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A B S T R A C T   

Stratification and its thermal and haline contributions are important ocean properties of fundamental climatic 
influence. Upper-ocean stratification shapes marine ecosystems by regulating nutrient availability and deep- 
ocean stratification is important for carbon sequestration and ventilating the ocean interior. Here, we first 
assess the applicability of an ocean reanalysis product in representing stratification in the Nordic Seas and East 
Greenland Shelf. While the reanalysis performs well in most interior basins, it exhibits significant shortcomings 
on the East Greenland shelf, raising concerns about the reanalysis product in these areas. We then examine the 
development in the thermal and haline contributions to summer upper- (100 m) and winter intermediate- (1000 
m) ocean stratification in the Greenland Sea from 1980 to 2020. We find that there has been a transition in the 
controls of winter stratification in the upper 1000 m of the Greenland Sea. The transition was associated with a 
westward migration of the boundary between salinity- and temperature-stratified waters and eventual switch 
from haline to thermal control of winter stratification. With that follows a change in the type of forcing that can 
lead to convection: The Greenland Sea is now less dependent on eroding salinity gradients but rather depends on 
cooling to overcome stratification. There has been a similar switch in summer stratification in the upper-ocean of 
the Greenland Sea where surface waters shifted from variable stratification, alternating between salinity and 
temperature dominance, to a stable temperature-stratified regime. This switch coincided with declining sea-ice 
concentrations related to the disappearance of the Odden ice tongue after 1997. The high sea-ice conditions 
previously characteristic of the Greenland Sea are now rare suggesting the transition will persist with potential 
implications for marine ecology and local sea-ice formation. Our findings reveal differences in how thermal and 
haline stratification has developed over the last 40 years, which may help explain or predict plankton production 
and carbon uptake and export.   

1. Introduction 

Stratification is an essential ocean property due to its role in regu
lating climate, ocean biogeochemical cycles and marine food webs 
(IPCC, 2019). Changes in stratification can have widespread conse
quences, as it impacts the coupling between surface and subsurface 
waters affecting the exchange of carbon, nutrients and oxygen between 
surface and deep layers. This, in turn, impacts carbon sequestration in 
the deep, and nutrient availability in the upper-ocean. Uncertainties 
surrounding how stratification in the Arctic region will respond to a 
warming climate and accelerated hydrological cycle has invoked spec
ulation on future productivity (ultimately the distribution and magni
tude of fisheries and the biological carbon pump) and the future 
intensity of deep ocean convection (Bhatt et al., 2014; Heuzé et al., 

2022; Randelhoff and Guthrie, 2016; Slagstad et al., 2015). For example, 
there remains an ambiguity in how water column stratification will 
respond to reduced sea ice coverage. On the one hand, an increased sea- 
ice derived meltwater flux would strengthen upper-ocean stratification. 
On the other hand, some regions may experience a smaller influence of 
sea-ice meltwater as the sea-ice edge continues to retreat, which in 
combination with greater exposure to the atmosphere and winds, would 
decrease stratification. Recent studies report evidence to support both 
scenarios. In the Fram Strait, meltwater from sea-ice was shown to 
enhance stratification (Tuerena et al., 2021; von Appen et al., 2021) and 
von Appen et al. (2021) further suggest that this could become 
commonplace in the Arctic as the seasonal sea-ice zone broadens. In 
contrast, Våge et al. (2018) and Moore et al. (2022) show increased 
oceanic heat fluxes following sea-ice retreat along the East Greenland 
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continental slope implying weaker stratification and deeper mixed 
layers. These opposing effects emphasize the need for a spatially explicit 
assessment of changing stratification. 

Not only is the strength of stratification crucial, but its relative 
contributions from temperature and salinity is of foremost importance to 
the functioning of the region (Carmack, 2007). For instance, open ocean 
sea-ice can only form where a strong halocline prevents thermal con
vection. Furthermore, the nature of upper ocean stratification affects air- 
sea exchange of heat, freshwater, CO2 amongst other tracers, and hereby 
also shapes the structure of marine food webs (Carmack, 2007 and ref
erences therein). Recognition of the fundamental differences between 
regions stratified by temperature and salinity motivated categorisation 
of oceanic waters into alpha (α) and beta (β) type oceans (Carmack and 
Wassmann, 2006). Whilst α- and β-oceans are permanently stratified by 
temperature and salinity, respectively, the transition zones that lie in 
between either have equal contributions from temperature and salinity 
or are intermittently stratified by either property (Stewart and Haine, 
2016). This ocean-type generally exhibits weak stratification and is 
therefore conducive to vertical exchange of water properties (Carmack, 
2007). 

The Nordic Seas host all three ocean-types. The Norwegian and 
Lofoten basins in the east are α-type oceans reflecting the warm and 
saline Atlantic Origin Waters (AtOW) that occupy the upper 400–600 m 
(Jeansson et al., 2017; Latarius and Quadfasel, 2016). These waters 
originate from the subtropical North Atlantic and are brought north
wards across the Greenland-Scotland Ridge with two branches of the 
Norwegian Atlantic Current (Fig. 1). The temperature and salinity in this 
layer is above 3 ◦C and 34.95, respectively. This part of the Nordic Seas 
has been called the Atlantic domain (Swift and Aagaard, 1981). A 
salinity minimum denotes the cooler intermediate layer below consist
ing of Norwegian Sea Arctic Intermediate Water (NSAIW) with salinities 
between 34.87 and 34.90 and densities between 1027.97 kg m− 3 and 
1028.06 kg m− 3 (Jeansson et al., 2017). NSAIW is supplied by advection 
of various intermediate waters including those formed convectively in 
the Greenland and Iceland Seas (Jeansson et al., 2017). 

Cold, fresh Arctic Ocean outflow strongly influences the broad East 
Greenland Shelf imposing β-conditions in the western part of the Nordic 
Seas, corresponding to the area Swift and Aagaard (1981) refer to as the 

Polar domain. Here, Polar Water and denser intermediate waters formed 
or transformed within the central Arctic Ocean are brought southwards 
with the upper 150–200 m of the East Greenland Current (EGC; Aagaard 
and Coachman, 1968). The EGC also contains AtOW that has recircu
lated in Fram Strait and is identified as a temperature and salinity 
maximum (de Steur et al., 2014; Rudels et al., 2002). 

