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ABSTRACT: Decadal thermohaline anomalies carried northward by the North Atlantic Current are an important source
of predictability in the North Atlantic region. Here, we investigate whether these thermohaline anomalies influence
surface-forced water mass transformation (SFWMT) in the eastern subpolar gyre using the reanalyses EN4.2.2 for the
ocean and the ERAS for the atmosphere. In addition, we follow the propagation of thermohaline anomalies along two
paths: in the subpolar North Atlantic and the Norwegian Sea. We use observation-based datasets (HadISST, EN4.2.2, and
Ishii) between 1947 and 2021 and apply complex empirical orthogonal functions. Our results show that when a warm anomaly
enters the eastern subpolar gyre, more SFWMT occurs in light-density classes (27.0-27.2 kg m™>). In contrast, when a cold
anomaly enters the eastern subpolar gyre, more SFWMT occurs in denser classes (27.4-27.5 kg m ). Following the thermoha-
line anomalies in both paths, we find alternating warm-salty and cold—fresh subsurface anomalies, repeating throughout the
74-yr-long record with four warm-salty and cold-fresh periods after the 1950s. The cold-fresh anomaly periods happen
simultaneously with the Great Salinity Anomaly events. Moreover, the propagation of thermohaline anomalies is faster
in the subpolar North Atlantic (SPNA) than in the Norwegian Sea, especially for temperature anomalies. These findings
might have implications for our understanding of the decadal variability of the lower limb of the Atlantic meridional over-
turning circulation and predictability in the North Atlantic region.

SIGNIFICANCE STATEMENT: Anomalously warm-salty or cold—fresh water, carried by the North Atlantic Current
toward the Arctic, is a source of climate predictability. In this study, we investigate 1) how these ocean anomalies influence
the transformation of water masses in the eastern subpolar gyre and 2) their subsequent propagation poleward and north-
westward. The key findings reveal that anomalously warm waters entering the eastern subpolar gyre lead to increased
transformation in lighter water masses, while cold anomalies affect denser water masses. These anomalies propagate
more than 2 times faster toward the Greenland coast (northwestward) than toward the Arctic (poleward). Our find-
ings contribute to enhancing the understanding of decadal predictability in the northern North Atlantic, including its
influence on the Atlantic meridional overturning circulation.
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Decadal variability; Oceanic variability

1. Introduction

The Atlantic meridional overturning circulation (AMOC)
in the subpolar North Atlantic Ocean involves the transfor-
mation of warm surface waters, in the northward-flowing
North Atlantic Current (NAC), into cold and dense waters
transported southward (Lozier et al. 2019; Petit et al. 2020).
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Recent studies have demonstrated that a large part of this
transformation takes place in the eastern subpolar gyre (east
of 30°W) by local buoyancy forcing (Lozier et al. 2019; Li et al.
2021; Koman et al. 2022). Variations in the buoyancy-driven
water mass transformation can be a result of both variable
air-sea fluxes and changes in the surface density field. For
the eastern subpolar gyre, Petit et al. (2021) showed that sur-
face density rather than buoyancy fluxes influences changes
in the transformation of Subpolar Mode Water. However,
others highlight the role of buoyancy fluxes (Petit et al. 2020;
Grist et al. 2016; Lozier et al. 2017).

In the eastern subpolar gyre, the temperature and salinity
variability on decadal time scales is associated with the pro-
pagation of anomalies along the NAC (Holliday et al. 2008;
Arthun et al. 2017). Several studies suggest that a combina-
tion of ocean advection and the local atmosphere—-ocean in-
teraction governs the propagation of anomalous temperature
(e.g., Saravanan and Mcwilliams 1998; Krahmann et al. 2001).
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However, recent studies have pointed out ocean advection as the
main mechanism driving decadal changes in ocean heat content
and temperature variability of water masses within the eastern
subpolar gyre (de Boisséson et al. 2012; Desbruyéres et al.
2015).

Variations in water mass transformation influence AMOC’s
lower limb on interannual to decadal time scales (Marsh
2000). Recently, Desbruyéres et al. (2019) highlighted the
role of water mass transformation in high latitudes as a sur-
face predictor for AMOC’s lower limb variability, with a
5-6-yr time lag. While previous literature suggests a connec-
tion between the surface-forced water mass transforma-
tion (SFWMT) and thermohaline (temperature and salinity)
anomalies carried by currents in the eastern subpolar gyre
(Thierry et al. 2008), a clear understanding of this link is still
lacking. Thus, the primary focus of this paper is to investigate the
extent to which decadal thermohaline anomalies are reflected in
the SFEWMT within the eastern subpolar North Atlantic.

The thermohaline anomalies carried by the NAC can follow
two main routes after crossing the eastern subpolar region
(Fig. 1): 1) following a northwestward branch in the subpolar
North Atlantic, going all the way to the Labrador Sea (Daniault
et al. 2016); and 2) following a northward branch, crossing the
Iceland—Scotland Ridge, reaching the Norwegian Sea and later
the Barents Sea and the Fram Strait.

The thermohaline anomalies that cross the Iceland-Scotland
Ridge impact Arctic sea ice (Yeager et al. 2015; Arthun et al.
2012) and marine ecosystems (Fossheim et al. 2015; Fransner et al.
2023) and have been suggested as a main source of climate
predictability in the Norwegian Sea and the Barents Sea on
the decadal time scale (Onarheim et al. 2015; Arthun et al.
2017). On the other hand, the propagation of anomalous heat
and salt that follows the northwestward branch holds impli-
cations for the climate variability on the south coast of
Greenland and the Labrador Sea (Belkin et al. 1998; Belkin
2004). Along the two pathways, there are likely differences
in air-sea interaction and mixing with other water masses,
which may result in different evolution of the thermohaline
anomalies. Therefore, the secondary focus of this paper is to
compare the differences and similarities in the propagation
of thermohaline anomalies along these two pathways after
their advection through the eastern subpolar gyre.

