
1. Introduction
The North Atlantic is an important source region for the ventilation of the deep water properties of the global 
ocean (e.g., Gebbie & Huybers, 2011; Johnson, 2008), and accordingly also for the deep injection of tracers 
(Fröb et al., 2016). The mechanisms through which surface properties are ventilated into the deep ocean are still 
debated, however. While basin-scale and multidecadal-scale fluctuations in the properties of the upper ∼700 m 
of the suboplar gyre are well described by the Atlantic Multidecadal Variability (AMV; Zhang, 2008; Polyakov 
et al., 2010; McCarthy et al., 2015; Frajka-Williams et al., 2017; Desbruyères et al., 2020) and its associated 
mechanisms (Zhang et al., 2019), the origin of deeper subpolar variability is not yet clear, and various theories 
exist on the mechanisms of deep ventilation. Reconciling these perspectives is important for improving model 
representation and predictability of the deep ocean (Kieke & Yashayaev, 2015), and for our understanding of how 
biogeochemical variables such as CO2 and nutrients are sequestered (Fröb et al., 2016; Hill et al., 2004).

The central Labrador Sea is considered a primary location of deep ventilation. This has commonly been thought 
to occur through variability in open-ocean deep convection strength, particularly in terms of how it enables 
time-varying changes in ocean column-integrated buoyancy exchange with the atmosphere (Kieke & Yashay-
aev, 2015; van Aken et al., 2011; Yashayaev & Loder, 2016). Yet, observational analyses show that the strength 
of Labrador Sea deep convective ventilation varies at decadal timescales, whereas deep temperature and salinity 

Abstract The ventilation of the central Labrador Sea is important for the uptake of ocean tracers and 
carbon. Using historical ocean observations, we construct a simple multiple linear regression model that 
successfully reconstructs the decadal variability of the upper ∼2,000 m of the central Labrador Sea water 
properties based on observed indices that represent two different open-ocean ventilation mechanisms. The 
first mechanism is the modification of deep ocean properties through local decadal variability of the Labrador 
Sea deep convective mixing. The second, more novel, mechanism is the climatological convective vertical 
redistribution of upper central Labrador Sea temperature and salinity anomalies associated with the nonlocal 
large-scale subpolar Atlantic Multidecadal Variability and the Atlantic Meridional Overturning Circulation. The 
ventilated decadal central Labrador Sea signal subsequently spreads into the western subpolar North Atlantic. 
The results have important implications for predicting decadal ventilated signals in the Labrador Sea that are 
associated with the large-scale climate variability.

Plain Language Summary The central Labrador Sea is a globally-important region for the 
modification of deep temperature and salinity. However, the nature of the ventilation mechanisms of the central 
Labrador Sea is not well understood. The conventional perspective is that time-varying convective mixing in 
the central Labrador Sea actively modifies deep properties by mediating exchange with the atmosphere. Here 
using historical ocean observations, we show that in addition to this mechanism the Labrador Sea open-ocean 
deep convection also acts to vertically redistribute large-scale upper ocean anomalies that can originate outside 
of the central Labrador Sea and that are associated to variations in the Atlantic Multidecadal Variability, the 
dominant mode of basin-wide low frequency temperature and salinity fluctuations. Using a simple multiple 
linear regression model, which combines predictors for the two mechanisms that affect deep central Labrador 
Sea properties, we demonstrate that we can closely reconstruct the observed decadal variability of the 
upper ∼2,000 m of the central Labrador Sea temperature, salinity and density. The results will help with the 
development of decadal prediction systems by improving our understanding of the mechanisms leading to 
decadal variability in the deep ocean.
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vary at multidecadal timescales (van Aken et al., 2011). Such multidecadal property anomalies averaged over the 
western subpolar North Atlantic, and over 700-to-2500 m depth, lag the mutually-coherent near-surface low-fre-
quency anomalies by about 5 years (Hodson et al., 2014), indicating downward propagation. Furthermore, since 
the subpolar upper ocean temperature and salinity anomalies are strongly coherent with each other, which only 
occurs at decadal and longer timescales and is a key element of the observed AMV, these anomalies likely asso-
ciate with the large-scale subpolar circulation and the Atlantic Meridional Overturning Circulation (AMOC) 
(Yan et al., 2019; Zhang, 2017; Zhang et al., 2019). This vertical redistribution of larger-scale variability would 
likely stand as a distinct ventilation mechanism from that induced by variability in open-ocean deep convec-
tion strength. Recently, it has been suggested that the mechanism of downward propagation of upper subpolar 
AMV-related temperature anomalies through boundary vertical advection and diffusion is the dominant origin 
of deep temperature variability in the subpolar gyre (Desbruyères et al., 2020). Here, we instead focus on the 
central Labrador Sea region to understand the role of open-ocean deep convection in the vertical redistribution of 
upper ocean AMV-related anomalies of both temperature and salinity in the central Labrador Sea, as described in 
Figure 1a, and determine its relative importance compared to deep convective variability.