A sharp salinity gradient separates the Polar domain from the inte
rior Greenland and Iceland Seas, which comprise the Arctic domain. 
Eddies and eastward flowing currents facilitate exchange between the 
boundary currents and these interior basins (Blindheim and Østerhus, 
2005). For instance, the Jan Mayen Current and East Icelandic Current 
(Fig. 1) transport low salinity waters from the EGC into the southern 
parts of the Greenland and Iceland Seas, respectively. Similarly, the 
Return Atlantic Current (RAC) brings AtOW across Fram Strait to merge 
with the EGC from where it subsequently enters the Greenland Sea 
(Hattermann et al., 2016). 

The vertical structure in the Greenland Sea is regularly eroded by 
winter convection. Large horizontal gradients of temperature and 
salinity across the α/β fronts make the Greenland Sea particularly 
conducive to densification via cabbeling, upon mixing of two water 
masses with different thermohaline properties but similar densities due 
to the non-linear nature of the equation of state (Carmack, 2007). This 
creates a surface density maximum and stability minimum which are 
characteristic features of transition zones (Carmack, 2007; Stewart and 
Haine, 2016). In concert with sustained gyre circulation prolonging 
exposure to the atmosphere and strong heat loss in the Greenland Sea, 
these processes explain why the Greenland Sea is a key site of convection 
and deep-water formation (Stewart and Haine, 2016). The interior 
Greenland Sea is therefore unsurprisingly comprised of locally formed 
waters (Aagaard et al., 1985; Brakstad et al., 2019). These include the 
cold and very dense (>1030.444 kg m− 3) Greenland Sea Deep Water 
(GSDW) produced during deep-reaching convection. GSDW has, how
ever, not been renewed since the late 1970’s (Karstensen et al., 2005; 
Schlosser et al., 1991). Convection has only been observed to depths of 
2000 m since then, producing the slightly warmer and less dense 
(>1027.97 kg m− 3) Greenland Sea Arctic Intermediate Water (GSAIW; 
Rudels et al., 2005; Brakstad et al., 2019). 

The Nordic Seas have experienced extensive hydrographic changes 
over the past few decades (Smedsrud et al., 2022). The surface tem
perature has warmed at more than twice the rate of the global average 
(Rantanen et al., 2022; Saes et al., 2022) and loss of sea- and glacial-ice 
has enhanced the supply of freshwater to the upper-ocean (Solomon 
et al., 2021). Concurrent changes in the strength and composition of the 
Atlantic Water inflow across the Greenland-Scotland Ridge have altered 
the properties of the intermediate and deep layers (e.g. Glessmer et al., 
2014; Lauvset et al., 2018; Mork et al., 2019; Tsubouchi et al., 2021). 
These ongoing hydrographic changes may alter the function of the re
gion via changes in the strength of stratification and alterations to the 
locally dominant stratifying property. Understanding trends in stratifi
cation and its constituents is essential for assessing the Nordic Seas 
response to climatic change and provides a framework for assessing 
subsequent ecosystem impacts. 

The aim of this study was to characterise water column stratification 
in the Nordic Seas and quantify changes in the horizontal distribution of 
its thermal and haline contributions in light of identifying the physical 
processes responsible. We hypothesise that although temperature and 
salinity changes can be density compensating, their relative importance 
has changed and this will not be uniform across the region. To this end, 
we take advantage of a state-of-the-art ocean reanalysis product 
providing continuous fields of temperature and salinity, allowing us to 
bridge the gap between in-situ observations and the spatio-temporal 
scales necessary for a spatially explicit assessment of regional 
stratification. 

Fig. 1. Schematic of major circulation features in the Subpolar North Atlantic 
and Nordic Seas. Orange arrows represent warm, saline currents transporting 
transformed Atlantic Waters. Blue arrows represent comparatively cold and 
fresh waters of Polar and Arctic origin. RAC: Return Atlantic Current, NIIC: 
North Icelandic Irminger Current, NIJ: North Icelandic Jet, IFSJ: Iceland-Faroe 
Slope Jet, JMC: Jan Mayen Current, EIC: East Iceland Current. Created with 
BioRender.com. 
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2. Data and methods 

2.1. Reanalysis data 

Continuous data fields were obtained from the Ocean Reanalysis 
System 5 (ORAS5) produced by the European Centre for Medium-range 
Weather Forecasts (ECMWF). The ORAS5 is an eddy-permitting ocean 
state reconstruction based on the NEMO 3.4.1 ocean model and forced 
with atmospheric fields from ERA-Interim for the 1979–2015 modelling 
period and ECMWF operational forecasts thereafter (Zuo et al., 2019). 
The product is constrained by observational data assimilated from the 
Met Office Hadley Centre EN4. ORAS5 provides monthly mean potential 
temperature and practical salinity fields on a 0.25◦ × 0.25◦ horizontal 
grid and at 75 depth levels with 1 m vertical resolution at the surface 
increasing to 200 m at depth (Zuo et al., 2019). The data product also 
includes monthly sea-ice concentration fields with the same spatial 
resolution. 

2.2. Observational data 

In-situ observations were used to assess the performance of ORAS5 in 
the Nordic Seas and adjacent shelf waters. To this end, temperature and 
salinity profiles collected by the global Argo program between 2001 and 
2020 were downloaded (https://www.coriolis.eu.org/Data-Products/ 
Data-selection, May 2022). Only “delayed mode” profiles that had un
dergone quality control and have adjusted values for temperature, 
salinity and pressure were used. A total of 73,248 profiles were avail
able. These data were equally distributed across the year but biased 
towards the most recent decade and certain geographic areas (Fig. 2). 

Very few Argo profiles are available from the shallow East Greenland 
shelf. To evaluate ORAS5 performance for this region we use two hy
drographic data sets consisting of in-situ observations. The first is a 
compilation of bottle, CTD, expendable CTD and Argo float data from 
various sources published in Gjelstrup et al. (2022). The second consists 
of four hydrographic CTD sections sampled at approximately 60◦N 
collected as part of the Overturning in the Subpolar North Atlantic 
Program (OSNAP; Pickart, 2018a; Pickart, 2018b; Pickart and McRaven, 
2022a; Pickart and McRaven, 2022b). The sections were sampled in 
August or September in the years 2014, 2016, 2018 and 2020. Data were 
downloaded from https://www.o-snap.org/data-access/, October 2023. 