Decadal variability in North Atlantic sea surface temperatures
has been associated with predictable fluctuations in the climate
over western Europe and North America (Collins and Sinha
2003; Jacob et al. 2005; Yin and Zhao 2021). A better understand-
ing of thermohaline anomalies in the North Atlantic Ocean and
its along-path modification could, therefore, benefit society
through the improvement of long-term forecasts (Merryfield et al.
2020; Payne et al. 2022). Furthermore, this investigation offers
potential observational benchmarks for guiding improvements in
prediction systems within the North Atlantic region.

The paper is structured as follows. Section 2 presents the ob-
servation-based datasets and the methodology used to compute
SFWMT and the complex empirical orthogonal functions
(CEOFs). Section 3 gathers the main results of the study, and
sections 4 and 5 discuss and summarize them, respectively.
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FIG. 1. Mean subsurface temperature at 315 m for the North
Atlantic—Arctic region highlighting the SPNA-pathway (red circles)
and the NS-pathway (purple circles). Throughout the document,
stations from the SPNA-pathway are denoted as SPNA-stl until
SPNA-st6, while stations from the NS-pathway are referred to as
NS-stl until NS-st6. The black polygon defines the eastern subpolar
gyre. The continuous white lines are the isolines of 500, 800, and
1100 m of the mean winter mixed layer depth for 1947-2021. The
results are from EN4.2.2. The pink arrows, together with the white
arrow, represent the circulation of the SPNA gyre, where NAC is
the North Atlantic Current and its south, central, and north
branches. BSO is the Barent Sea Opening, while the FS outside the
map is the Fram Strait.

2. Data and methods
a. Observation-based datasets

To evaluate the variability of temperature and salinity in the
North Atlantic, we mainly use the objective analyses of Met Of-
fice quality-controlled ocean temperature and salinity (Good
et al. 2013) version EN4.2.2. In addition to EN4.2.2, we also uti-
lize other datasets to assess the sensitivity of our results. These
include the Met Office Hadley Centre Sea Ice and Sea Surface
Temperature dataset, version 1.1 (HadISST1.1) (Rayner et al.
2003), and the Ishii Ocean Analyses Project dataset (Ishii et al.
2005). While slight variations exist among the datasets, our
overall findings remain consistent and are not significantly
affected by these differences. All datasets are available in a
regular grid with a spatial resolution of 1° X 1° and monthly
temporal resolution. Please refer to Table 1 for more de-
tailed information.

The analysis focuses on the boreal winter due to the most
vigorous atmosphere—ocean coupling during this period when
SST variability reflects upper-ocean heat content variability
as SST anomalies reach the base of the deep winter mixed
layer (Alexander and Deser 1995; Watanabe and Kimoto 2000).
Winter is defined here as January—April. To evaluate the vari-
ability of hydrographic anomalies (temperature and salinity), we
defined stations following the pathway of the Atlantic Water
within the subpolar North Atlantic (SPNA) and Norwegian
Sea (NS) (red and purple circles, respectively, Fig. 1). To de-
fine the stations in the NS-pathway, we referred to previous
studies by Arthun et al. (2017) and Langehaug et al. (2018).
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TABLE 1. Observation-based datasets used to evaluate the variability of temperature and salinity anomalies in the North Atlantic.
WOD: World Ocean Database. ASBO: Arctic Synoptic Basinwide Oceanography. GTSPP: Global Temperature and Salinity Profile

Programme. COBE: Centennial in situ Observation-Based Estimates of the variability of SST and marine meteorological variables.

The reference period for anomaly calculations considers the “Period analyzed” column for each dataset.

Period analyzed

Data assimilated

HadISST 1947-2021
EN4.22 1947-2021
Ishii 19472012

Met Office Marine, Data Bank, and satellite data
WOD18, GTSPP, Argo, and ASBO
WODO01, GTSPP, Argo, IRD, and COBE

While the stations in the SPNA-pathway do not precisely
align with the anticyclonic gyre in the subpolar North Atlantic,
this deviation does not affect our results. To define the sta-
tions in this pathway, we aimed to follow the position of the
boundary current in the area, by selecting stations within the
1000-2000-m depth range. We kept an equivalent number of sta-
tions to those along the NS-pathway for consistency. Analyzes
for both pathways were performed at the surface and subsurface
(~300 m) for all datasets.

We analyzed the monthly uncertainties provided by the EN4.2.2
product for each station within both pathways (Figs. 1a,b in
the online supplemental material). In the NS-pathway, errors
do not change considerably over time in four out of six sta-
tions for both temperature and salinity (the amplitude of the
error depends on the station). However, across the SPNA-
pathway, errors display more variability, particularly preced-
ing the Argo era, consistent with Bild et al. (2022) analysis,
which found significant monthly salinity uncertainties prior to
this period in EN4.2.2. Moreover, Jones et al. (2023) found
excellent agreement between Argo gridded profiles and EN4
grid cells in depths <2000 m.

In the Norwegian Sea, a comparison between EN4.2.2,
Ishii, HadISST, and direct surface temperature observations
from station M (Hughes et al. 2009) showed similar decadal
variability across all datasets and observations (supplemental
Fig. 2). In the subpolar North Atlantic, Bil6 et al. (2022)
demonstrated that EN4.2.2 exhibits interannual-to-decadal
variability consistent with Global Ocean Reanalysis and Sim-
ulation (GLORYS), Advance Radar for Meteorological and
Operational Research (ARMOR3D), and the Roemmich—
Gilson (RG) Argo floats’ climatology. Notably, both EN4.2.2
and Ishii display similar winter variability in temperature and
salinity across stations in both pathways (supplemental Figs. 1a,b).
Considering this, we hold confidence in utilizing EN4.2.2 for our
decadal analyses in both pathways.

b. Surface-forced water mass transformation

The SFWMT will be quantified according to the method
developed by Walin (1982) and Speer and Tziperman (1992),
which show that the SFWMT in an outcrop region due to sur-
face fluxes is equivalent to the volume transport across the
outcropping isopycnal in an ocean at rest. Other processes
like mixing and entrainment contribute to the water mass
transformation. However, in the subpolar North Atlantic, the
surface fluxes play the main role in water mass transformation
(Marsh 2000; Desbruyéres et al. 2019). The SFWMT is calcu-
lated monthly for each grid point based on the surface buoy-
ancy flux according to Eq. (1) (Speer and Tziperman 1992).