In this study, we use historical observations to assess the two different roles of convective vertical mixing in the 
deep properties of the central Labrador Sea, where mixed layers (Holte et al., 2017) and low Potential Vorticity 
(PV) (Li et al., 2019; van Aken et al., 2011) are deepest. We construct a simple multiple linear regression model 
for the decadal ventilation of the central Labrador Sea temperature and salinity, which demonstrates that both 

Figure 1. (a) Schematic of the “downward convective redistribution” mechanism over the central Labrador Sea. Maps of the EN4 (b–f) 270 m and (g–k) 1380 m 
decadal North-West Atlantic subpolar temperatures regressed onto the subpolar Atlantic Multidecadal Variability (AMV) index, at lags increasing from −2 to 6 years. 
Regressions are normalized per unit standard deviation of the subpolar AMV index (Units °C), and stippling represents significance at 95%.

(b)  T vs AMV, 270m, lag -2yrs (c)  T vs AMV, 270m, lag 0yrs (d)  T vs AMV, 270m, lag 2yrs (e)  T vs AMV, 270m, lag 4yrs (f )  T vs AMV, 270m, lag 6yrs

(g)  T vs AMV, 1380m, lag -2yrs (h)  T vs AMV, 1380m, lag 0yrs (i)  T vs AMV, 1380m, lag 2yrs (j)  T vs AMV, 1380m, lag 4yrs (k)  T vs AMV, 1380m, lag 6yrs

66

64

62

60

58

56

54

66

64

62

60

58

56

54

-60 -50 -40 -60 -50 -40 -60 -50 -40 -60 -50 -40 -60 -50 -40

0.3

oC

0.2

0.1

0

-0.1

-0.2

-0.3

0.2

oC

0.15

0.1

0

-0.05

-0.1

-0.15

0.05

-0.2

(a)



Geophysical Research Letters

THOMAS AND ZHANG

10.1029/2022GL098825

3 of 11

the time-varying convective vertical mixing strength and also the climatological downward convective mixing of 
upper ocean anomalies are important.

2. Data and Methods
2.1. Data

To investigate the central Labrador Sea ventilation mechanisms and to construct the multiple linear regression 
model of decadal variability, we use the following observational data: the UK Met Office EN4.2.1 (henceforth 
EN4) gridded ocean temperature and salinity data set (Good et al., 2013) covering all depths, from years 1951 to 
2019; oxygen concentration at 1500 m in the central Labrador Sea from years 1951 to 2017 (compiled from the 
van Aken et al. (2011) and Rhein et al. (2017) data; we refer readers to these papers and to the supplementary 
section for further details); and the Hadley Center Sea Ice and Sea Surface Temperature (HadISST) data set 
(Rayner et al., 2003) from years 1951 to 2019. Due to the sparseness of early historical ocean observations we test 
the robustness of some conclusions derived from EN4 by applying repeat analyses to the Ishii et al. (2006) grid-
ded data set of temperature and salinity (henceforth Ishii data set). This covers depths down to 1,500 m and years 
1951–2012. Unless otherwise stated, all annual mean data used in this manuscript are 10 years low-pass filtered, 
and nonlinearly detrended. See the Supporting Information S1 extended data description for more information.

