arelatively weak correlation between LSW volume and
density in the two GFDL models, while the correlation is
much stronger in NCAR and GISS (Table S1).

Modeled March-mean MLD ranges from several
hundred to a few thousand meters (Fig. S2). GISS pro-
duces the largest MLD (~2200m) while GFDL-
MOMO025 produces the shallowest (~1300m). During
the overlapping periods, two GFDL simulations have a
mean MLD most comparable to the observations. As
with LSW volume and density, there is no consistent
change in March-mean MLD among the models.

In general, the correlation between LSW volume and
March-mean MLD is strong for all models (Table S1).

4. MOC and its variability

For the Labrador Sea MOC, the models have a wide
range of strength as well as temporal variability
(Fig. 5a). The mean MOCs range about 10 Sv among the
models: they are strongest in NCAR and GISS (~18Sv)
and are much smaller in the two GFDL models (~8 Sv).
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FIG. 5. Annual-mean MOC at (a) OSNAP-W and (b) 26.5°N.
Plotted are 5-yr low-pass-filtered values (this filtering is only used
in the plotting). Observed values in (a) include the time-mean
MOC estimate at OSNAP between August 2014-April 2016
(purple triangle; Lozier et al. 2019), as well as that at AR7W based
on repeat spring/summer hydrography between 1990 and 1997
(purple box; Pickart and Spall 2007), or Argo floats between March
2002 and April 2016 (purple diamond; Holte and Straneo 2017) and
in (b) include the annual-mean MOC from RAPID between 2004
and 2016 (purple line).

Most models overestimate the MOC in the Labrador
Sea compared with observations at the OSNAP-W line
(Lozier et al. 2019), or with previous MOC estimates
across the AR7W section based on longer hydrographic
records (Pickart and Spall 2007; Holte and Straneo
2017). The MOC variability in the Labrador Sea shows
little consistency among the models. The model-model
correlations are typically weak: the correlation co-
efficients range from 0.21 (statistically insignificant;
GFDL-MOM and GFDL-MOMO025) to 0.55 (NCAR
and GFDL-MOMO025). As in LSW volume, the most
consistent feature appears in the early 1990s when all
models exhibit a relatively large MOC, which coincides
with a large LSW volume during that time period.
Reproducing this time series for each of the models at
26.5°N also reveals notable model differences (Fig. 5b).
The range of the mean MOC:s is still large (~8Sv),
though slightly smaller than that in the Labrador Sea.
The mean MOC from the NCAR is closest to the ob-
servations during the overlapping periods (Table 2). In
terms of variability, GISS shows profound decadal
changes, distinct from other models. Apart from GISS,
the model-model correlations for MOC are moderate to
strong: the correlation coefficients are from 0.13 (sta-
tistically insignificant; GISS and GFDL-MOM) to 0.65
(NCAR and GFDL-MOM). We note that overall there
is an increased level of agreement in terms of the rep-
resentation of the MOC variability at 26.5°N. This
agreement likely results from the fact that variability in
the subtropical region, especially over interannual time
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scales, has been shown to be primarily wind driven and
all the models are driven by the same wind dataset
(Danabasoglu et al. 2016 and references therein).

Over decadal-to-interdecadal time scales, the MOC
variability at all latitudes share qualitatively similar
features among all the models except GISS—after a
decade-long relatively strong MOC in the 1960s, rela-
tively weak MOC prevailing in the 1970s and the 1980s
followed by relatively strong MOC during the 1990s and
2000s (Fig. S3). This low-frequency variability in the
MOC is consistent with several other ocean hindcast
studies (e.g., Biastoch et al. 2008; Robson et al. 2012;
Danabasoglu et al. 2016). Such a MOC variability with
~20-yr periodicity may be intrinsic ocean only mode
related to deep-water formation at high latitudes (e.g.,
Kwon and Frankignoul 2014), which can be intensified
by the atmospheric forcing (Gastineau et al. 2018). We
note that these low-frequency MOC changes are beyond
the scope of this paper because of the limited length of
model data used.

5. Relationships between MOC and LSW
formation

Having established model differences in LSW volume
and MOC separately, we now explore the relationship
between LSW volume in the Labrador Sea and the
MOC at various latitudes across the North Atlantic. We
also explore this relationship using the alternative LSW
formation indices discussed earlier.

a. LSW volume

An examination of the relationship between the
time-mean LSW volume and time-mean MOC shows a
weak tendency for models with larger LSW volume to
have larger MOC in both the subpolar region and the
subtropics (Fig. 6). Such a relationship is evident at
both latitudes—the correlation coefficient is 0.32 at
OSNAP-W and 0.38 at 26.5°N.