2.3. Stratification criteria 

Stratification is assessed as available potential energy (APE), which 
represents the work required to erode vertical density gradients and 
fully mix a water column down to a given depth. APE can be considered 
a bulk measure of stratification as it is an integral indicator of density 
variations in the water column. APE is given for each vertical profile by: 

APE =
1

z2 − z1

∫ z1

z2

gzρ̂ dz; ρ̂ = ρ(z) − ρz2
(1)  

Where, z1 and z2 are the depths between which APE is evaluated, g is 
gravitational acceleration, z is depth measured positively upwards from 
z2 and ρ and ρz2 

are density and density at z2, respectively. Note, the 
integrand is scaled by 1 over layer thickness to arrive at units of energy 
per unit volume (J m− 3). Similar diagnostics have been called potential 
energy anomaly or simply potential energy (Simpson, 1981; Yamaguchi 
and Suga, 2019). Here, we follow the definition given in Polyakov et al., 
(2018) and use the name “APE” where the term “available” reflects the 
difference in energy between the observed state and a hypothetical state 
where the water column has uniform density. 

2.3.1. Thermal and haline contributions toAPE 
As density is primarily determined by temperature and salinity, the 

contribution of each to APE can be derived. Mathematically, the equa
tion of state (EOS) expresses how temperature and salinity influence 
density. However, the complexity of the EOS makes it difficult to apply 
and a simplified EOS (S-EOS) formulated by Madec (2008) is used 
instead. In the S-EOS, density anomalies (Δρ) from reference density are 
a function of temperature, salinity, and depth and it additionally ac
counts for the non-linear effects of cabbeling and thermobaricity: 

Δρ(T, S, z) = ( − α0(1 + 0.5λ1TV + μ1z)TV + β0(1 − 0.5λ2SV − μ2z)SV

− vTVSV)/ρ0

(2) 

Equation terms and values are given in Table 1. Ignoring the last 
cabbeling term, which is small across variable ranges relevant to this 
study (Appendix A), the thermal (ΔρT) and haline (ΔρS) contributions to 
the density anomaly are as follows: 

Δρ ≅ ΔρT +ΔρS (3)  

ΔρT = ( − α0 (1 + 0.5 λ1TV + μ1 z)TV)/ρ0 (4)  

ΔρS = (β0(1 − 0.5λ2SV − μ2z)SV)/ρ0 (5)  

Substituting equations (4) and (5) into (1), the thermal and haline 
contributions to APE are: 

APE ≅ APEʹ = APET +APES (6)  

APET =
1

z2 − z1

∫ z1

z2

gzρ̂T dz; ρ̂T = ρT(z) − ρTz2
(7)  

APES =
1

z2 − z1

∫ z1

z2

gzρ̂S dz; ρ̂S = ρS(z) − ρSz2
(8) 

Fig. 2. Distribution of the Argo dataset by (a) month, (b) year and (c) region. The white polygons on (c) show the six areas used for the comparison, GS: Greenland 
Sea, LB: Lofoten Basin, NB: Norwegian Basin, IS: Iceland Sea, IrS: Irminger Sea and IB: Iceland Basin. 
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Where the subscripts T and S refer to thermal and haline contributions, 
respectively. 

2.3.2. Relative importance of thermal and haline contributions 
The relative importance of the thermal and haline contributions can 

be gauged with the so-called Turner angle, Ta. Ruddick (1983) intro
duced the Turner angle as the four-quadrant arctangent of the ratio 
between the thermal and haline density contributions and it was origi
nally used in studies of double diffusive mixing (You, 2002; Meccia 
et al., 2016). The metric has since been employed to identify drivers of 
density changes (Johnson et al., 2012) and define α- and β-ocean do
mains (Stewart and Haine, 2016). Here, the same concept is applied to 
derive a modified Turner angle weighting the relative importance of the 
thermal and haline contributions to APE: 

Ta = tan− 1(APET − APES , APET + APES) (9) 

Ta can in principle assume values between − 180◦ and +180◦, 
however, it is very unlikely for |Ta| > 90◦ to occur as this represents 
statically unstable water column conditions (Fig. 3). In practice, Ta 
therefore ranges from − 90◦ to +90◦. Positive and negative Ta indicate 

thermal and haline dominance, respectively. Additionally, the thermal 
contribution is unstable for − 90◦ < Ta < − 45◦ but compensated by 
salinity and vice versa for 45◦ < Ta < 90◦. The two contributions rein
force one another in the doubly stable range − 45◦ < Ta< 45◦ (Fig. 3). In 
Ruddick’s original Turner angle, these intervals define waters conducive 
to double diffusive mixing. This rationale can, however, not be trans
ferred to the modified Turner angle used in this study as our metric is 
based on an integral measure of water column stability. Conditions 
necessary to facilitate double diffusive mixing may therefore be present 
at specific depth levels but not when considering the water column in 
bulk. 

3. Results 

3.1. Assessment of ORAS5 performance in the Nordic Seas 

To assess whether the ORAS5 data product provides a reasonable 
ocean state estimate in the Nordic Seas, we compare it with the Argo 
dataset, which represents the most comprehensive collection of hydro
graphic measurements in this region. Because the Argo data set is 
assimilated in the construction of the ORAS5 itself, the comparison 
cannot be regarded as an independent validation, but rather an evalu
ation of how well the reanalysis product performs in the Nordic Seas. 
The comparison focuses on the six regions with best data availability: 
the Greenland Sea, Iceland Sea, Norwegian Basin, Lofoten Basin, 
Irminger Sea and Iceland Basin (Fig. 2). 

ORAS5 performance is evaluated by comparing monthly mean 
temperature and salinity at 10 m, 100 m, 250 m, 500 m and 1000 m. 
Fig. 4 shows that ORAS5 reliably reproduces observed temperature and 
salinity ranges and variability across all tested depth levels. Discrep
ancies between the two data sets are generally small, although greater 
offsets are seen at the 500 m depth level in Lofoten Basin, where tem
perature is underestimated in ORAS5. 