2.2. A Multiple Linear Regression Model of the Central Labrador Sea Decadal Ventilation

We construct a simple multiple linear regression model for the Labrador Sea deep variability based on two 
observed indices that represent two different ventilation mechanisms. The first mechanism is the modification 
of deep-water properties through decadal variability in deep convection strength, which can modify the rate of 
vertical mixing and mediate fluxes between the deep ocean and the atmosphere. The second mechanism is the 
climatological convective vertical redistribution of upper-ocean temperature and salinity anomalies, with decadal 
variability that can originate outside of the Labrador Sea. Since these two mechanisms are not fully independent 
(discussed further below), we use a multiple regression method that can also account for the inter-correlation 
between the two predictors. We henceforth refer to the two mechanisms as “time-varying convective ventila-
tion” and “downward convective redistribution of upper ocean anomalies”, for which we respectively construct 
observed indices as follows:

1.  The observed oxygen concentration at 1500 m (𝐴𝐴 O
1500𝑚𝑚

2
 ) in the central Labrador Sea (the domain shown by the 

black box in Figure 1) (Figure 3b). It depends primarily on the downward time-varying mixing of near-surface 
waters, and is a good indicator of deep convection strength since winter near-surface concentrations remain 
relatively constant in time (e.g., Rhein et al., 2017; van Aken et al., 2011; Yashayaev & Loder, 2016). Above 
the permanent thermocline at 1500m its concentration reflects deeper convective events (as compared to the 
summer thermocline depth of 100 m; Holte et al., 2017). This oxygen index is strongly anti-correlated with 
the central Labrador Sea PV at the same level over the past several decades (van Aken et al., 2011), suggesting 
that it is a reliable indicator for the time-varying Labrador Sea deep convection. Oxygen concentration also 
does not rely on calculations of vertical density gradients, which can amplify noise in patchy historical data. 
There is no significant trend in 𝐴𝐴 O

1500𝑚𝑚

2
 over the period 1951–2017 (see SI for significance testing).

2.  The observed temperature and salinity at 270 m depth and averaged over the central Labrador Sea (black box 
in Figure 1), henceforth T 270m and S 270m respectively (Figure 3a). T 270m and S 270m (In the absence of a strong 
correlation to 𝐴𝐴 O

1500𝑚𝑚

2
 ) can be used as indicators of the near-surface anomalies that can be redistributed down-

ward below the base of the summer thermocline. Any positive covariance of the 270 m indices with the deeper 
properties would indicate that both positive and negative anomalies are mixed downward. These near-surface 
anomalies exhibit multidecadal variability that differs from the convective variability, and are associated with 
the large-scale AMV signal that can be generated remotely outside of the Labrador Sea region.

Use of the 270 m properties is preferable to the properties at the surface, where seasonal stratification and atmos-
pheric damping are stronger and where freshening events like the great salinity anomaly (Dickson et al., 1988) 
can affect the surface stratification to create isolated surface temperature and salinity anomalies. While simply 
defined, we also assume it to represent the region below the summer thermocline from where properties are 
ventilated into the permanent thermocline.
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Using 𝐴𝐴 O
1500𝑚𝑚

2
 and the subsurface properties (T 270m and S 270m) as predictors, we construct a multiple linear regres-

sion model (Zhang, 2015) of central Labrador Sea temperature and salinity at all depths according to

𝑇𝑇 (𝑧𝑧𝑧 𝑧𝑧) = −𝛼𝛼𝑇𝑇 (𝑧𝑧)𝑂𝑂
1500𝑚𝑚

2
(𝑧𝑧 − 𝜏𝜏𝑇𝑇 (𝑧𝑧)) + 𝛽𝛽𝑇𝑇 (𝑧𝑧)𝑇𝑇

270𝑚𝑚 (𝑧𝑧 − 𝜆𝜆𝑇𝑇 (𝑧𝑧)) + 𝜖𝜖𝑇𝑇 (𝑧𝑧)𝑧 (1)