We next investigate the relationship between LSW
volume change and the MOC variability at both
OSNAP-W and 26.5°N. Across OSNAP-W, models
show a consistent linkage: the MOC lags the LSW vol-
ume by up to a year (Table 3 and Fig. 7a). This re-
lationship is prominent in NCAR and GISS, with
correlation coefficients of 0.72 and 0.81, respectively. At
26.5°N, the relationships are rather complicated, with
strong differences in the maximum correlation co-
efficients and in associated lead-lag times (Fig. 7b). For
NCAR and GFDL-MOMO025, the maximum correla-
tions are negative, with the MOC at 26.5°N leading the
LSW volume. By comparison, the maximum correla-
tions for GISS and GFDL-MOM are positive, with the
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FIG. 6. Scatterplot of time-mean winter maximum LSW volume vs annual-mean MOC at (left) OSNAP-W and
(right) 26.5°N, respectively. Bars indicate one standard deviation of the respective time mean. Numbers above the
panels are the correlation coefficient between the two plotted variables. Observed values are based on OSNAP and
RAPID MOC estimates together with the LSW volume derived from the OA product (2015-16 at OSNAP-W and
2004-16 at 26.5°N), which are excluded from the derivation of the correlation coefficient.

LSW volume leading the MOC at 26.5°N. Therefore,
NCAR and GFDL-MOMO025 appear to reveal the
physics of the MOC upper limb, whereby a change in the
subtropical overturning would impact the intensity of
LSW formation via changes in heat transport to the
subpolar gyre. Such a scenario is consistent with recent
modeling studies (e.g., Robson et al. 2012; Ortega et al.
2017). In contrast, it appears that GISS and GFDL-
MOM are revealing the physics of the MOC lower limb,
whereby a change in LSW volume leads to a down-
stream MOC change.

A more consistent picture emerges at 26.5°N when we
only consider positive correlations with positive time
lags. With this filter, we are making two assumptions:
(i) a larger LSW volume in the Labrador Sea is associ-
ated with a larger MOC in the subtropics and (ii) the
LSW volume leads the MOC. We are not in a position to
justify this assumption based on these model results, but
make it as a means to gain some insight into the modeled
LSW volume-MOC relationship. With the simplifying
assumptions, the MOC at 26.5°N now lags the LSW
volume in the Labrador Sea by about 5-10 years across
the models (Table 3). This time scale is in line with
previous modeling studies on the southward propaga-
tion of the MOC anomalies from the Labrador Sea (e.g.,
Zhang 2010; Jackson et al. 2016). Therefore, the MOC at
26.5°N could have a mixed source of variability, that is,
owing to both the changes in LSW volume and local
winds (Biastoch et al. 2008; Yeager and Danabasoglu
2014).

To gain further insight into these model differences,
we explore the LSW volume-MOC relationship over all
subpolar and subtropical latitudes in Fig. 8, considering
their lead-lag correlations. In GISS, a larger LSW vol-
ume in the Labrador Sea leads a larger MOC in the
subpolar region by up to a year and in the subtropics
by ~5 years. GFDL-MOM shows a similar pattern
although at longer time lags at most latitudes (e.g., ~10
years in the subtropics). NCAR and GFDL-MOMO025
share a pattern similar in the subpolar region. In the
subtropics, however, these two models show their max-
imum correlations when LSW volume and the local
MOC are negatively correlated. As mentioned above,
the physics of the upper limb could provide a plausible
explanation for this linkage: a weaker MOC results in a

TABLE 3. Lagged correlation between annual-mean MOC and
winter maximum LSW volume, based on linearly detrended values
except for observations. Numbers in parentheses are time lag
(years), with positive values indicating that the changes in MOC
lag. Only positive correlations with a positive or zero lag are con-
sidered. Boldface numbers indicate the maximum correlations. All
correlations are significant at the 95% level except for those de-
noted by asterisk.

MOC at OSNAP-W MOC at 26.5°N
NCAR 0.72 (1) 0.32 (5)
GISS 0.81 (1) 0.62 (5)
GFDL-MOM 0.63 (1) 0.39 (10)
GFDL-MOMO025 0.45 (0) 0.31* (9)
Observation — 0.38* (2)
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volume and annual-mean MOC at (a) OSNAP-W and (b) 26.5°N,
based on the linearly detrended data. The filled circles indicate
correlations that are significant at the 95% confidence level. The
effective number of degrees of freedom is calculated for different
time lags that is then used for calculating the significance of cor-
relations coefficients. LSW volume leads for positive lags.

weaker northward heat transport to the subpolar region,
which in turn leads to a larger LSW volume.