X 1 a S
SFWMT(0) = 5 ”l—C—PQH + B O [ll(o)dxdy,
M

where Cp is the specific heat capacity of water (3996 T kg ' K™ 1);
a and B are the thermal expansion coefficient and haline contrac-
tion coefficient, respectively, calculated varying in time and space;
and S is the nondimensional surface salinity. We estimated all pa-
rameters and potential density using the Gibbs Seawater Oceano-
graphic Toolbox 3.06.12 software (McDougall and Barker 2011).
The Qy is the freshwater flux that is evaporation minus precipita-
tion. The heat flux (Qp) is the surface heat flux, which is the sum
of short-/longwave radiations and sensible/latent heat flux. The lo-
cal buoyancy flux (term in square brackets) is integrated over the
surface area of the associated density bin Ao, using a density bin
width Ao = 0.1 kg m ™. The IT is a boxcar function with IT = 1 if
o is equal to the outcrop density (¢*) and IT = 0 elsewhere. Here,
the density is referenced to the surface since we are analyzing it at
the surface (0 and 5 m) and subsurface depths (300 and 315 m)
and in order to compare with other studies in the area (e.g.,
Desbruyeres et al. 2019; Petit et al. 2021). The density fields are
calculated according to the conventionally derived variable o for
seawater density [Intergovernmental Oceanographic Commission
(IOC) et al. 2010]: 0 = p(Sa, ®) — 1000 kg m ™3, where p is the
density of a sample of seawater at Conservative Temperature ®
and Absolute Salinity Sa.

To estimate the SFWMT, we use monthly surface heat and
freshwater fluxes from the fifth major global reanalysis produced
by European Centre for Medium-Range Weather Forecasts
(ERAS5) atmospheric reanalysis (Hersbach et al. 2020). Surface
temperature and salinity at 5-m depth are derived from EN4.2.2
(described in section 2a). ERAS fluxes have 0.25°-grid resolution
and were interpolated to EN4.2.2 grid (1°). We calculate the
SFWMT for each month and subsequently determine the winter
mean (January—April) for every year. Moreover, we sum the
SFWMT within the eastern subpolar gyre (Fig. 1, black poly-
gon). The area is defined based on mean winter SFWMT be-
tween 1950 and 2017 from EN4.2.2, for each density class from
27.0 to 27.5 kg m™* (supplemental Fig. 3). Thus, we apply a
third-order bandpass Butterworth filter with a cutoff period of
7-40 years (truncated *3 years). We calculate the SFWMT only
for 1947-2020. This is due to filter sensitivity since the inclusion
of 2021 results in unrealistic anomalies at the edges.

¢. Complex empirical orthogonal function analysis

To assess the propagation of thermohaline anomalies, we
use a CEOF introduced by Horel (1984). The CEOF is a
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FIG. 2. EN4.2.2 average of the eastern subpolar region for (a) Conservative Temperature, (b) Absolute Salinity,
and (c) density referenced to the surface. Anomalies are calculated for each layer relative to 1947-2021. A negative
anomaly indicates values below the time average for that specific layer. The time series are filtered with a bandpass fil-
ter of 7-40 years (truncated =3 years). The continuous dark gray line is the filtered mixed layer depth. The dashed

gray line indicates a 300-m depth.

variant of the empirical orthogonal function (EOF). The
EOF is useful for identifying spatial patterns of variability.
The CEOF considers the time order of observations, which
allows it to capture the evolving patterns and temporal vari-
ability in the dataset, providing a quantitative understand-
ing of underlying oscillating mechanisms. The technique
has previously been used to study thermohaline propaga-
tion in the North Atlantic by Furevik (2000) and Arthun
et al. (2017).

A CEOF analysis was applied to the times series of temper-
ature and salinity at each station of the SPNA-pathway (red)
and the NS-pathway (purple) (Fig. 1) to derive the dominant
signals and patterns of their variability (called modes). First, a
third-order 7-40-yr bandpass Butterworth (truncated *+3 years)
filter was applied to the time series of each station, resulting in
a function u(t). The filter size was chosen to focus on decadal
time scales. After, a fast Fourier transform (FFT) was com-
puted, generating both an imaginary and real part from the
time series. Following this, the Hilbert transformation was
performed by adding the imaginary part from the FFT [it ].(t)]
to the original time series [u;(f)], producing a complex time
series rotated by #/2 [Uj(¥)]:

Ui(0) = u(0) + i (2), )
where j denotes the station and ¢ is the time. A singular value
decomposition is calculated using U(t), resulting in complex
principal components [CPCs; Pn(¢)] and CEOFs [Fn(x)]. The
term Uj(t) can thus be represented as a sum of the contribu-
tion from the N principal components:

N
U0 = 2 P,0F,()) ©)

The variability explained by each CEOF mode is then calcu-
lated based on the variance explained by each principal com-
ponent. Here, we calculate six principal components (N = 6)
and then estimate the anomalies’ propagation velocity based
on the first mode of variability. The velocity is found by using
the distance and time for an anomaly to travel from the first
station until the last station of each pathway. The time lags
used for the velocity calculation are found using the +0.25
standard deviation threshold of the CEOF number 1 of tem-
perature and salinity at 315 m from EN4.2.2. The velocity is
calculated for each cold—fresh and warm-salty anomaly, and
then, their mean is considered.

d. Cross correlation

We calculate a standard cross correlation for each density
class to assess the relationship between decadal SFWMT
and temperature anomalies. The calculation was made using
+20 lag years and the temperature (at 315 m) of NS-st2.
The cross correlation was calculated for filtered SFWMT
and temperature with third-order 7-40-yr bandpass Butter-
worth truncated =3 years. The significance level is calcu-
lated by the standard two-sided Student’s ¢ test (O’Mahony
1986) at 90% and does not account for auto- and cross
covariances.