𝑆𝑆(𝑧𝑧𝑧 𝑧𝑧) = −𝛼𝛼𝑆𝑆 (𝑧𝑧)𝑂𝑂
1500𝑚𝑚

2
(𝑧𝑧 − 𝜏𝜏𝑆𝑆 (𝑧𝑧)) + 𝛽𝛽𝑆𝑆 (𝑧𝑧)𝑆𝑆

270𝑚𝑚 (𝑧𝑧 − 𝜆𝜆𝑆𝑆 (𝑧𝑧)) + 𝜖𝜖𝑆𝑆 (𝑧𝑧)𝑧 (2)

where T and S are the time- and depth-dependent reconstructed central Labrador Sea temperature and salinity, α 
and β are the depth-dependent regression coefficients for the time-dependent 1500m oxygen (𝐴𝐴 O

1500𝑚𝑚

2
 ) and subsur-

face property predictors (T 270m, S 270m), and ϵT and ϵS are the corresponding noise, respectively. τ and λ represent 
depth-dependent temporal lag offsets between the predictor and reconstructed variables, which are restricted to 
non-negative values so that the predictors either lead or are in-phase with the reconstructed variables. Subscripts 
T and S denote whether application is to the temperature or salinity regression models, respectively. Since the two 
mechanisms act on temperature and salinity variability, and not directly on water density, the depth-dependent 
reconstruction for Labrador Sea density, σ2, is calculated from the reconstructed T and S according to the equation 
of state for seawater.

The two predictors are not fully independent, since variable convective mixing can affect subsurface temper-
atures and salinities, and vice versa through pre-conditioning for convection (Oltmanns et  al.,  2018; Straneo 
et al., 2003). However, in addition to locally generated variability, the 270 m properties can also exhibit vari-
ability that originates from outside of the Labrador Sea. Accordingly, we find that 𝐴𝐴 O

1500𝑚𝑚

2
 lag-correlates with 

T 270m at −0.51 at 4 years lag (i.e., with temperatures lagging 𝐴𝐴 O
1500𝑚𝑚

2
 ) that is not significant at 95%, and with S 270m 

at −0.57 at −7 years lag (salinities leading 𝐴𝐴 O
1500𝑚𝑚

2
 ) that is significant at 95% (see SI for significance testing). 

The negative lag between convective variability and S 270m suggests a possible pre-conditioning timescale for 
the time-varying convection, while the positive lag of the relationship with T 270m may just be due to noise in 
this non-significant correlation. The effect of these inter-correlations between predictors is accounted for by the 
regression  coeffi cients in the multiple regression model, and does not hinder its usage.

Finally, to study the linkage of the subpolar properties with the large-scale signal, we calculate the subpolar AMV 
index as the subpolar-average (from 50°N to 65°N) of residual HadISST Sea Surface Temperature (SST) anom-
alies. The residual SST is the SST anomaly with the globally-averaged SST anomaly removed by regressing at 
each location (Zhang et al., 2019). We also derive the observed timeseries of the so-called AMOC fingerprint in 
EN4 (Tsub; Zhang, 2008), a previously identified proxy for the multidecadal AMOC variability, that is defined as 
the leading Empirical Orthogonal Function (EOF) mode of detrended 400 m temperature anomalies in the North 
Atlantic from 30 to 65°N and 0–80°W.

3. Results
3.1. Decadal Ventilation in the Central Labrador Sea

We demonstrate that the central Labrador Sea acts as the principle ventilation chimney of decadal anomalies, first 
by lag-regressing the observed 270 and 1380 m temperatures with the subpolar AMV index (Figure 1; Figures 
S1a–S1j in Supporting Information S1) and AMOC fingerprint (Figures S1k–S1t in Supporting Information S1). 
The 270 m temperature anomalies associated with the AMV develop in the northern subpolar gyre, peaking at 
zero lag before then weakening (see also Drews & Greatbatch, 2017). The development of this signal is spread 
over the boundary regions of the subpolar gyre, and mixed into the upper central Labrador Sea through lateral 
eddy mixing occurring throughout the upper ocean here (Bracco et al., 2008; Pennelly & Myers, 2022; Tagklis 
et al., 2020). The deep temperature signal subsequently develops in the deep convective region of the Labrador 
Sea, before then laterally spreading. Although historical data are geographically sparse, possibly biasing statisti-
cal signatures, the deep anomaly patterns are consistent with the vertical convective redistribution mechanism that 
occurs in the Labrador Sea deep convection site (Figure 1a). Since net vertical advection is small in convection 
patches (Send & Marshall, 1995), and vertical mixing is high (of 1 m 2 s −1 or higher; Marshall & Schott, 1999), 
the results suggest that the vertical redistribution of these external anomalies inside the central Labrador Sea is 
achieved through deep-convective mixing.