Additionally, the ability of ORAS5 to represent stratification with 
APE was assessed by comparing APE derived from ORAS5 and Argo 
profiles. Fig. 5 shows the outcome of the month-by-month comparison 
over the upper (0–97 m) and intermediate (0–1045 m) depth ranges. The 
comparison indicates that ORAS5 is well suited to characterise stratifi
cation with APE, as attested by the very strong correspondence between 
the Argo and ORAS5 based estimates across both depth ranges and all 
regions (Fig. 5). The Lofoten Basin is, however, an exception as ORAS5 
underestimates APE over the intermediate depth range, which is likely 
caused by the cold-bias in ORAS5 that was identified at 500 m depth 
(Fig. 4d). 

3.1.1. Assessment of ORAS5 performance on the East Greenland Shelf 
The ability of the reanalysis product to reflect hydrographic condi

tions in the interior Nordic Seas offers assurance of its reliability where 
the observations are sufficient to anchor the underlying model. How
ever, under-sampled regions such as the East Greenland shelf, are much 
less constrained. Harsh conditions have rendered this shelf region 
notoriously sparse in data and sea-ice cover hinders assimilation of 
surface information from satellites for much of the year. Consequently, 
reanalysis estimates in this region are highly dependent on model 
configuration and parameterisation. 

To assess the reliability of the reanalysis product over the Northeast 
Greenland shelf (NEGS), we construct time series of temperature and 
salinity averaged over the surface 0–20 m, and at the core of the Polar 
and Atlantic Water layers defined by the temperature minimum and 
maximum, respectively, and compare with observational time series 
presented in Gjelstrup et al. (2022). 

ORAS5 has difficulty in reproducing the hydrography of the NEGS, as 
seen by the large disparities in both temperature and salinity when 
compared to observational data (Fig. 6). Surface temperature is an 
exception hereto, as ORAS5 is within the range of available observations 
and replicates temporal variability fairly well. However, below the 

Table 1 
Parameters and variables in (2).  

Parameters/ 
variables 

Description Value Units 

α0 Linear thermal expansion 
coefficient 

1.6550 ⋅ 
10− 1 

1/◦C 

β0 Linear haline contraction 
coefficient 

7.6554 ⋅ 
10− 1 

kg/g 

λ1 Cabbeling coefficient in T2 5.9520 ⋅ 
10− 2 

1/◦C2 

λ2 Cabbeling coefficient in S2 5.4914 ⋅ 
10− 4 

1/(g/kg)2 

v Cabbeling coefficient in TS 2.4341 ⋅ 
10− 3 

kg m− 3 ◦C− 1 (g/ 
kg)− 1 

μ1 Thermobaric coefficient in T 1.4970 ⋅ 
10− 4 

1/(◦C m) 

μ2 Thermobaric coefficient in S 1.1090 ⋅ 
10− 5 

1/m 

ρ0 Reference density 1026 kg/m3 

TV T − T0, where T0 = 10 and T 
is temperature 

− ◦C 

SV S − S0, where S0 = 35 and S is 
salinity 

− g/kg 

z Depth − m  

Fig. 3. Schematic of the modified Turner angle. Based on Ruddick (1983).  
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surface, there is a tendency for ORAS5 to overestimate temperature in 
the Polar Water layer and underestimate temperature in the Atlantic 
Water layer. Salinity discrepancies persist across all three layers 
considered. The discrepancies become particularly pronounced in recent 
years as the magnitudes of temporal changes are much weaker in ORAS5 
compared to observations. This leads to salinity biases exceeding 1 unit 
of salinity in the last decade. 

ORAS5 performance on the Southeast Greenland shelf (SEGS) is 
evaluated by comparing mean temperature and salinity sections across 
the OSNAP East line at approximately 60◦N for summers when obser
vations on the shelf are available, i.e. 2014, 2016, 2018 and 2020. 

Despite many more available observations to anchor the reanalysis 
product on the SEGS compared to the NEGS, similar difficulties in 
accurately representing the shelf hydrography are evident (Fig. 7). The 
ORAS5 exhibits a warm bias over the shelf. The bias is largest at the 
surface (>2 ◦C) and decreases with depth to approximately 0.25 ◦C at 
200 m (Fig. 7c). Salinity biases are similarly pervasive and most pro
nounced at the surface where differences between in-situ observations 
and the ORAS5 exceed 1.5 g kg− 1 (Fig. 7f). This overestimation of 
salinity on the shelf results in a severe underestimation of the freshwater 
content (Fig. 8), suggesting an inaccurate or absent freshwater forcing in 
the models at this location. 

The significant disparities between ORAS5 and actual temperature 
and salinity values can induce bias in stratification due to the non- 
linearity of the EOS. Because stratification is highly sensitive to tem
perature and salinity properties, these biases may induce 

misrepresentation of the actual stratification on the shelf. The remainder 
of this paper therefore focuses on the interior Nordic Seas where we have 
demonstrated that the ORAS5 provides a reliable representation of the 
hydrography. 

3.2. Upper-ocean stratification 

We investigate trends in upper-ocean stratification using APE 
calculated from the surface to 97 m depth, which is the nearest ORAS5 
layer to 100 m. Over this depth range, APE is assumed to represent the 
stratification that will have greatest influence on nutrient and phyto
plankton interactions in the photic zone and must be broken down to 
replenish surface waters with nutrients from below. We present results 
of the seasonal development of APE across the interior Nordic Seas and 
then focus on the Greenland Sea as the region with most pronounced 
interannual changes. 

3.2.1. Seasonal development of APE 
The upper-ocean stratification exhibits a strong seasonal cycle 

characterised by a single summer maximum and winter minimum 
(Fig. 9). All regions have a similar annual development with weakly 
stratified winters indicating a fully mixed upper 97 m of the water col
umn. Stratification increases rapidly throughout the region in spring and 
reaches its peak in summer during August or September whereafter it 
gradually decays through autumn (Fig. 9d). 

Annual development of the thermal contribution follows the sea

Fig. 4. Comparison of monthly mean temperature (a–e) and salinity (f–j) from Argo and ORAS5 at 10 m, 100 m, 250 m, 500 m and 1000 m in the six regions outline 
on Fig. 2. 

