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Abstract

Abstract

The Nordic Seas form a critical interface between the Arctic and North Atlantic, mediat-
ing exchanges of heat, freshwater and dense water that influence the Atlantic Meridional
Overturning Circulation. Rapid climate change is modifying sea-ice cover, boundary cur-
rent pathways and upper-ocean stratification, with implications for high-latitude ocean-
atmosphere coupling and water mass transformation. This thesis examines how these
processes vary in the present climate and how they respond to strong anthropogenic forc-
ing.

Observations and reanalysis data are used to investigate historic spatiotemporal vari-
ability in sea-ice conditions and upper-ocean structure along the north-east Greenland
margin. Variability in the Northeast Water Polynya is shown to be primarily controlled
by atmospheric circulation, while concurrent ocean changes reveal widespread warming,
surface freshening and subsurface salinification, consistent with enhanced ice melt and
evolving stratification.

The physical oceanography of the wider Nordic Seas is explored using the HadGEM3
global coupled climate model at low, medium and high-resolution, and the simulated
diagnostics are evaluated against observation-based products. The low-resolution model
does not accurately resolve the complex ocean system, while the medium-resolution has
muted variability and dynamics. However, despite biases in boundary current strength,
the high-resolution simulation reproduces the large-scale circulation, seasonal cycle and
key hydrographic contrasts well, providing confidence in its projected response. Under a
high-emissions scenario, increased inflow of Atlantic-origin water intensifies warming and
salinification along boundary currents, strengthening horizontal density gradients and
altering mixed layer depths.

The high-resolution future projections show a decline in dense water formation driven
by rising ocean temperatures, reduced brine rejection and a poleward shift in surface-
forced transformation. Meanwhile, overturning circulation within the Nordic Seas strength-
ens and shifts poleward, while the density of overturning decreases, implying a shoaling
circulation. These results highlight competing mechanisms linking sea-ice retreat, bound-
ary current dynamics and overturning, while reinforcing the sensitivity of the Nordic Seas

to climate change.
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1. Introduction

Introduction

1.1 The Nordic Seas

1.1.1 Geographical Context

The Nordic Seas is a high-latitude sub-Arctic geographical domain situated between Nor-
way, Iceland, Greenland and the Svalbard archipelago, encompassing the Norwegian Sea,
the Iceland Sea and the Greenland Sea (Figure 1.1). The region forms a key transition
zone between the North Atlantic and the Arctic Ocean and plays a pivotal role in regulat-
ing the exchange of heat, freshwater and salt between lower and higher latitudes (Mayer
et al., 2020; Mauritzen, 1996; Serreze and Meier, 2019). The Fram Strait acts as the
major gateway to the north, controlling the primary oceanic connection with the Arctic
Ocean (Schauer and Beszczynska-Moller, 2008), although some additional exchange takes
place through the shallow Barents Sea Opening to the east (Smedsrud et al.; 2013); while
the Greenland-Scotland Ridge marks the southern boundary where dense overflow waters
flow southward to ventilate the deep Atlantic (Hansen and Osterhus, 2004; Dickson et al.,
2002; Rahmstorf et al., 2015).