Similar spatial spreading patterns are found for salinity anomalies lag-regressed onto the subpolar AMV 
index (Figures S2a–S2j in Supporting Information  S1). And lag-regressions of the subsurface and deep 
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temperature/salinity anomalies on the observed AMOC fingerprint also exhibit similar results (Figures S1k–S1t 
and S2k–S2t in Supporting Information S1), suggesting that coherent deep central Labrador Sea temperature 
and salinity anomalies lag the AMV and AMOC, not the other way around as has traditionally been assumed. 
Finally, anomalies spread eastward in a pattern that is consistent with the observed pathways of Labrador Sea 
water (Bower et al., 2009; Lavender et al., 2000; Zou & Lozier, 2016) (Figures S1, S2, and S3 in Supporting 
Information S1). Similar to the spreading pattern of the AMV signature, the central Labrador Sea temperature 
and salinity anomalies at 1870 m that are associated with time-varying Labrador Sea deep convection also spread 
into the deep North Atlantic (Figure S3 in Supporting Information S1). While the Nordic Seas are also important 
for ventilation of deep waters (Gebbie & Huybers, 2011), they are less important for the decadal to multidecadal 
signal here. And although the Labrador Sea open-ocean deep convection makes a relatively weak contribution 
to the AMOC strength ( Lozier et al., 2019; Pickart and Spall, 2007; Zhang and Thomas, 2021), it is important 
for ventilation.

To determine the vertical coherence and track the downward propagation of ventilated anomalies, Figures 2a–2c 
shows depth-time Hovmöller diagrams of the detrended temperature, salinity and density anomalies averaged 
over the central Labrador Sea (black box in Figure 1f). It is first worth noting that, unlike earlier estimates using 
shorter timeseries data (Curry et al., 2003; Levitus et al., 2000), the EN4 and Ishii Labrador Sea properties exhibit 
only small trends that are not significant over this timeframe at any depth (not shown). This is consistent with 
Zanna et al. (2019) who show that the observed ocean heat uptake over the historical period has occurred primar-
ily in the Southern Ocean and mid-latitudes.

Figure 2. Depth versus time Hovmöller diagram for the area-averaged central Labrador Sea anomalies of (a, d, g, and j) temperature (°C), (b, e, h, and k) salinity (psu), 
(c, f, i, and l) density (σ2; kg m −3). (a–c) Observations, and their reconstructions based on the (d–f) multiple linear regression models, (g–i) the 𝐴𝐴 O

1500𝑚𝑚

2
 -based linear 

regression models and (j–l) the 270 m property-based linear regression models.
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The detrended Labrador Sea property anomalies undergo strong decadal to multidecadal variability (e.g., Hodson 
et al., 2014; Yashayaev & Loder, 2016). This is true for anomalies of both polarities, and not just the cold events 
that are often the focus (Figures 2a–2c). Before application of the multiple linear regression, it is helpful to deter-
mine the relationship of central Labrador Sea properties to each ventilation process. In Figure 3 we lag correlate 
the properties, at every depth, with the two predictors, 1500 m O2 (for convective variability) and the 270 m 
properties, T 270m and S 270m (for convective redistribution). The temperatures are positively correlated to T 270m 
at all depths, with lag time increasing with depth (Figure 3c), indicating that both positive and negative upper 
temperature anomalies are redistributed downward. The signal between ∼500 m and ∼1500 m has near-constant 
phase and amplitude (Figures 2j–2l), with a vertical propagation timescale that is too short to be accounted for by 
the roughly 150 m/yr vertical velocities found in the Labrador boundary current (Liang et al., 2017). Similarly, 