Fig. 5. Comparison of APE derived from ORAS5 and Argo dataset for APE calculated from the surface to 97 m (a) and 1045 m (b).  
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sonal warming and cooling of the ocean surface (Fig. 9b and e). The 
magnitude of APET reflects the upper-ocean circulation pattern, with 
greatest values in the Norwegian and Irminger Seas that are dominated 
by Atlantic Water. Stratification is essentially only controlled by tem
perature in these regions. In contrast, the contributions from tempera
ture and salinity are of similar magnitude in the Greenland Sea where 

temperatures are low year round and surface waters are influenced by 
freshwater from sea-ice melt and the EGC. 

The narrow envelopes of standard deviation around the mean APE 
indicate that the magnitude of stratification has been relatively stable in 
all regions across the 1980–2020 period (Fig. 9d). However, variability 
particularly in salinity and APES in the Greenland Sea suggests a change 

Fig. 6. Time series of temperature and salinity from ORAS5 and observations on the Northeast Greenland Shelf. Averaged over the surface 0–20 m (a & b), at the core 
of the Polar Water (PW) defined as the temperature minimum within the layer where T < 0 ◦C & S < 34.4 (c & d) and at the core of the Atlantic Water (AW) layer 
defined as the temperature maximum within the layer where T > 0 ◦C & S > 34.4. Panel (g) shows the vertical position of the Polar Water core and panel (h) shows 
the vertical position of the 0 ◦C isotherm. Grey circles are July-August-September averages and the orange line is a five-year running mean. Black lines show 
observational data reproduced from Gjelstrup et al. (2022). 

Fig. 7. Comparison of mean temperature (a & b) and salinity (d & e) sections across the shelf portion of the OSNAP East line between observations and the ORAS5 (a 
& c) reanalysis product (b & e). Panels (c) and (f) show the differences between observed and ORAS5 values in temperature and salinity, respectively. 
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in the underlying temperature and salinity contributions in this region 
(Fig. 9 c and f). 

3.2.2. Temporal change in relative importance of temperature and salinity 
in the Greenland Sea 

Separating APE into its thermal and haline contributions further al
lows us to explore the evolution of upper-ocean stratification in the 
Greenland Sea. Fig. 10a reveals a clear transition from predominantly 
salinity-dominated stratification during the first half of the time series to 
predominantly temperature-dominated stratification during the second 
half of the time series on an annual basis. The transition was driven by 
an abrupt reduction in the haline contribution after 1997 (Fig. 10b). 
Prior to this, salinity dominated stratification for the majority of the year 
but large interannual fluctuations in APES caused the annual maximum 
APE to alternate between temperature- and salinity-dominated stratifi
cation (Fig. 10c). The modified Turner angle consequently assumed a 
broad range of values during summers reflecting the lack of a consistent 
dominant stratifying property in the first half of the time series 
(Fig. 10c). 

After 1997, both the magnitude and interannual variability in APES 
was greatly reduced (Fig. 10b). This, in combination with a gradual 

increase in APET over the entire time series, caused a switch to 
temperature-dominated stratification during summers. A change point 
detection analysis confirms that this switch is a statistically robust 
feature (Two-sample T-test: p-value < 0.01). The switch was addition
ally associated with a significant reduction in the variability of the 
modified Turner angle before and after 1997 (σ2 declined from 566 to 
98; F-test for equality of variances: p < 0.01). The annual maximum 
stratification during the latter half of the time series is thus, consistently 
stratified by temperature (Fig. 10c). 

The cessation of high APES years after 1997 coincides with a decline 
in winter sea-ice concentrations (Fig. 11). Correlation analysis reveals 
that more than 50 % of the variability in the annual maximum APES can 
be explained by the sea-ice concentration in the preceding winter (p- 
value < 0.01). Indeed, the probability density and spatial distributions 
of sea-ice concentration differ markedly before and after the regime shift 
in 1997. During the 1980–1997 period, the winter sea-ice concentration 
in the Greenland Sea was highly variable as indicated by the approxi
mately flat probability density distribution (Fig. 11a). Some winters had 
little to no sea-ice cover over the interior Greenland Sea, whilst in other 
winters sea-ice extended northeastwards from the Jan Mayen Current 
into the interior Greenland Sea as a feature known as the Odden ice 
tongue (Fig. 11b). This feature appeared several times during the 
1980–1997 period but was absent in all but two winters in the 
1998–2020 period, where sea-ice concentrations were around 80 % 
(Fig. 11a). The changes in the distribution of sea-ice concentration 
together with the strong correlation with APES suggest that the switch in 
thermal and haline controls on stratification is tightly coupled to the 
disappearance of sea-ice. 

3.3. Winter intermediate-ocean stratification 

We now turn our attention to the intermediate-ocean stratification. 
The annual minimum APE is particularly interesting in this context as 
low (zero) APE indicates deep-reaching convection allowing for transfer 
of carbon and oxygen from the surface to the ocean interior. The 
following therefore focuses on the respective roles of heat and salt in 

Fig. 8. Freshwater content (FWC; reference salinity 34.8) across the OSNAP 
East line averaged for 2014, 2016, 2018 and 2020 from observations (blue) and 
ORAS5 (orange). The stippled line indicates the 500 m isobath. 

Fig. 9. Seasonal development of temperature, T (b), salinity, S (c), APE (d), APET (e) and APES (f) for the upper 97 m of the Greenland Sea (green), Iceland Sea 
(yellow), Norwegian Sea (orange) and Irminger Sea (purple). Thick lines indicate the mean over the 1980–2020 period and the shading indicates one standard 
deviation around the mean. The four regions are shown on panel (a). 
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determining the patterns and trends of annual minimum APE calculated 
from the surface to 1045 m. This depth was chosen based on Moore et al. 
(2015) who based on an idealised model estimate that mixed layers in 
key deep convection sites should seldom exceed 1000 m under typical 
atmospheric forcing in the 1979–2014 period. 

3.3.1. Characteristics of the annual minimum APE 
The annual minimum APE typically occurs in late winter after heat 

loss to the atmosphere, brine rejection and mechanical mixing have 
weakened vertical density gradients, and before summer warming and 
freshwater re-stratify the water column (Figs. 12a and 9c). The lowest 
APE minima are found in the Greenland Sea followed by western 
Irminger Sea. The same two regions experience the lowest variability in 
annual minimum APE (Fig. 12c). Correspondingly, linear regression 
analysis shows only modest rates of change in the magnitude of annual 
minimum APE (Fig. 12d). 