3. Results
a. Variability of surface-forced water mass transformation

Ocean temperature in the eastern subpolar gyre (Fig. 1) is
associated with pronounced decadal variability with warm
and cold anomalies, extending over the upper 500-1000 m
(Fig. 2a). Overall, warm anomalies are characterized by positive
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FIG. 3. (a) SFWMT in the eastern subpolar gyre during winter, with a density class interval of
0.1 kg m® from 1947 to 2021. The red rectangle highlights the time period and density interval
shown in (b). (b) Filtered SFWMT anomaly for each density class, using a bandpass filter for
740 years (truncated =3 years). Positive anomalies represent SFWMT values exceeding the
time average, while negative anomalies mean values below the time average SEFWMT.

salinity anomalies (Fig. 2b). The main contributor to density
anomaly is the variation of temperature. However, the tempera-
ture and salinity anomalies are partly density-compensated.
Density anomalies are generally in phase with the thermohaline
anomalies between 1975 and 1990, a period in which salinity ap-
pears to drive most of the density variability (Fig. 2c). On the
other hand, after the mid-1990s, a shift occurred: a negative
anomaly in both temperature and salinity leads to a positive
density anomaly, which indicates that temperature is the main
driver.

We show the SEFEWMT during boreal winter for density classes
ranging from 26 to 27.9 kg m™>, with intervals of 0.1 kg m ™ in
Fig. 3a. Most of the winter SFWMT occurs within the density
classes 27.0 and 27.5 kg m~>. When computing the time average
for each density class, the 27.1 kg m ™~ class exhibited the highest
average of 3.6 Sv (1 Sv = 10° m® s™'), while the 27.5 kg m >
class displayed the lowest average of 0.8 Sv. The SFWMT exhib-
its high year-to-year variability within each density class during
winter. The results discussed in this section focus on SFWMT
values exceeding the threshold of 0.5 Sv.

The decadal variability of winter SFWMT accounts for
32% of the interannual variability as shown in Fig. 3b. The
calculation is directly proportional considering the maximum
SFWMT (Fig. 3a) and the absolute value of the maximum de-
cadal anomaly (Fig. 3b). Here, we consider 27.0-27.2 kg m >
as light-density classes, while 27.3-27.5 kg m > as denser-density
classes. During the 1980s and 1990s, positive anomalies in denser
layers varied from 0.2 to 1.0 Sv (Fig. 3b). During this period, the
positive anomalies lasted approximately 2 times longer than in
other decades (27.4 kg m™>: 1987-95). Following this pro-
longed event, the subsequent period from 1996 to 2004 shows

the emergence of longer and more intense positive anomalies
in the lighter-density classes (27.0-27.2 kg m™?). Figure 3b
shows a recurring pattern throughout the analyzed period
when denser water transformation (>27.3 kg m™°) is strong
and lighter water transformation (<27.3 kg m™?) is weak, and
vice versa.

The cross correlation between decadal SFWMT of lighter
and denser classes shows a significant negative correlation be-
tween 27.2 and 27.4 kg m™> (27.5 kg m™®) of —0.58 and
—0.65, respectively, at a time lag of 0 year (Fig. 4). Interest-
ingly, Fig. 4 also displays around the same correlation values
at a time lag of —1 year, suggesting that denser classes lead to
the opposite changes in lighter classes in the next year. Consid-
ering this, the end of a cold—fresh period with positive anoma-
lies in denser classes (27.4-27.5 kg m %) will be followed by
stronger positive anomalies in the light class 27.2 kg m ™~ only
after two winters. This suggests a combined evolution of the
SFWMT anomalies between different density classes within the
eastern subpolar gyre.

Variations in the SFWMT can be driven by both surface
buoyancy fluxes and the area covered by a particular surface
density range. We have analyzed the influence of surface fluxes
on the decadal SFWMT anomalies in the eastern subpolar
gyre from density class 27.1 until 27.5 kg m~> (Figs. Sa—). This
has been done by keeping the surface fluxes and the surface
density constant (climatology) during the SFWMT calculation.
We observed that surface fluxes impact the amplitude of the
SFWMT, especially within the range of classes 27.0-27.3 kg m™>.
The influence of surface fluxes on the amplitude decreases for
classes 27.4-27.5 kg m~>. This result is consistent with previous
findings by Petit et al. (2021) and Arthun (2023), highlighting the
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FIG. 4. Cross correlation between bandpass filtered winter SFWMT
between the classes 27.2 and 27.4 kg m ™~ in orange and between the
classes 27.2 and 27.5 kg m ™2 in blue. The dashed lines are the respec-
tive significant correlations at the 95% level by the standard two-sided
Student’s ¢ test. The calculation considers autocorrelation, and all
time series are previously detrended.

dominant role of upper-ocean hydrography in driving the vari-
ability of the SFWMT in the region. Given the significant role of
ocean hydrography in the eastern subpolar gyre, our investiga-
tion now focuses on studying the propagation of thermohaline
anomalies along the Atlantic Water pathways, which contribute
to downstream predictability.

b. Propagation of decadal thermohaline anomalies

After crossing the eastern subpolar gyre, the propagation
of thermohaline anomalies follows two main routes: the NS-
pathway (Fig. 1, purple), which crosses the Iceland—Scotland
Ridge; and the SPNA-pathway (Fig. 1, red), which passes
through the Reykjanes Ridge. Our analysis primarily focuses
on the differences and similarities between the two pathways
regarding the subsurface propagation of thermohaline anoma-
lies, specifically at a depth of 300 m. We chose to analyze
around 300 m since, along the SPNA-pathway, the core of the
Atlantic Water is in the subsurface in the Irminger Sea and
beyond. Thus, by tracking the anomalies in the subsurface, we
can actually track anomalies entering the subpolar gyre. Con-
sequently, in the SPNA-pathway, a consistent propagation of
anomalies is only found in the subsurface. Considering this, in
each dataset, we selected the closest depth to 300 m: 315 m
for EN4.2.2 and 300 m for Ishii.