In summary, while all models show a strong relation-
ship between LSW volume and the MOC in the
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Labrador Sea over interannual to decadal time scales,
this relationship is not consistent among models at
downstream latitudes.

b. LSW density

As with LSW volume, the models with denser LSW
tend to have a larger MOC in the North Atlantic,
as revealed by a comparison between the time-mean
LSW density and the time-mean MOC (Fig. 9). An
investigation of LSW density and MOC variability lead—
lag relationship (Fig. 10) shows that GISS and GFDL-
MOM share similar patterns: a denser LSW leads a larger
MOC in the subpolar region by a few years and in the
subtropics by ~5 years. NCAR shows the same re-
lationships in the subpolar region with a denser LSW
leading a larger MOC. In the subtropics, however, NCAR
and GFDL-MOMO025 show their maximum correlations
when LSW density and the local MOC are negatively
correlated, with the MOC leading by up to ~10 years.

Opverall, the strength of the link between LSW density
and the MOC is model dependent. While GISS and
GFDL-MOM show consistent and coherent correlations
between LSW density and the MOC at different latitudes,
this linkage is not present in the other two models.

it
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FIG. 8. Lag correlation between annual-mean MOC and winter maximum LSW volume, based on the linearly
detrended data. LSW volume leads for positive lags. Crosses indicate significant correlations at the 95% level.
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FIG. 9. Scatterplots of time-mean winter-averaged LSW density vs annual-mean MOC at (left) OSNAP-W and
(right) 26.5°N. Bars indicate one standard deviation of the respective time mean. Numbers above the panels are the
correlation coefficient between the two plotted variables. Observed values are based on OSNAP and RAPID MOC
estimates together with LSW density derived from the OA product (2015-16 at OSNAP-W and 2004-16 at 26.5°N),
which are excluded from the derivation of the correlation coefficient.

¢. Mixed layer depth

As with LSW volume, the models with a greater MLD
tend to have a larger MOC at all latitudes of the North
Atlantic (Fig. 11; see also Danabasoglu et al. 2014). In
terms of variability, the models show a consistent view in
the subpolar region: a larger MLD in the Labrador Sea
leads a larger MOC (Fig. 12), with time lags ranging
from a few years (NCAR, GISS, and GFDL-MOMO025)
to ~10 years (GFDL-MOM). In the subtropics, the
maximum correlations are weak but all positive (r =
~0.4) for all the models except GFDL-MOM, with the
MLD leading by up to ~5 years. GFDL-MOM shows
the opposite in the subtropics: the MOC leads the MLD
in the Labrador Sea by ~2 years. Therefore, GFDL-
MOM is revealing the contribution from changes in the
MOC upper limb, whereby the LSW formation would
respond to changes in the strength of the subtropical
overturning. Overall, the strength and the coherence of
the relationship between the MLD in the Labrador Sea
and the MOC are model dependent.

d. Sensitivity of the relationship to the LSW formation
proxy

An inspection of Figs. 8, 10, and 12 reveals that the
relationship between MOC and LSW density, and that
between MOC and March MLD, is approximately the
same as the relationship between MOC and LSW vol-
ume for only one of the models (GISS). The other three
models do not exhibit this consistency among LSW
volume and the two proxies. Overall, the robustness of

the LSW formation proxies is model dependent as re-
vealed in their relationships to the MOC described
above as well as in their correlations to the LSW volume
(Table S1). As a result, the models show different sen-
sitivities of the MOC-LSW formation relationship to the
alternative proxies. For example, NCAR shows a con-
sistent picture when considering the LSW volume or
density with a “leading” role for MOC in the subtropics,
which is distinct from using the MLD. By comparison,
GFDL-MOM shows a consistent relationship when us-
ing the LSW volume and MLD with a “leading’ role for
MOC in the subtropics, which is distinct from using the
LSW density. Further work is needed to understand
such sensitivities as they could be related to the diverse
locations of convection (Danabasoglu et al. 2014) or to
the representation of overflow waters in the models
(Yeager and Danabasoglu 2012).