3.3.2. Migration in thermal and haline contributions to annual minimum 
APE 

The mean horizontal distribution of the modified Turner angle re
flects the vertical structure of the water masses in the region. Strong 
thermal control is particularly obvious in the Iceland Basin and Nor
wegian Sea which are dominated by Atlantic Water (Fig. 13). These 
basins are characterised by high upper-ocean salinity and temperature 
due to the subtropical provenance of their source waters. In the Nor
wegian Sea, the less saline (but cold) NSAIW extends below as a salinity 
minimum causing an unstable vertical salinity gradient for which the 
vertical temperature gradient overcompensates ensuring overall stabil
ity. By contrast, the Greenland Sea and the western reaches of the Ice
land Sea contain comparatively fresh waters with low temperatures such 
that the non-linearity of the EOS inherently lends itself to salinity- 
dominated stratification (Fig. 13). 

The Greenland Sea and western Irminger Sea experience the greatest 
variability in terms of the relative importance of APET and APES for 
regulating winter stratification (Fig. 13b). These regions are doubly 

Fig. 10. Development in the thermal (APET) and haline (APES) contributions to upper-ocean stratification in the Greenland Sea as defined on Fig. 9a. Panel (a) shows 
the modified Turner angle for the Greenland Sea region as a Hovmöller diagram. The white line indicates the percentage of each year in which salinity stratification 
dominated (Ta < 0◦). Panel (b) shows the time series of the thermal (APET) and haline (APES) contributions. Panel (c) shows the modified Turner angle at the annual 
maximum stratification (APE). The stippled vertical line denotes the 1998 regime shift and the horizontal lines give the regime-specific mean values. 

Fig. 11. Distribution of annual maximum sea-ice concentration before and after the regime shift identified in 1997. Panel (a) shows the frequency distribution for the 
two regimes in the Greenland Sea as defined on Fig. 9a. Panels (b) and (c) show the mean spatial distributions of sea-ice concentration before and after 1997, 
respectively. Bathymetry contours of − 3000 m, − 2000 m, − 1000 m and − 500 m are superimposed on panels (b) and (c). 
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stable (− 45◦ < Ta < 45◦) and are weakly stratified on average (Fig. 13a 
and 12b). Consequently, stratification is sensitive to small changes in 
temperature or salinity. Accordingly, the probability density distribu
tion of the modified Turner angle from areas characterised by low APE is 
approximately flat (Fig. 13c). Conversely, areas of higher APE minima 
are characterised by high absolute modified Turner angles with a peaked 
probability density distribution (e.g. Norwegian Sea in Fig. 13c). There 
is, however, structure to the variability across the Greenland Sea. Fig. 14 
shows the modified Turner angle at the timing of the annual minimum 

APE along a longitudinal transect crossing the Greenland and Norwegian 
Seas at 75◦N. The relative importance of temperature and salinity 
changes gradually from haline dominance in the west (negative Ta) to 
thermal dominance in the east (positive Ta). The modified Turner angle 
gradually increases and stratification becomes thermally dominated 
between 1◦E and 2◦E as we enter the Norwegian Sea. In 1980–1989, 
salinity was the dominant stratifying property across the entire 
Greenland Sea. The relative importance of temperature increased dras
tically in the Greenland Sea over the subsequent three decades (Fig. 14), 

Fig. 12. Median timing (a), average magnitude (b) and standard deviation (c) of the annual minimum APE. Note non-linear colour scales on (b) and (c). The standard 
deviation was calculated over the entire forty-year period. Panel (d) shows statistically significant (p-value < 0.05) linear trends in annual minimum APE across the 
1980–2020 period. Bathymetry contours of − 3000 m, − 2000 m, − 1000 m and − 500 m are superimposed on each panel. 

Fig. 13. Average (a) and standard deviation (b) of the relative importance of thermal and haline contributions to the annual minimum APE shown as the modified 
Turner angle. The standard deviation was calculated over the entire forty-year period. Panel (c) shows the probability density distribution of modified Turner angle 
within the Norwegian Sea (orange rectangle on (b)) and northern Greenland Sea (green rectangle on (b)) for the annual minimum APE. 
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ultimately shifting the location of the transition from haline to thermal 
dominance westwards before the stretch of haline dominance was 
eroded entirely. This transition is not unique to the 75◦N transect but 
reflects a basin-wide replacement of relatively cold, fresh salinity- 
stratified waters with warmer and more saline temperature-stratified 
waters. The latter spread southwestwards from the northern reaches of 
the Greenland Sea and along the RAC pathway eventually filling the 
majority of the basin (Fig. B1). The high variability in Ta is thus not 
simply because the Greenland Sea is a transition zone, but reflects a 
transition from predominantly salinity to temperature stratification over 
the intermediate depth range. Whilst this transition represents a large 
spatial change in the horizontal distribution of the dominant stratifying 
property, the strength of intermediate-ocean stratification has remained 
relatively stable. Hence, despite the fact that the water column exerts the 
same resistance to mechanical mixing as prior to the shift, a different 
mechanism is now needed to erode stratification and enable convection. 
A bulge between 8◦W and 12◦W is also apparent from Fig. 14. This 
feature is likely caused by the RAC which brings waters from the 
α-domain within the Nordic Seas across Fram Strait to return southwards 
with the EGC. 

4. Discussion 

4.1. Underperformance of the ORAS5 on the East Greenland shelf 

In this paper, we use the ORAS5 reanalysis, a model-based product 
constrained by assimilated observations, to quantify changes in the 
controls of stratification in the Nordic Seas. An accurate representation 
of hydrography is an essential prerequisite for our study as the EOS can 
be highly sensitive to any temperature or salinity biases. We showed that 
ORAS5 reliably reproduces temperature and salinity properties 
throughout the water column in all deep basins, apart from the Lofoten 
Basin, when compared with Argo-based observations. However, we 
found significant shortcomings in ORAS5’s representation of the East 
Greenland shelf hydrography, with substantial discrepancies in tem
perature and salinity compared to available observations. A prime 
example of this is the severe underestimation of freshwater content at 
60◦N suggesting that freshwater forcing in the underlying models is 
either inaccurate or altogether lacking at this location. The under
performance of the ORAS5 in this region underscores the complexities of 
modelling ocean dynamics on the shelf and in particular, the challenges 
related to the representation of freshwater forcing. Furthermore, the 
comparison highlights a need to re-evaluate how the assimilated data is 
weighted in the reanalysis, particularly in regions where the underlying 
models face known challenges. 