Figure 3. Timeseries of the (a) 270 m and (b) 𝐴𝐴 O
1500𝑚𝑚

2
 predictors. Lag correlation of the (c,d) temperature and (e,f) salinity at 

each depth between (c) T 270m, (e) S 270m, and (d,f) 𝐴𝐴 O
1500𝑚𝑚

2
 . Stippling represents 95% significance.
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the near-constant phase and amplitude cannot be explained by an effective vertical diffusivity of 3 × 10 −3 m 2 s −1, 
intended to account for all boundary mixing processes (including eddies) (Desbruyères et al., 2020), which would 
take approximately a decade to mix anomalies across this 1000  m distance and would depreciate the signal 
with depth. The fast propagation over this depth range is instead consistent with the high mixing rate within the 
low-PV central Labrador Sea deep convection region, where mixing coefficients can exceed 1 m 2 s −1 (Marshall 
& Schott, 1999). Over this region, the PV/stratification is low from 500 to 1500 m, and relatively higher above 
and below this depth range (van Aken et al., 2011). Hence above 500 m and below 1500 m, the vertical mixing 
is relatively weaker, requiring longer timescales to mix across the depth ranges 270–500  m (∼2  years) and 
1,500 m–2,000 m (∼3 years). At deeper depths, the reach of climatological convective mixing diminishes leading 
to longer lag times, possibly as other processes become important.

The effects of the redistribution mechanism weaken with depth (Figures 3c and 3e) as convective variability 
becomes increasingly important (Figures 3d and 3f). Negative correlations between temperature and 𝐴𝐴 O

1500𝑚𝑚

2
 are 

found at all depths (Figure 3d), indicating that there is also column heat loss to the atmosphere (e.g., Yashayaev 
& Loder, 2016), peaking at ∼1600 m as the effects of the downward redistribution mechanism diminish. Corre-
lations then weaken again below the permanent thermocline where colder temperatures are less sensitive to heat 
loss. As noted by Rhein et al. (2017), while O2 saturation is a function of temperature, an upper bound of only 
4 μmol kg −1 change in O2 solubility equilibrium is associated with a 0.5°C decadal temperature change at the 
Labrador Sea Water layer. This is relatively small compared to the range of 𝐴𝐴 O

1500𝑚𝑚

2
 decadal variability over this 

temperature range (Figure 3b).

The ventilation predictors share similar general relationships with the salinities as the temperatures, with a posi-
tive correlation to S 270m in the upper ocean (Figure 3e) giving way to a stronger negative correlation to 𝐴𝐴 O

1500𝑚𝑚

2
 at 

depth (Figure 3f). A negative correlation to 𝐴𝐴 O
1500𝑚𝑚

2
 at all depths suggests that during stronger convection decades, 

a column salinity reduction or storage of freshwater occurs over the Labrador Sea convection region that is likely 
associated with enhanced atmospheric freshwater forcing and/or enhanced lateral oceanic freshwater transport 
convergence. This salinity correlation is most apparent below ∼1.7 km depth where the background salinity is 
higher and more sensitive to changes in convective mixing strength. That is, the salinity contrast between periods 
of strong and weak deep convection below 1.7 km depth is larger than that above 1.7 km depth (e.g., Yashayaev 
& Loder, 2016), and thus less affected by noise. The longer lag times found at these depths also indicates that 
mechanisms beyond the local convective mixing may become important here, such as the influence of the over-
flow water, horizontal exchange with water in the boundary and Irminger Sea, or vertical diffusion.

Similar lag-correlation analyses applied to the Ishii et al. (2006) temperature and salinity data produces qualita-
tively similar results to those from EN4 (Figure S4 in Supporting Information S1), lending support to the robust-
ness of the datasets and findings.