Owing to its location and geomorphology, the Nordic Seas are central to the structure
and variability of the global climate system. Intense air-sea heat fluxes in the region con-
tribute substantially to the transformation of warm Atlantic inflow waters into colder and
denser water masses (Huang et al., 2023; Isachsen et al., 2007; Marshall and Schott, 1999;
Renfrew et al., 2021), which subsequently feed the lower limb of the Atlantic Meridional
Overturning Circulation (Lozier, 2019; Hansen and Osterhus, 2004; Osterhus and Tur-
rell, 2001). In addition, strong coupling between the ocean, atmosphere and sea-ice gives
rise to tightly linked feedback mechanisms that amplify climate variability (Luo et al.,
2021; Screen et al., 2018). Observations over recent decades demonstrate that the Nordic
Seas region is responding substantially and rapidly to anthropogenic climate forcing (e.g.
Moore et al., 2022, 2015; Broomé et al., 2020; Sadatzki et al., 2020), highlighting its role
as an early indicator of broader changes in the Arctic-Atlantic climate system (Polyakov
et al., 2017; Rahmstorf et al., 2015). As demonstrated by Figure 1.2, the largest increases
in surface temperature since 1980 are seen in the Arctic region, with the Northern Hemi-
sphere high-latitudes showing a cumulative warming of more than 4.5 °C over this period,
much larger than anywhere else on Earth (global mean temperature increase over this
period is ~0.94 °C).
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Figure 1.1: A map of the Nordic Seas region taken from Raj et al. (2019), with schematic
water pathways showing the northward flowing Atlantic Water at the surface in red, and
southward flowing FEast Greenland Current in black. The two branches of the Norwegian
Atlantic Current, the Norwegian Atlantic slope current (NwASC) and Norwegian Atlantic
front current (NwAFC) are also represented by red arrows. The cyclonic gyre circulations
in the Norwegian Basin, Lofoten Basin and Greenland Basin are indicated in blue. See
Chatterjee et al. (2018) and Raj et al. (2015) for further details. Grey isobaths are drawn
for every 600 m, illustrating the bathymetry.
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Figure 1.2: Figures from National Aeronautics and Space Administration Goddard In-
stitute for Space Sciences (NASA GISS) show (a) the spatial distribution of the linear
annual trend in global surface temperature between 1980 and 2025 and (b) a graph of the
zonal mean of this temperature change. These figures are compiled using Land Surface
Air Temperature data (GHCNv4) and Sea Surface Temperature data (ERSSTv5) and are
available from https://data.giss.nasa.gov/gistemp/maps/. The number at the top
right-hand corner of the map plot is an estimate for the global mean of the calculated
field over the given time period. Note that a smoothing radius of 1200 km has been used.

1.1.2 Physical Oceanography

The bathymetry of the Nordic Seas is highly complex, ranging from shallow continen-
tal shelves at depths of around 250 m, to deep basins and narrow passages exceeding
5000 m (Blindheim and @sterhus, 2005; Schaffer et al., 2019; Thornes and Longva, 2007;
Thiede et al., 1990). This rugged topography exerts a strong control on the regional
ocean circulation, which is predominantly cyclonic and characterised by basin-scale gyres,
topographically steered boundary currents and vigorous mesoscale activity (Nilsen et al.,
2008; Hansen and Osterhus, 2004; Drange et al., 2006).

Prominent circulation features include the Greenland Sea Gyre (Pawlowicz, 1995;
Gascard et al., 2002), a basin-wide cyclonic system associated with deep convection and
long-term carbon storage in the Greenland Sea (Rhein et al., 2011), and the Norwegian
Sea Gyre, which regulates the distribution and transformation of Atlantic and Arctic-
derived water masses throughout the water column in the Norwegian Sea (Hatin et al.,
2021). Additionally, situated in the path of Atlantic Water flow from the North Atlantic
to the Arctic, the Lofoten Basin Gyre acts as the largest heat reservoir in the Nordic Seas
(Raj et al., 2020) and modulates rates of boundary-interior heat transport and heat loss

to the atmosphere.

The cyclonic gyre circulations dome the isopycnals in each basin, resulting in a less
stratified water column which forms favourable pre-conditions for deep convection while
high surface fluxes force persistent upper-ocean buoyancy loss which triggers convective
mixing (Marshall and Schott, 1999). Deep convection has been observed at depths of more
than 800 m in the Greenland Sea basin (Lherminier et al., 1999; Bashmachnikov et al.,
2021; Brakstad, 2023). This is thought to be some of the densest deep-water renewal to
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occur in the Northern Hemisphere. The cyclonic gyre circulations of the Nordic Seas are
illustrated with blue arrows on the map shown in Figure 1.1.

There also exist several important boundary current features in the Nordic Seas
which transport water masses around the region. Along the western boundaries, the
equatorward-flowing East Greenland Current (EGC) transports cold, fresh Polar Wa-
ter from the Arctic Ocean along the continental shelf break of East Greenland towards
the North Atlantic (Dickson and Brown, 1994; Rudels et al., 2002; Foldvik et al., 1988;
Woodgate et al., 1999) and dense overflow waters exit the Nordic Seas through the Den-
mark Strait (Swift et al., 1980; Kése et al., 2003; Vage et al., 2011). In contrast, the eastern
boundary is dominated by warm and saline Atlantic Water, which flows poleward, mainly
via the Norwegian Atlantic Current (Orvik, 2022; Mork and Skagseth, 2010) and the West
Spitsbergen Current (Schlichtholz and Goszczko, 2006; Walczowski and Piechura, 2011),
supplying heat and salt to higher latitudes and the Arctic Ocean (Hansen and Osterhus,
2000; Orvik and Niiler, 2002; Schauer and Beszczynska-Moéller, 2004). These boundary
currents are represented by black and red arrows respectively in Figure 1.1.