In Fig. 2, we showed that thermohaline anomalies at the sur-
face extend beyond 315 m on a decadal time scale. Below, we
present CEOF results from EN4.2.2 in the subsurface, whereas
additional CEOF analysis for all datasets at the surface (0 and
5 m) is available in the supplemental material (supplemental
Figs. 4 and 5). In this work, we thus expand the analysis made
by Arthun et al. (2017) by testing the surface and subsurface for
three different datasets, increasing the analyzed period, and in-
troducing another branch toward the SPNA.
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FIG. 5. Winter SFWMT time series presenting the accumulated
sum within the eastern subpolar gyre for various density classes:
(a) 27.1, (b) 27.2, (c) 27.3, (d) 27.4, and (e) 27.5 kg m~>. The thick
gray line represents the SFWMT. The green dashed line shows the
SFWMT calculated based on surface fluxes’ climatology, while the
continuous red line displays the SFWMT calculated considering
the climatology of surface density. The climatology of surface
fluxes and surface density is computed between 1947 and 2020.

Figures 6a and 6¢ show the first mode of variability for tem-
perature and salinity along the NS-pathway, respectively. The
CEOF’s leading mode of subsurface temperature (315 m) ex-
plains 52% of its variability, while the CEOF’s leading mode
of subsurface salinity explains 76% of the variability in the NS
pathway. We generally find alternating periods of warm and cold
anomalies at the stations, repeating throughout the 74-yr-long
record with four warm-salty and cold—fresh cycles after 1950.
When comparing anomalies at the first and last stations, there
is a time lag between them, which indicates propagation.

The amplitude of the decadal temperature and salinity
anomalies is shown in supplemental Fig. 6, which shows the
bandpass filtered time series from stations along the NS-pathway
(no CEOF analysis is applied). For temperature anomalies, there
is an overall weakening of the amplitude close to the Iceland—
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FIG. 6. The first leading mode of subsurface winter temperature for the (a) NS stations and (b) SPNA stations,
along with the first leading mode of subsurface winter salinity for the (c) NS stations and (d) SPNA stations. The
analysis utilizes EN4.2.2 data. The y axis is the geographical distance between the NS-st1 (SPNA-stl) and NS-st6
(SPNA-stl), while the x axis is the time evolution. Colors indicate the standard deviation for positive and negative
anomalies. The dashed lines represent the (a),(c) Iceland—Scotland Ridge for the NS and the (b),(d) Reykjanes Ridge
for the SPNA. Zero contours are shown as gray lines. The percentage of variability explained by the first mode of the

CPC is provided in the title.

Scotland Ridge (NS-st4). NS-st4 also shows an overall re-
duced variability between warm-salty and cold—fresh periods
(Fig. 9b). The Iceland-Scotland Ridge is relatively shallow
compared to the surrounding basins, and the topography and
circulation patterns around the ridge are complex. The Atlantic
inflow across the ridge is characterized by high mesoscale activ-
ity, leading to high transport variability (Sherwin et al. 2006;
Zhao et al. 2018), which masks the advection of thermohaline
anomalies on interannual to decadal time scales (Asbjgrnsen
et al. 2019). From the 1990s until the end of the 2000s, we find a
double warm-salty anomaly upstream of the Iceland—Scotland
Ridge (NS-st1-NS-st4) and a double cold—fresh anomaly in the
stations inside the Norwegian Sea. The results are consistent in
the CEOF analysis and the filtered time series. We refer to the
prolonged warm-salty (cold-fresh) period as “double” since
they do not meet our defined threshold for an anomaly (+0.25
standard deviation) due to their lower amplitude to be defined
as one single anomaly.

Following the SPNA-pathway, the CEOF’s leading mode
accounts for 69% of the temperature variability (Fig. 6b). The
decadal variability of temperature and salinity in the SPNA-

pathway is similar to the one described by the leading mode
of the NS-pathway, specifically, a consistent occurrence of
one warm-salty and one cold—fresh anomaly approximately
every decade from the 1950s to the 1980s, including the
double pattern between the 1990s and the 2000s.

In contrast to the NS-pathway, the SPNA-pathway exhibits
temperature anomalies with small time lags. Salinity anomalies,
however, show similar time lags in both pathways (Figs. 6c,d).
The CEOF’s leading mode of subsurface salinity in the SPNA-
pathway explains 71% of the variability (Fig. 6d). The periods
of cold—fresh anomalies identified by the CPC#1 in the SPNA-
pathway align with the well-documented Great Salinity Anom-
aly (GSA) events reported in the literature (Belkin et al. 1998;
Belkin 2004; Holliday et al. 2020). The bandpass filtered time se-
ries have the same pattern of variability of the CEOF for tem-
perature and salinity (supplemental Fig. 6). Introducing
additional stations to trace the anticyclonic gyre around the
Reykjanes Ridge within the SPNA-pathway reveals the same
pattern of warm-salty and cold—fresh anomalies and their re-
spective speeds (not shown). Despite that, the addition of sta-
tions along the anticyclonic pathway increases the CEOF’s first
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TABLE 2. Average travel time and speed of temperature and
salinity anomalies propagating along the NS-pathway and
SPNA-pathway at a depth of 315 m for the EN4.2.2 dataset are
provided. The corresponding estimates for the Ishii dataset are
enclosed in parentheses. The different numbers of warm-salty and
cold—fresh anomalies were considered in a weighted average.

Mean arrival time
(years)

Average speed
(ems™h

Anomaly Temperature Salinity Temperature Salinity
NS-pathway 10 (6.8) 79 (5.2) 1(1.5) 13 (2)
SPNA-pathway 2.8 (34) 4.6(24) 22(1.8) 1.4(2.6)

mode of variability from 69% to 75% for temperature and from
71% to 76% for salinity.

In summary, the analysis of the NS-pathway and SPNA-
pathway reveals similarities in the propagation of temperature
and salinity anomalies. The first mode of temperature and
salinity variability for both pathways explains more than 50%
of the total variance, indicating their significance in capturing
the overall variability. Moreover, the NS-pathway exhibits
longer time lags from the first to the last station compared
to the SPNA-pathway, particularly for temperature. This sug-
gests that temperature anomalies have a faster propagation
rate in the SPNA-pathway (Table 2), which is relevant for
predictability in the area. These findings highlight both the sim-
ilarities and differences between the two pathways. However,
an important question remains: How do these specific charac-
teristics relate to the SFWMT in the eastern subpolar gyre?

c. The relation between the decadal thermohaline
variability and surface forcing

The variability of thermohaline anomalies carried by the
Atlantic Water through the NS-pathway is seen in Fig. 7. The
table presents information regarding the arrival and end of
each temperature anomaly from NS-stl to NS-st6, along with
the decadal SFWMT anomaly in the eastern subpolar gyre
(during cold and warm anomalies at NS-st2). For instance, a
warm anomaly occurred in the eastern subpolar gyre in the
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1950s (“Warm50”) reaches the stations after the Iceland—Scotland
Ridge during the 1960s. During the Warm50, the Norwegian Sea
exhibits anomalies with the opposite signal (“Cold 50”). Based on
this, each anomaly event is named according to its signal before
and after the Iceland—Scotland Ridge.