3.2. Labrador Sea Properties Reconstructed by the Multiple Regression Model

The differing relationships of the central Labrador Sea properties with the two ventilation mechanisms indicate 
the possibility of constructing a multiple linear regression model based only on the two ventilation indices. Using 
Equations 1 and 2 we reconstruct timeseries of central Labrador Sea temperature and salinity separately at each 
depth level, with lag times λ and τ chosen according to the depth-dependent lags of maximum correlation iden-
tified in Figure 3. Since we expect each mechanism to impact T and S in a similar manner (even if the respective 
magnitudes of these impacts differ), lag times are selected so that λT = λS and τT = τS at each depth level. Our 
main conclusions are not affected, however, if lag timescales are allowed to vary independently for T and S. λ is 
set equal to the lag of maximum positive correlation between T 270m and T at each depth: this is because the salinity 
correlations are noisier and, as described below, the Ishii et al. (2006) Labrador Sea salinities are less noisy with 
more similarity to temperature, thereby indicating that the EN4 salinity noise could be unrealistic. τ is chosen 
according to: the lags of significant negative correlation between T and 𝐴𝐴 𝐴𝐴

1500𝑚𝑚

2
 over the 1000–2000 m depth range; 

the lags of significant correlation between S and 𝐴𝐴 𝐴𝐴
1500𝑚𝑚

2
 below 2000 m; and tau = 0 years above 1000 m where 

correlations are not significant. We note some data set dependence in τT, which at 1500 m depth is 2 years in EN4 
while in the Ishii data it is closer to 1 year (Figure S4 in Supporting Information S1).

Figures 2d and 2e shows the multiple regression model reconstructions of the central Labrador Sea T and S, 
and Figure 2f shows reconstructed σ2 calculated from the T and S reconstructions. For comparison, the single 
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variable linear regression model reconstructions are also calculated using each of the two predictors separately 
(Figures 2g–2l). In the top ∼2000 m, the multiple regression model reconstructed T consistently achieves coef-
ficients exceeding 0.9 (∼0.97 at 1380 m depth) when correlated with the observed data (Figure 4b). Since the 
270 m anomalies are related to the remote basin-scale anomalies described by the subpolar AMV (Figure 1), if we 
use the subpolar AMV index instead of T270m as the multiple regression predictor then the reconstruction is also 
reasonable but the peak correlation with the observed data is reduced from ∼0.97 to ∼0.85.

The skill of the multiple regression model reconstructions can be compared to the two single-variable regression 
reconstructions, which capture the shifting relative importance of the two predictors with depth (Figure 4). The 
anomalies reconstructed by each of the two individual ventilation mechanisms exhibit comparable amplitudes 
and they counter or reinforce each other during different periods (Figures 2 and 4). Only by accounting for both 
ventilation mechanisms in the multiple regression model do we achieve the best comparison with observations 
(Figures 2 and 4). Due to correlation between the two predictors, the sum of the two single regression models 
includes a redundant inter-correlated term. This term can be diagnosed as the difference between the multiple 
regression reconstruction (without the redundant term) and the sum of the two single regression reconstructions, 
which typically has a magnitude of only ∼15% of the multiple regression reconstruction.

Figure 4. (a,b) Temperature, (c,d) salinity and (e,f) density (a,c,e) timeseries for the (thick black line) original, (thick 
magenta line) multiple linear and (thin lines) single-variable regression models (colored lines; see legend) at 1,380 m, and 
(b,d,f) correlation coefficients at each depth between the regression models and the original timeseries (using the same 
legend). All multiple linear regression model correlation coefficients that exceed ∼0.75 in each case are significant at 95%.
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For salinity reconstructions, in the approximate depth range of 500–1100 m, the correlations between multiple 
regression reconstructed and observed salinity anomalies are typically only approximately 0.66–0.7 due to a 
weaker relationship with S 270m. It isn't clear if this is because historical salinity data is noisier than temperature 
data. However, while similar general results are obtained using the Ishii et al. (2006) data, its salinity data is less 
noisy and allows a better reconstruction (Figure S5 in Supporting Information S1). The EN4 salinity reconstruc-
tions then increase in accuracy toward deeper depths (∼0.91 at 1868 m depth) due to the stronger relationship 
with 𝐴𝐴 O

1500𝑚𝑚

2
 (Figure 3f), as described earlier.