As Atlantic inflow waters progress northward through the domain, they undergo sub-
stantial modification through heat loss to the atmosphere, freshwater input, vertical mix-
ing and interaction with sea-ice (Mauritzen, 1996; Rudels et al.; 2005). These processes,
together with the sharp lateral gradients imposed by contrasting water masses and steep
bathymetry, give rise to strong oceanic fronts and enhanced mesoscale variability (Isachsen
et al., 2012; Spall, 2011; Jian et al., 2026). The coupled transformation of Atlantic Water
into intermediate and dense waters within the Nordic Seas is a key mechanism linking
the regional dynamics to larger-scale climate variability, particularly through its influence
on the Atlantic Meridional Overturning Circulation (AMOC; Marshall and Schott, 1999;
Eldevik and Nilsen, 2013) and the global thermohaline circulation. The significant inter-
connectivity of this crucial mechanism is visualised by the schematic diagrams shown in

Figure 1.3.
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Figure 1.3: (a) A schematic illustrating global ocean circulations with blue arrows indicat-
ing cold deep water and red arrows indicating warm surface water (Chapman and Wood,
2025). (b) An idealised visual representation of the North Atlantic Current and Nordic
Seas ocean circulation highlighting the interconnectivity of the Gulf Stream (red), gyre
structures (pink) and Deep Western Boundary Current (blue). The zonally integrated
view of the circulation shown on the side illustrates the transformation and sinking of
warm upper-ocean water at high latitudes as a part of the AMOC (Asbjornsen et al.,
2024). (c) A closer look at how the dense overflow waters from the Nordic Seas contribute
to the lower limb of the AMOC is illustrated with a schematic of the meridional flow
across the Greenland-Scotland Ridge (Arthun et al., 2023a).

1.1.3 Sea-Ice and Atmospheric Conditions

Sea-ice in the Nordic Seas exhibits pronounced spatial, seasonal and interannual variabil-
ity (Vinje et al., 2004). Perennial or near-perennial ice is typically found in the western
and northern sectors, while the eastern Nordic Seas are characterised by a highly dy-
namic marginal ice zone (MIZ) that expands during winter and retreats during summer
(Kern et al., 2010). Examples of this seasonal variability are demonstrated in Figure 1.4
with spatial maps of Arctic sea-ice concentration for mid-March and mid-September, the
months of maximum and minimum sea-ice extent respectively. Over recent decades, the
extent and thickness of sea-ice in the Nordic Seas has declined markedly, with the winter
ice edge retreating northward in response to rising ocean and atmosphere temperatures
(Serreze and Barry, 2011; Stroeve et al., 2012). This is particularly true in the area around
the Svalbard archipelago, near the northern extremity of the West Spitsbergen Current
pathway of Atlantic water inflow (WSC; Onarheim et al., 2014).

The annual cycle of the total sea-ice extent in the Nordic Seas resembles that for the
entire Arctic region, with a peak in late winter and the lowest values in early autumn,
following the summer melt season. An example from the National Snow and Ice Data
Center (NSIDC) of this annual cycle in Arctic sea-ice extent is shown in Figure 1.5 (a).
This graph also shows the steady evolution of the annual cycle over time, with a clear
decreasing trend since the satellite record began in 1979. The linear shifting of the annual

cycle visualises that the trend is largely similar for all months of the year with a mostly
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March 1979 September 1979

Sea Ice Concentration

Figure 1.4: Maps showing the spatial distribution of Arctic sea-ice concentration on 15th
March and 15th September 1979 (upper row) and the same dates in 2020 (lower row). The
sea-ice concentration data is from NSIDC-0051 (10.5067/8GQ8LZQVLOVL) and NSIDC-
0081 (10.5067/U8CO9DWVXILM) and is calculated using satellite observations from the
Nimbus-7 SMMR and SSM/I-SSMIS passive microwave instruments. The figure shown
here are taken from the NASA Worldview webpage (https://worldview.earthdata.
nasa.gov).
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consistent rate of sea-ice decline spatially averaged over the Arctic polar region. In con-
cordance, time series of the average monthly Arctic sea-ice extent between 1979 and 2021
show significant negative trends for both the month of March and September in Figures
1.5 (b) and (c) respectively. This strong signal of sea-ice decline is prominent despite
the relatively large natural interannual variability and it has been shown that this trend
is mostly driven by anthropogenic forcing (Zhang et al., 2010; Lee et al., 2025; Mueller
et al., 2018).
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Figure 1.5: (a) The annual cycle of Arctic sea-ice extent from the National Snow and
Ice Data Center (NSIDC: https://nsidc.org/data/tools/arctic-sea-ice-chart/)
for each year since 1979, based on daily extent values with a five-day trailing mean. The
results are calculated using passive microwave observations, comprising several datasets
(the Sea Ice Index, AMSR2 Daily Polar Gridded Sea Ice Concentrations, and the NASA-
produced Sea Ice Concentrations from Nimbus-7 SMMR and DMSP SSM/I Passive Mi-
crowave Data). (b) Average monthly Arctic sea-ice extent for March and (c) September
from 1979 to 2021, with a best fit linear regression trend line, also taken from NSIDC
(https://nsidc.org/data/tools/arctic-sea-ice-chart/).