Looking into the decadal SFWMT anomaly (Fig. 3c),
we see that positive SFWMT anomalies in lighter classes
(27.0-27.2 kg m ) are associated with warm anomalous
periods in the eastern subpolar gyre (Fig. 7; NS-st2) and
happen once every decade (e.g., during the 1950s, 1960s,
1980s, 1990-2000s), except after the 2010s. In the denser classes
(27.4-27.5 kg m %), positive anomalies happen once every
decade, except during the 1970s and 2000s, and generally are
associated with cold anomalous periods (Fig. 7; NS-st2).

To assess the relationship between decadal SFWMT in the
eastern subpolar gyre and propagation of thermohaline anoma-
lies, we have focused on temperature variability at NS-st2
(Fig. 1, purple). We selected NS-st2 for comparison since it
is within the eastern subpolar gyre (black polygon), where
most of the SFWMT between 27.0 and 27.5 kg m > happens
(supplemental Fig. 3).

The cross-correlation analysis shows a significant posi-
tive correlation at zero time lag for light-density classes
(27.1-27.2 kg m ) and a significant negative correlation for
denser classes (27.4-27.5 kg m~?) at zero and one-year time
lag (Fig. 8a). We have analyzed all density classes in the in-
terval 26.0-27.9 kg m >, and here, we show only the results
for the significant correlations. The results from the cross cor-
relation suggest that when a warm anomaly (lighter water)
enters the eastern subpolar gyre, more SFWMT occurs in
light-density classes (positive correlation). In contrast, when a
cold anomaly (denser water) enters the eastern subpolar gyre,
more SFWMT occurs in denser classes (negative correlation).
For denser water masses, the SFWMT seems to lead tempera-
ture changes by 1 year. This one-year delay in denser classes
is explained by a one-year delay between surface and subsur-
face temperature variability.

In Figs. 8b—e, we compare the temperature anomalies at
NS-st2 and decadal SFWMT for the four significant density

Warm50 Cold60 Warm60 Cold70 Warm80 Cold80 Warm90 Warm00 Cold10
NS-St1 1954-58 1961-63  1965-68 1970-74 1976-84 1986-91 1993-2007 2011-18
NS-St2 1956-59 1961-64 1966-69 1971-76  1978-86  1988-93 1995-2012 2014-18
NS-St3 1957-60 1962-65 1967-71 1973-77 1983-87 1989-94 1997-99 2004-14 2015-18
SFWMT-27.2 -0.2 -0.5 33 -0.5 2.7 0.4 4.8 -1.7
SFWMT-27.4 0.1 1.8 -1.4 -1.9 -0.7 39 -6 2.9

Iceland-Scotland Ridge

Cold50 Warm60 Cold60 Warm70 Cold70 Warm80 Cold90 Cold00 Warml0
NS-St4 1956-57 1960-62  1965-67 1970-73 1976-78 1987-90 1993-97 2004-05 2012-17
NS-St5 1956-59  1960-63 1965-68 1970-75 1977-85 1987-92 1994-2008 2012-18
NS-St6 1957-60 1961-64  1966-70  1972-76  1978-88  1988-93 1995-2012 2014-18

FIG. 7. Warm and cold anomaly periods for the NS stations. Decadal SFWMT (Sv) in the classes 27.2 (light) and
27.4 kg m > (dense) within the eastern subpolar gyre. The definition of warm and cold periods is based on the CEOF
number 1 of temperature at 315 m from EN4.2.2, using —0.25 < STD > 0.25 for all stations.
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FIG. 8. (a) Cross correlation between bandpass filtered winter SFWMT (only density classes with significant correlation) and the decadal
surface and subsurface temperature anomaly at NS-st2. The dashed lines are the respective significance levels of each density class. The
calculation considers autocorrelation, and all time series are previously detrended. The decadal SFWMT for the density classes (b) 27.1,
(c) 27.2, (d) 274, and (e) 27.5 kg m 2. (b)—(e) The decadal temperatures of NS-st2 at the surface and subsurface are in light gray and dark
gray, respectively. The hatched red and blue areas correspond to periods of positive and negative subsurface temperature anomalies, re-
spectively, based on the periods defined by the first CEOF mode of variability.

classes 27.1-27.2 and 27.4-27.5 kg m>. In addition, we show
temperature anomalies both at the surface (light gray) and
subsurface (dark gray). The analysis shows similar results for
the surface and subsurface: approximately in phase with the
SFWMT for the light layers 27.1-27.2 kg m ™~ (Figs. 8b.c) and
negatively correlated with the SFWMT for the denser layers
27.4-27.5 kg m ™ (Figs. 8d.e). The comparison in these figures
also includes periods of positive and negative temperature
anomaly propagation through NS-st2 (CEOF number 1) in
areas hatched in red and blue, which are also in phase and out
of phase with the respective density classes described above.
Despite the overall correlation, there are periods when the
correlation breaks down, for instance, during 1970-75 in dense
classes and between the 1980s and 1990s in the light classes
(27.1-27.2 kg m~3). Both periods are associated with stronger
GSA events (Belkin 2004).