The discrepancies and issues raised in this evaluation stress the 
importance of reconciling models and reanalyses with observational 
data for the East Greenland shelf. The scarce observational data from the 

region indicate that significant and rapid changes are taking place on the 
shelf and will continue (e.g. Karpouzoglou et al., 2022; Schaffer et al., 
2017; Sejr et al., 2017). A refinement of the representation of connec
tivity between shelf and basin is of particular importance, especially 
concerning freshwater dynamics. 

4.2. Regime shift in summer surface stratification in the Greenland Sea 

Summer stratification in the upper water column of the Greenland 
Sea was shown to have undergone a regime shift in the relative contri
butions of temperature and salinity. A long-term increase in the thermal 
contribution was countered by an abrupt decrease in the haline contri
bution after 1997. These changes had no significant impact on the 
strength of upper-ocean stratification but caused a shift from predomi
nantly salinity-dominated stratification to consistent temperature- 
dominated stratification during summers. 

The abrupt decline in the haline contribution is particularly inter
esting in the context of the identified regime shift. The main sources of 
freshwater to the Greenland Sea are precipitation and lateral advection 
of freshwater from the EGC in either liquid or solid form. We do not 
consider change in precipitation and evaporation as plausible mecha
nisms for the abrupt decrease as studies suggest that precipitation and 
evaporation balance on seasonal timescales (Schmitt et al., 1989; Walsh 
and Portis, 1999). Two Great Salinity Anomaly events took place in the 
1980’s and 1990’s suggesting that there may have been excess fresh
water transport with the EGC during this period (Belkin, 2004). Diver
sion of this excess freshwater into the interior Greenland Sea could thus 
be a possible explanation for the strong haline contribution to stratifi
cation between 1980 and 1997. This period was additionally charac
terised by the occasional appearance of the Odden ice tongue which 
consisted of sea-ice advected from upstream regions and locally formed 
sea-ice (Wadhams and Comiso, 1999). The disappearance of the 
advected portion of this feature must therefore also have contributed to 
the decreased freshwater forcing in the second, temperature-dominated, 
regime. This was supported by a strong correlation (0.55) between the 
winter sea-ice concentration and the haline contribution the following 
summer. 

In addition, the loss of sea-ice prolonged the exposure of the ocean 
surface to the atmosphere facilitating increased uptake of heat during 
summers. A recent study in the Fram Strait region demonstrated a strong 
relationship between the open water fraction and summer water tem
peratures at 55 m (de Steur et al., 2023). The same study additionally 
showed that summer insolation has extended the period of compara
tively high upper-ocean temperatures until November, thereby altering 
the seasonal cycle. This provides an explanation for the prolonged 
annual duration of thermal stratification in the Greenland Sea. 

The stark changes in the Greenland Sea represent a fundamental 
transition from summer stratification intermittently determined by 

Fig. 14. Modified Turner angle (a) of annual minimum APE along a longitudinal transect at 75◦N. The thick lines show decadal means and surrounding shading 
indicates one standard error. The colour bar on the right indicates the four stability regimes associated with the modified Turner angle. Panel (b) shows bathymetry 
along the same transect. Bathymetry from ETOPO1 (Amante and Eakins, 2009). 
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temperature or salinity, to consistent temperature-dominated stratifi
cation and has potential implications for regional marine ecology. For 
example, strong salinity stratification in the Greenland Sea during spring 
has been linked to high sea-ice export via Fram Strait and was further 
associated with early initiation of the annual phytoplankton bloom 
(Mayot et al., 2020). Under such conditions, the strong salinity strati
fication retains cells in the photic zone where the bloom rapidly de
velops until nutrients are exhausted. Based hereon, one may expect 
spring phytoplankton productivity to decrease in the Greenland Sea if 
the trend towards increased duration of thermal stratification continues 
into the spring months, which would dilute the phytoplankton biomass 
and delay the bloom. On the other hand, weaker upper-ocean stratifi
cation, as typically associated with α-oceans, increases the likelihood 
that wind driven mixing events can erode stratification and resupply 
nutrients during the productive period, ultimately inducing higher in
tegrated primary production (Carmack and Wassmann, 2006). The shift 
towards a greater role of temperature in determining stratification may 
therefore entail a more gradual bloom development and an overall in
crease of the annual phytoplankton primary production, which in turn 
may increase export production and carbon sequestration. 

4.3. Intermediate-depth winter convection in the Greenland Sea 

Hydrographic variability in the intermediate layers stems from 
changes in winter convection and long-term trends. Variability in 
intermediate-ocean stratification was predominantly expressed as 
highly variable modified Turner angles concentrated in the Greenland 
Sea (Fig. 13b). Here, the thermal contribution to stratification increased 
steadily over the 1980–2020 period effectively shifting the α/β delin
eation westwards until thermally stratified waters prevailed across the 
entire Greenland Sea. These findings are consistent with extensive 
warming and salinification of the Greenland Sea gyre documented in 
previous studies (e.g. Latarius and Quadfasel, 2016; Lauvset et al., 2018; 
Brakstad et al., 2019). Analyses from Latarius and Quadfasel (2016) 
report increasing temperatures in the interior Greenland Sea across their 
2001–2011 time period. A later study shows that this trend continued 
through to 2016 and was preceded by another period of warming in the 
intermediate layer from 1986 to 1995 (Lauvset et al., 2018). Salinity was 
highly variable until 2001 after which it increased throughout the water 
column but most intensely at 500 m (0.002 yr− 1) followed by 1000 m 
(0.001 yr− 1; Lauvset et al., 2018). Based on strong cross-correlations 
(0.72 for temperature and 0.8 for salinity) between surface anomalies 
in the Greenland Sea and Atlantic Water core properties at the 
Greenland-Scotland Ridge three years prior, the authors attribute these 
long-term trends to northward propagation of anomalies originating 
farther south. Most of the exchange between the Norwegian and the 
Greenland Seas is facilitated by the RAC as it brings AtOW to the EGC 
and is subsequently entrained into the Greenland Sea gyre (Håvik et al., 
2017). A central role of the AtOW in driving the observed shift in density 
contributions fits well with the spatial pattern of the spreading of 
thermally stratified waters southwestwards along the RAC pathway 
(Fig. S1). 