Sea-ice variability is important as it strongly modulates freshwater input (e.g. Se-
lyuzhenok et al., 2020), upper-ocean stratification (e.g. Lundesgaard et al., 2022) and
the efficiency of atmosphere-ocean exchange (e.g. Moore et al., 2022; Barrell et al., 2023;
Eldevik et al., 2012; Screen et al., 2022), thereby tightly coupling local ice conditions to
larger-scale oceanic (Lique et al., 2025; Mauritzen and Héakkinen, 1997) and atmospheric
dynamics (Overland et al., 2011; Screen and Simmonds, 2013; Smith et al., 2017). The
Nordic Seas are subject to particularly strong atmospheric forcing (Jakobson et al., 2012),
including frequent cyclones and polar lows (Bracegirdle and Gray, 2008; Stoll et al., 2018;
Rojo et al., 2015; Noer et al., 2011), intense surface winds (Reistad et al., 2014) and large
seasonal variations in heat fluxes (Simonsen and Haugan, 1996), which together drive

vigorous coupled interactions in this region.
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Polynyas, and other sea-ice features such as leads, further enhance the coupling be-
tween atmosphere and ocean (e.g. Maykut and McPhee, 1982). Polynyas are recur-
rent regions of open water, or reduced ice cover, within an otherwise ice-covered area
(Morales Maqueda et al., 2004). By exposing the ocean surface to the atmosphere,
polynyas can facilitate significant ocean heat loss (Smith et al.; 1990; Ren et al., 2024),
brine rejection (Haarpaintner et al., 2001) and deep or intermediate water formation
(Geyer et al., 2010), thereby contributing to important mechanisms of water mass transfor-
mation and ocean ventilation. Their occurrence and persistence are controlled by a com-
bination of atmospheric forcing, ocean heat transport and sea-ice dynamics, making them
highly sensitive to changes in wind patterns and ocean stratification (Morales Maqueda
et al., 2004). Under ongoing climate change, increased ocean warming, freshening and
reduced sea-ice thickness are expected to alter polynya frequency, extent and seasonality
in the Arctic, potentially weakening their role in dense water formation and modifying
feedbacks within the Nordic Seas climate system (e.g. Smith Jr and Barber, 2007; Gillie
et al., 2024; Preufler et al., 2016; Wong et al., 2025; Hoppmann et al., 2015).

Mean near-surface air temperatures in the Nordic Seas typically range from approx-
imately 5°C in summer to around -15°C in winter (National Centers for Environmental
Information, 2021). These temperatures are accompanied by predominantly northerly or
north-westerly winds (Semedo et al.; 2015; Holland et al.; 2007), although substantial re-
gional and seasonal variability exists (Wilkinson et al., 2022; Smedsrud et al., 2013). The
temporal mean 10 m wind speeds for each season between August 1999 and May 2007 is
shown in the subplots in the left column of Figure 1.6, while the subplots shown in the
right column show the directional constancy and average 10 m wind vectors. This figure
is taken from Kolstad (2008) and has been constructed based on QuikSCAT satellite-
derived data. The lightest winds are seen during the summer months, with weak wind
speeds across the region of around 5 m/s and low directional constancy. The strongest
near-surface winds are seen during the winter months and particularly high wind speeds
are present in the south-western sector of the Nordic Seas domain. In this area a mesoscale
barrier jet system often develops along the south-east coast of Greenland, near Denmark
Strait, making this location one of the windiest in the world (Petersen et al., 2009; Moore
and Renfrew, 2005; DuVivier et al., 2017; Moore, 2012; Moore et al., 2008). Here, the
average wintertime values reach 18 m/s and are generally of a northerly flow direction

(see upper row of subplots in Figure 1.6).