Furthermore, we investigate how the Atlantic Water changes
as it travels northward. We analyze the surface temperature
and salinity properties during warm-salty and cold-fresh
periods (as defined in section 3b). The transformation of
Atlantic Water in the eastern subpolar gyre (between NS-stl
and NS-st4) is seen in a temperature and salinity (TS) diagram
(Fig. 9). On average, during a warm-salty period, the Atlantic
Water becomes approximately 1°C colder and 0.13 PSU saltier,
with a standard deviation of =0.3°C and *=0.01 PSU at NS-st4
(Figs. 9a,b: red). During a cold-fresh period, the Atlantic Water
becomes around 0.7°C colder and 0.15 PSU saltier, with a
standard deviation of *0.14°C and *0.02 PSU at NS-st4
(Figs. 9a,b, blue).

In addition, we find that within the warm-salty periods, NS-
st4 (Fig. 9b) exhibited less salinity variability compared to
NS-stl (Fig. 9a), while the opposite trend was observed for
temperature. The differences between warm-salty and cold-
fresh periods are smaller at NS-st4 than at NS-st1. This overall
reduced variability at NS-st4 in Atlantic Water properties sug-
gests an overall weakening of the thermohaline anomaly sig-
nal at NS-st4. The transformation of Atlantic Water in the
eastern subpolar gyre (between NS-stl and NS-st4) might be
due to advection, mixing, as well as SFWMT. Nevertheless,
we could not identify the causes of the weakening of the
anomalies with our analysis. Although there is a weak rela-
tionship between the decadal anomalies and the North Atlantic
Oscillation (NAO) and surface net fluxes (Arthun et al. 2017),
atmospheric forcing can, in certain periods, modify these
anomalies (Furevik 2001; Holliday et al. 2008; Carton et al.
2011).

4. Discussion

This paper examines the relationship between decadal
thermohaline anomalies and SFWMT in the eastern subpolar
gyre. Our primary objective is to understand the extent to
which these thermohaline anomalies are reflected in SFWMT
processes. In addition to that, we compare the propagation
of thermohaline anomalies in two distinct pathways after
they cross the eastern subpolar gyre. By examining these
pathways, we can identify similarities and differences in the
behavior of thermohaline anomalies, which contributes to

Unauthenticated | Downloaded 12/19/24 02:36 AM UTC



4830

NS-Stl

~
o

~
(9)

Conservative Temperature [°C]
~ ~
- w

Warm

7 1 1 L !
34.96 35 35.04

JOURNAL OF CLIMATE

VOLUME 37

6.7
b) N

N -
Vv
/\.
v
6.6+ '
8
A
6.5 (t o 4
RS

35.12 35.14 35.16

Absolute Salinity [g/kg]

FIG. 9. Mean temperature-salinity properties during winter for warm-salty (red) and cold-fresh (blue) periods:
(a) NS-st1 (before eastern subpolar gyre) and (b) NS-st4 (after eastern subpolar gyre). The error bar shows the
standard deviation for temperature in the vertical and salinity in the horizontal.

a better understanding of climate variability in the North
Atlantic region.

Our findings indicate a significant correlation between ther-
mohaline anomalies and decadal SFWMT variability in the
eastern subpolar gyre, with surface fluxes playing a minor
role. When a warm and saline anomaly enters the region, it
leads to positive SFWMT anomalies in light-density layers.
However, the arrival of a cold and fresh anomaly does not
consistently result in positive SFWMT anomalies in denser
layers. For instance, during the Cold70 event (Fig. 7), SFWMT
anomalies were positive for light layers but negative for denser
layers (Fig. 3c). Interestingly, this is the only period that shows a
negative density anomaly during a cold-fresh event (Fig. 2c),
suggesting that an assumed direct relationship between cold—
fresh events and higher SFWMT in denser layers may not always
hold. This is likely due to salinity dominating the density changes
during the Cold70.

Our results show that surface density controls the variabil-
ity of the SFWMT on decadal time scales, which agrees with
the analysis of Petit et al. (2021). However, surface fluxes
seem to play a role in driving the SFWMT on short time
scales, for instance, in the event of a cold blob from 2012 to
2016 (e.g., Josey et al. 2018; Holliday et al. 2020). Moreover,
based on a different methodology than SFWMT and model

results, Robson et al. (2012) found surface fluxes as the main
driver of decadal water mass transformations in the subpolar
North Atlantic.

On multiannual to decadal time scales, changes in surface
density are suggested to be determined by ocean advection in
the eastern subpolar gyre (Piecuch et al. 2017; Foukal and
Lozier 2018). Our results demonstrate that hydrographic vari-
ability exerts a significant influence on decadal-scale SFWMT
variability. This influence might have implications for the vari-
ability of the lower limb of AMOC, as the eastern subpolar
gyre, together with the Irminger Sea, plays a prominent role
in determining the strength of AMOC in the subpolar North
Atlantic (Fu et al. 2020).

Fraser and Cunningham (2021) attribute the low-frequency
variability of AMOC to large-scale density anomalies. Consis-
tent with this finding, a comparison between an AMOC re-
constructed using SST (Caesar et al. 2021) and an average of
the SEWMT of classes 27.3 and 27.4 kg m > shows a signifi-
cant correlation of 0.45 (Fig. 10). Since our analysis focuses
only on the eastern subpolar gyre, surface fluxes are expected
to drive the diapycnal fluxes with little or no lag (Petit et al.
2020). The highest correlation was found by combining the
density classes 27.3 and 27.4 kg m>. We chose these density
classes since the transformation across 27.35 kg m > provides
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FIG. 10. Normalized variability of AMOC reconstruction
(McCarthy and Caesar 2023) and the average SFWMT of classes
27.3 and 27.4 kg m . The correlation between the two time series
is significant at the 99% confidence level. Both time series were
filtered with a bandpass filter of 7-30 years.

critical preconditioning for the deep waters of the AMOC
lower limb (Brambilla et al. 2008; Thierry et al. 2008; Petit
et al. 2020). In contrast, an investigation based on monthly
results suggests a weak connection between AMOC changes
and hydrography variations, which were more related to sur-
face fluxes redistributions by the subpolar gyre (Fu et al. 2020).