6. Summary and conclusions

Using a suite of ocean—sea ice hindcast simulations,
we find that though there is a strong relationship be-
tween LSW volume and MOC in the Labrador Sea, that
relationship considerably degrades downstream. One
cannot draw any conclusions about a downstream MOC
response to LSW volume changes over interannual to
decadal time scales owing to the large model-to-model
differences. Across the models, there is no consistent
relationship between the MOC in the subtropical basin
and LSW volume over interannual to decadal time
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FIG. 10. Lag correlation between annual-mean MOC and winter-mean LSW density, based on the linearly de-
trended data. LSW density leads for positive lags. Crosses indicate significant correlations at the 95% level.

scales. This lack of consistent relationships with the
MOC is also true for LSW density and MLD.

One reason for these differences is that though
forced by the same atmospheric datasets, the models
show large differences in the LSW volume produced
each winter in terms of magnitude and temporal vari-
ability. There are also large model differences in the
MLD and LSW density. These differences extend to
the MOC itself whose magnitude in one model may be
double that in another model at the same latitude.
Given these model differences, it is not surprising then
that the LSW volume and MOC relationship varies
considerably from model to model downstream of the
Labrador Sea.

Nevertheless, the models’ differences in the LSW
formation and MOC, and their differences from the
observations, cannot exclude the possibility that the
modeled relationship between LSW formation (and its
proxies) and the MOC is representative of the real re-
lationship. Understanding the time and space where this
relationship exists or not is of great and continued im-
portance for a future study. That said, this analysis

provides the opportunity to identify questions of im-
mediate relevance. As an example, further investigation
is needed to examine the effects of the models’ over-
production of LSW in the Labrador Sea on the down-
stream MOC coherence.

It is likely that our lead-lag correlation analysis of the
half-century forced simulations may not reveal robust
relationships in the subtropics because of various ocean
processes over decadal and longer time scales. For ex-
ample, in a recent Lagrangian study based on the 44-yr
output from an ocean-sea ice model, Zou and Lozier
(2016) have revealed strong recirculations of newly
formed LSW within the subpolar gyre and thus it could
take decades before LSW reaches the subtropics.
Yeager and Danabasoglu (2014) conducted a set of
surface forcing perturbation experiments with the same
NCAR model used in this paper and showed that
buoyancy forcing accounts for most of the decadal MOC
variability throughout the North Atlantic associated
with NAO-driven deep convection in the Labrador
Sea. However, in the subtropics, the magnitudes of the
wind-forced MOC changes appear to be close to the
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FIG. 11. Scatterplots of time-mean March-mean MLD vs annual-mean MOC at (left) OSNAP-W and (right)
26.5°N. Bars indicate one standard deviation of the respective time mean. Numbers above the panels are the
correlation coefficient between the two plotted variables. Observed values are based on OSNAP and RAPID MOC
estimates together with MLD derived from the OA product (2015-16 at OSNAP-W and 2004-16 at 26.5°N), which

are excluded from the derivation of the correlation coefficient.

buoyancy-forced changes over decadal time scales
(~0.25-Sv root-mean-square difference; see their
Fig. 7d). Using the same technique but with an ocean
only model for 1958-2008, Polo et al. (2014) similarly
pointed out that wind forcing also plays a role over in-
terannual to decadal time scales in modulating the MOC
at 26.5°N. A recent study by Zou et al. (2019), using both
ocean models and reanalysis, revealed that the
interannual-to-decadal AMOC variability in the sub-
tropics is unrelated to transport in the LSW layer.
Therefore, it is not surprising that no robust relation-
ships between LSW formation and the MOC in the
subtropics seem to exist from our analysis.
Alternatively, other studies have utilized millennial-
scale simulations using fully coupled general circulation
models. Zhang (2010), using a 1000-yr fully coupled
model (GFDL CM2.1), showed a coherent southward
propagation of the MOC anomalies throughout the
North Atlantic in density space, which is induced by
changes in high-latitude deep-water formation. Using a
250-yr output from CCSM3, Kwon and Frankignoul
(2014) also showed this southward propagation of the
MOC anomalies, but in depth space. In density space,
the authors revealed a poleward propagation of the
MOC anomalies in the subpolar region primarily re-
flecting upper-ocean changes. The meridional co-
herence of the MOC in density space seems to depend
on the strength of the modeled subpolar gyre (Kwon and
Frankignoul 2014). Future work is needed in order to
better understand the impact of the gyre circulation on

both deep-water formation and overturning as well as
their relationships.

We note that the differences between the LSW vol-
ume and the two alternative LSW formation indices
studied here raise questions regarding the ability of
these indices to capture the behavior of LSW formation
in the Labrador Sea, especially when the models may
have stronger LSW formation in the basin compared to
observations. For example, densities in the deep Lab-
rador Sea may include a mixed signal of both LSW and
overflow waters in the basin because of a bottom-
reaching convection in the models.
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