The large-scale atmospheric circulation over the Nordic Seas is influenced by variability
in the North Atlantic storm track and by dominant modes of climate variability such as
the North Atlantic Oscillation (NAO), the Arctic Dipole and changes in the strength and
structure of the polar vortex (Hurrell, 1995; Overland and Wang, 2012; Vihma et al., 2014;
Walter and Graf, 2005). These modes regulate surface heat, freshwater and momentum
fluxes, thereby affecting ocean heat content (Broomé et al., 2020), stratification (Kenigson

and Timmermans, 2021), deep water formation (Isachsen et al., 2007; Aagaard et al., 2004)
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and sea-ice variability (Tsukernik et al., 2010; Wu et al., 2006; Jung and Hilmer, 2001).
Periods of enhanced north-westerlies and increased cyclonic activity tend to intensify
wintertime heat loss and promote dense water formation, whereas atmospheric blocking
over Greenland or Iceland can disrupt storm tracks and lead to pronounced interannual
variability (Woollings et al., 2010). Four examples of atmospheric circulation regimes that

significantly influence the climatology in the Nordic Seas are visualised by the 500 hPa

geopotential height anomalies in Figure 1.7. This Figure, taken from van der Wiel et al.
(2019), is based on ERA5 data for the winter months between 1979 and 2018.
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Figure 1.6: Taken from Kolstad (2008), the subplots in the left column show the temporal
average QuikSCAT 10 m wind speed (m/s) for winter, spring, summer and autumn,
between August 1999 and May 2007. The subplots in the right column show the associated
directional constancy (shading) and average wind vectors (longest arrow is marked with
a circle and translates to 11 m/s). The thick, unmarked contours indicate pixels that are
covered by sea-ice 50% of the time.

29 of 193



1.1. The Nordic Seas 1. Introduction
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Figure 1.7: Spatial maps taken from van der Wiel et al. (2019) illustrate the four main
regimes of atmospheric circulation in the North Atlantic-European domain, including (a)
the NAO positive mode (b) the NAO negative mode (c) Scandinavian Blocking and (d) the
Atlantic Ridge. The coloured shading shows the 500 hPa geopotential height anomaly (m)
and the contour lines show the 500 hPa geopotential height (m, interval 100 m) which
is indicative of the direction of flow. The percentage values denote the percentage of
total days categorised in each regime, based on analysis of wintertime (DJF) ERA5 data
between 1979 and 2018.
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1.1.4 The Response to Climate Change

Due to the strong feedbacks between the ocean, atmosphere and sea-ice and its proxim-
ity to major freshwater sources, including the Greenland Ice Sheet, the Nordic Seas is
particularly sensitive to ongoing climate change. Significant increases in near-surface air
temperatures have been recorded at locations across the domain, with enhanced positive
trends compared to the global average (Figure 1.2). In the Fram Strait and Barents Sea
regions, trends in near-surface air temperature of up to 3°C per decade have been cal-
culated using ERA5 and MERRA-2 data between 1992 and 2022 (Schmitt and Liipkes,
2023).

Observations also indicate a significant ocean response, with wide-scale warming and
freshening recorded over recent decades (Mohamed et al., 2022; Broomé et al., 2020;
Isaksen et al., 2022; von Schuckmann et al., 2024). This is driven by a combination of
increased Atlantic inflow, enhanced freshwater input from ice melt (from both sea-ice and
land run-off, including melt from the Greenland Ice Sheet) and changes in atmospheric
forcing (Holliday et al., 2020; Osterhus et al., 2019). These trends act to strengthen upper-
ocean stratification, which inhibits vertical convection and thus could lead to reduced
efficiency of deep and intermediate water formation processes (Strehl et al.; 2024; Latarius
and Quadfasel, 2016; Abot et al., 2023).

At the same time, declining sea-ice extent and thickness (e.g. Figures 1.4 and 1.5),
particularly in the Greenland and Barents Seas, have increased wintertime air-sea heat
exchange while amplifying positive feedbacks through reduced surface albedo (Screen and
Simmonds, 2012). Atmospheric circulation changes, including shifts in storm tracks, wind
patterns and the frequency of extreme events, further modulate surface fluxes and ocean
circulation pathways (Hand et al., 2019; Zhao et al., 2019; Spall et al., 2021; Jensen et al.,
2016; Du et al., 2019; Holt et al., 2018).