The multiple regression reconstructed density timeseries achieves correlations with observations that typically 
exceed 0.85 in the depth-range ∼500–1600 m (peaking at 0.91; Figure 4). This is despite the relatively poor 
salinity reconstruction at these depths. The conclusions from the multiple regression model are not sensitive to 
the chosen size of the central Labrador Sea domain (black box in Figure 1g). However, if the box is enlarged to 
encompass the whole Labrador Sea region then the multiple regression model correlations are slightly worsened.

4. Conclusion and Discussion
In this study, using historical observations, we constructed a simple and novel multiple linear regression model, 
which successfully reconstructs the evolution of the upper ∼2,000 m of the central Labrador Sea water properties 
(Figures 2 and 4). Applied separately to temperature and salinity, the multiple regression model uses only two 
observed predictors, the anomalous oxygen concentration at 1500 m depth and the property anomaly at 270 m 
in the central Labrador Sea, to represent two different ventilation mechanisms over the open-ocean deep convec-
tion region. The first mechanism, which modifies ocean column properties through decadal variability of deep 
convective mixing, is well known. The second mechanism is more novel, and is the vertical redistribution of 
coherent multidecadal near-surface property anomalies (associated with the observed subpolar AMV index and 
the AMOC) into the deep ocean via central Labrador Sea convective mixing, where low vertical stratification 
and PV are found. As such, the central Labrador Sea region acts as an important ventilation chimney to the deep 
ocean through two important processes of open-ocean deep convection: the contribution due to the time-vary-
ing deep convection and the contribution from the climatological downward convective redistribution of upper 
ocean anomalies. While both are related to convective mixing, and they impact on each other through mutual 
(and time-dependent) conditioning of the water column and its convective stability, the two mechanisms lead to 
distinct ventilated variability. Only by accounting for both ventilation mechanisms do we achieve the best recon-
structions of observations, in contrast to many previous studies that only considered the convective variability 
as important. The salinity and temperature reconstructions can subsequently be used to successfully reconstruct 
density variability.

The temperature and salinity anomalies in most regions in the deep western subpolar North Atlantic lag the 
observed subpolar AMV and AMOC indices (Figure 1; Figure S2 in Supporting Information S1), since it takes 
some years for signals to translate into the deep ocean and then radially spread. These propagation timescales 
between the near-surface Labrador Sea and the deep subpolar North Atlantic (Figures 1 and 2) therefore bring the 
results into consistency with earlier studies that show the multidecadal variability of the upper and deeper subpo-
lar gyre are opposed over much of the region when calculated at zero lag (Kim et al., 2018; Polyakov et al., 2010). 
Similar results to those studies can be reproduced using the EN4 data (not shown).

The results of this study have important implications for understanding and predicting the decadal ventilated 
signal in the central Labrador Sea that is associated with the large-scale climate variability. Both ventilation 
mechanisms are important sources of deep variability that counter or reinforce each other during different peri-
ods, and this knowledge will help guide efforts in creating prediction models of the central Labrador Sea. Many 
climate models do not accurately represent Labrador Sea deep convection (Roberts et al., 2020) and its associated 
ventilation mechanisms, and improving its representation in models will be important both for better decad-
al-mutidecadal prediction as well as for gaining a better understanding of the processes and interactions involved. 
Our simple approach of combining two ventilation mechanisms might also be revised and expanded to understand 
and predict the ventilation of other tracers spread from the central Labrador Sea into the deep subpolar North 
Atlantic.
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Data Availability Statement
Observational data used in this study can be accessed at the following sources: EN4 and HadISST can be 
accessed at the Met Office webservers at https://www.metoffice.gov.uk/hadobs/en4/ and https://www.metoffice.
gov.uk/hadobs/hadisst/, respectively; the Ishii data set from https://doi.org/10.5065/Y6CR-KW66; and oxygen 
concentration data from van Aken et al. (2011, https://doi.org/10.1016/j.dsr.2011.02.008) and Rhein et al. (2017, 
https://doi.org/10.1098/rsta.2016.0321).
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