The investigation of the decadal thermohaline anomalies
along the NS-pathway reveals a consistent propagation pat-
tern similar to previous studies (Yashayaev and Seidov 2015;
Arthun et al. 2017), indicating an average lag time of approxi-
mately 10 years from the North Atlantic to the Arctic. Focusing
on the winter season, our analysis shows comparable average
speed rates for salinity and temperature, measuring 1.3 and
1.0 cm s~ !, respectively, at a depth of 315 m (see Table 2).
However, notable disparities between salinity and tempera-
ture arise in their respective first modes of variability. In the
NS-pathway, the first CEOF mode exhibits salinity variabil-
ity that is 24% higher than temperature, while the SPNA-
pathway shows similar variability for both variables. This
difference in the first mode of variability between salinity
and temperature has implications for climate predictability,
particularly in the Norwegian Sea. Notably, sea surface sa-
linity showed higher predictive skill than sea surface tem-
perature in four out of five model versions examined by
Passos et al. (2023). Moreover, observational analysis sug-
gests that air—sea heat fluxes in the Norwegian Sea can restrict
the predictability associated with poleward temperature anom-
alies (Asbjgrnsen et al. 2019).

In the SPNA-pathway, salinity variability shows similar
patterns to the NS-pathway (Figs. 6¢,d). At the surface, tem-
perature results from HadISST show propagation only from
SPNA-stl to SPNA-st5, which might be related to the presence
of cold and fresh Arctic Water close to the eastern Greenland
coast (SPNA-st6) (supplemental Fig. 4a). In contrast, in EN4.2.2,
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no time lag is observed from SPNA-stl to Reykjanes Ridge
(SPNA-st4) on a decadal time scale (supplemental Fig. 4c).
The Ishii dataset shows propagation at the surface and is
overall similar to the other datasets (supplemental Fig. 4e).
In the subsurface, temperature propagates 2 times faster
(EN4.2.2) in the SPNA-pathway than in the NS-pathway,
with a time lag of 2.8 years for EN4.2.2 and 3.4 years for
Ishii. Along the SPNA-pathway, the average speed rate for
salinity is 1.4 cm s™', while temperature is faster: 2.2 cm s~ ..
However, this result is not seen in the Ishii dataset, where
we found an average speed rate for salinity faster than for
temperature (Table 2). Previous research by Yashayaev and
Seidov (2015) noted significant differences in the propagation
rates of salinity and temperature anomalies in the Nordic
seas. These authors attribute this difference to the leading
role of horizontal advection in salinity anomaly propagation,
while the temperature is additionally influenced by competing
air-sea interactions along the Atlantic Water pathway. Our
results, however, do not show a significant average speed dif-
ference in the subsurface for the NS-pathway, and it is incon-
clusive for the SPNA-pathway.

The CEOF patterns show normalized thermohaline anoma-
lies along the two pathways. However, it is important to note
that the amplitude of the anomalies varies along these path-
ways (bandpass filtered time series in supplemental Fig. 6).
This variation in amplitude may be associated with surface
flux variability (see supplemental Fig. 7). The SPNA-pathway
generally exhibits a pattern where surface flux variability
aligns with the thermohaline anomalies. This alignment im-
plies that warm anomalies are accompanied by positive heat
and freshwater flux, indicating heat transfer from the ocean to
the atmosphere and higher evaporation than precipitation. In
contrast, in the NS-pathway, the similarity between the sur-
face flux variability and the thermohaline anomalies is only
observed upstream of the Iceland—Scotland Ridge.

This study focused on ocean variability in the eastern sub-
polar gyre region. Given the proximity of the NS-pathway
and SPNA-pathway in this region, their thermohaline vari-
ability exhibits similarities. However, as we move downstream
from the eastern subpolar gyre, where the pathways diverge,
noticeable differences between the two pathways emerge, as
described above.

5. Summary

In our study, we use observation-based data to describe the
relationship between the propagation of thermohaline anom-
alies and surface-forced water mass transformation (SFWMT)
in the eastern subpolar gyre on decadal time scales. First, we
found that the surface-forced water mass transformation in
the eastern subpolar gyre showed pronounced decadal vari-
ability. This variability is associated with the variability of
temperature and salinity anomalies. The results suggest that
when a warm anomaly enters the eastern subpolar gyre, more
SFWMT occurs in light-density classes. In contrast, when a
cold anomaly enters the eastern subpolar gyre, more SFWMT
occurs in denser classes. Variability in the heat and freshwater
fluxes in the eastern subpolar gyre has a small influence on
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the decadal variations of the SFWMT (keeping the fluxes
constant gives approximately the same decadal variations in
the SFWMT).

Second, we investigated thermohaline anomalies on a de-
cadal time scale along two pathways: one branch within the
subpolar North Atlantic, entering the western subpolar gyre
(SPNA-pathway), and another branch, crossing the Iceland—
Scotland Ridge toward the Fram Strait (NS-pathway). Ther-
mohaline anomalies seem to follow the two Atlantic Water
pathways, being visible at the surface and subsurface in the
NS-pathway and only in the subsurface in the SPNA-pathway.
For both routes, we generally find alternating periods of
warm and cold subsurface anomalies at the stations, repeating
throughout the 74-yr-long record with four warm-salty and
cold—fresh periods after the 1950s. The cold—fresh periods are
similar to the Great Salinity Anomaly events described by
the literature in the SPNA (Belkin et al. 1998; Belkin 2004;
Holliday et al. 2020). Moreover, the propagation of thermo-
haline anomalies is faster in the SPNA than in the Norwegian
Sea, especially for temperature.

The variability of thermohaline conditions in the eastern sub-
polar gyre plays an important role in driving the SFEWMT, particu-
larly within the density classes 27.1-27.2 and 27.4-27.5 kg m™>.
These hydrographic changes are closely related to the propa-
gation of thermohaline anomalies along the Atlantic Water
pathways. As a result, the variability of AMOC in this region
might exhibit predictability. It is worth noting that the
SFWMT connects the upper ocean with intermediate/deep
layers, ultimately influencing the lower limb of the AMOC.
Considering the eastern subpolar gyre’s contributions to
AMOC (Lozier et al. 2019; Petit et al. 2020), understanding
the variability of thermohaline anomalies in this region might
have implications for predicting AMOC’s variability, which,
in turn, is important for predicting the climate of western
Europe and North America (Collins and Sinha 2003; Jacob
et al. 2005; Yin and Zhao 2021).
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