Despite the salinification that occurred in the early 2000’s, a new less 
dense class of GSAIW documented by Brakstad et al. (2019) became the 
dominant water mass at intermediate depths following a period of 
reduced convective activity. The arrival of GSAIW initiated a new period 
of convective activity and consequently, the weakly stratified GSAIW 
occupied the entire intermediate depth range by the 2010’s. The 
increased volume of weakly stratified waters has also reduced stability 
in the Greenland Sea. Herein lies an explanation for the slight negative 
trend in annual minimum APE identified on Fig. 12d. Thus, the shift in 
thermal and haline contributions to stratification is driven by a combi
nation of local (convective) and remote (propagation of anomalies) 
processes. 

Whilst the overall strength of stratification in the intermediate wa
ters of the Greenland Sea have not changed considerably, the shift in 

thermal and haline contributions reveals that convection to 1000 m is 
now less dependent on eroding salinity gradients remnant from summer 
freshwater lenses. Instead, it now mainly depends on cooling, which 
appears sufficient despite the increasing temperatures of the waters 
entering the region. However, as Moore et al. (2015) showed a 20 % 
reduction in the magnitude of air-sea heat fluxes over the 1979–2010 
period, winter cooling may not continue to suffice if the trend continues. 

4.4. Is the Greenland Sea undergoing Atlantification? 

Widespread oceanic changes fuelled by anomalous influx of warm, 
saline waters from the subarctic have been termed Atlantification in 
other Arctic regions (Ingvaldsen et al., 2021; Polyakov et al., 2017). 
Atlantification is typically associated with a weakening of stratification 
and increased heat supply from intermediate waters resulting in sea-ice 
loss (Polyakov et al., 2017). 

The changes documented here in the Greenland Sea over both the 
upper- and intermediate-ocean depth ranges, may likewise be consid
ered manifestations of Atlantification. We have shown a trend towards a 
greater role of AtOW in determining stratification over the intermediate 
depth range and further argue that this was related to the replacement of 
GSDW with GSAIW and associated with a slight decrease in the overall 
strength of winter stratification. Increased heat content of the upper- 
ocean and reduced freshwater forcing drove a switch to temperature- 
dominated stratification during summers and further prolonged the 
annual duration of thermal stratification. This is expected to alter pri
mary production patterns to resemble those typical of α-oceans thereby 
suggesting possible ecological implications of the hydrographic changes. 

Finally, the switch in thermal and haline controls on stratification 
over both depth ranges jointly pose a challenge for local sea-ice for
mation in the Greenland Sea. Due to the increase in upper-ocean tem
perature and surface salinification, the ocean must lose more heat than 
before in order to reach freezing temperature. Heat loss must also occur 
over a shorter period of time as suitable stratification conditions (haline 
stratification) have become less prevalent than before. The increased 
heat content and decreased stability of GSAIW compared to GSDW may 
further enhance the vertical heat flux potentially impeding the surface 
mixed layer from ever reaching freezing temperature. Thus, whilst sea- 
ice loss appears to be at least partially responsible for driving the regime 
shift in thermal and haline controls on upper-ocean stratification, the 
shift itself further implicates the potential for local sea-ice formation as 
the hydrographic conditions are less conducive to sea-ice formation than 
before the shift. 

It is not possible to determine whether the switch in stratification 
contributed to the sea-ice decline based on the analysis presented here. 
However, it is clear that the observed changes have made it more 
challenging for sea-ice to form locally. The switch towards a greater role 
of temperature in determining stratification is therefore likely to persist. 
Surface stratification in the Greenland Sea is unlikely to return to the 
haline regime under current and future expected conditions, assuming 
Arctic freshwater is retained within the EGC. The hydrographic devel
opment of the Greenland Sea thus indicates that ongoing Atlantification 
of the Arctic region has also reached the Arctic domain of the Nordic 
Seas. 

5. Summary and conclusion 

In this study, we use the ORAS5 ocean reanalysis product to examine 
the development of stratification and its thermal and haline constituents 
over the upper (0–100 m) and intermediate (0–1000 m) depth ranges in 
the Nordic Seas. Comparison with available observations reveals both 
strengths and shortcomings in the ability of the reanalysis product to 
represent the hydrography of the Nordic Seas. While the reanalysis 
performs well in all interior basins apart from the Lofoten Basin, we find 
substantial deficiencies on the East Greenland shelf. These inadequacies 
cast doubt on the reliability of the product for these critical shelf regions, 
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emphasising the need for improved observational data and reanalysis 
techniques in such areas. Nevertheless, the comprehensive dataset 
afforded by the ORAS5 enables us to assess trends and variability in the 
interior basins over long time scales. 

Analysis of the spatially and temporally continuous data fields 
showed modest changes in the strength of stratification across the ma
jority of the Nordic Seas and both depth ranges despite extensive hy
drographic changes. The relative importance of temperature and salinity 
has, however, changed and as a consequence, the horizontal distribution 
of temperature and salinity stratified waters has shifted. 

This shift is exemplified in the intermediate winter waters in the 
Greenland Sea where relatively cold, fresh, salinity-stratified waters 
were replaced with warmer and more saline temperature-stratified 
waters over the 1980–2020 period. These events caused a progressive 
westward migration of the division between temperature- and salinity- 
stratified waters until the entire basin was thermally stratified by the 
2010–2020 period. Whilst the switch had limited impact on the overall 
strength of stratification, convection is now reliant on surface heat loss 
rather than erosion of freshwater lenses to enable intermediate-depth 
convection. 

A similar transition occurred in the summer surface waters in the 
Greenland Sea. Here, summer stratification transitioned from a highly 
variable regime, in which stratification was intermittently determined 
by either salinity or temperature, to a more stable regime characterised 
by consistent temperature-stratification. This switch coincided with a 
decline in sea-ice concentration, which in concert with sea-surface 
warming likely fuelled the transition. In addition to consistent 
temperature-dominated summer stratification, the annual duration of 
thermal dominance increased. 

Jointly, the changes in stratification suggest that the Greenland Sea 
may be undergoing Atlantification with potential implications for local 
sea-ice formation and regional marine ecology. 
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