Collectively, these changes point toward a transition to a warmer, more stratified
and increasingly seasonally ice-free Nordic Seas (Serreze et al., 2026; Isaksen et al., 2022;
Barrell et al., 2023). Understanding the coupled ocean-ice-atmosphere processes governing
this transition, and how these important mechanisms are responding to anthropogenically-
driven environmental changes, is therefore essential for assessing the future evolution of
the region and its implications for the stability of the AMOC and the global climate

system.

1.2 Measuring and Modelling the Nordic Seas

1.2.1 Observational Data Collection

Observational data collection in the Nordic Seas is difficult due to the often harsh weather
conditions and poor accessibility of the region. Sea-ice cover limits shipping routes while

cyclone activity and regular cloud cover, along with a lack of infrastructure, inhibits ex-
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tensive flight campaigns. However, historically there has always been significant interest
in this remote sub-Arctic domain and since the second half of the 19th century there have
been many scientific expeditions to observe, measure and record meteorological, oceano-
graphic and cryospheric conditions in the Nordic Seas. This number is only growing with
time as expanding maritime industries and offshore energy development drives increased

human presence, making in-situ data collection more accessible.

In recent years, extensive analysis of observational data has demonstrated a range of
responses to the changing climate in this region. Argo floats, which collect temperature
and salinity profiles across the Nordic Seas, have shown trends of upper ocean warming
and a freshening trend at some locations (Smedsrud et al., 2022; Almeida et al., 2023;
Holliday et al., 2020; Isachsen et al., 2014). This is supported by hydrographic sections
from long-term ship-based measurements (e.g. ICES) and data from moored arrays, from
which heat, freshwater and volume transports can be calculated (Gonzalez-Pola et al.,
2019; Harden et al., 2016). Meanwhile, the OSNAP array (Overturning in the Sub-polar
North Atlantic Program) provides a valuable record of overturning data in the North
Atlantic which can be used to analyse AMOC strength and variability (Tollefson, 2018;
Fu et al., 2025; Li et al., 2020).

In addition to in-situ measurements of the Nordic Seas, satellite altimetry data (e.g.,
AVISO and CryoSat-2) provide sea surface height and geostrophic currents (Miiller et al.,
2019; Bagnardi et al., 2021; Rose et al., 2019; Kwok and Morison, 2016; Bashmachnikov
et al., 2020; Doglioni et al., 2023) while other satellite products (e.g., OSTIA, OSI SAF)
can provide sea surface temperature and sea-ice concentration records (Hoyer and Kara-
gali, 2016; Hgyer et al., 2012; Ivanova et al., 2014; Kern et al., 2019).

The collective observational record shows unequivocally that the Nordic Seas are ex-
periencing ocean and atmosphere warming (Smedsrud et al., 2022; Kenigson and Timmer-
mans, 2021; Vikhamar-Schuler et al., 2016; Eldevik et al., 2014; Moore et al., 2015), as well
as increasing Atlantic Water inflow (Barton et al., 2018; Arthun et al., 2012; Lien et al.,
2017; Schauer et al., 2002; Wang et al., 2022) and accelerating sea-ice decline (Onarheim
et al., 2018; Arthun et al., 2012; Yamagami et al., 2022; Hwang et al., 2020; Onarheim
et al., 2024; Moore et al., 2015, 2022). These changes are linked to a warming and ex-
pansion of the surface layer (Almeida et al., 2025; Mork et al., 2019), with lighter, fresher
waters increasing in eastern basins (Kenigson and Timmermans, 2021; Arthun et al.,
2023b) due to enhanced water mass transformation and a decrease in overflow water stor-
age (Somavilla, 2019; Tooth et al., 2023; Shi et al., 2021; Fox et al., 2022). Moreover,
as greenhouse gas emissions continue to rise the notable sea-ice retreat, especially in the
south-east (Onarheim and Arthun, 2017; Moore et al., 2022), is only accelerating, despite
the rate of Arctic sea-ice export steadily increasing over the last couple of decades (Spreen
et al., 2020; Min et al., 2019; Babb et al., 2023).

It follows that many of these observed responses in the Nordic Seas may be attributed,

at least in part, to anthropogenically driven climate forcing, because the strong trends
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seen in recent years exceed the normal rates of change due to natural variability.

1.2.2 Climate Modelling

Observations are extremely valuable in providing physical measurements of important
processes. However, they can only inform us of the past and present, whereas climate
modelling enables us to explore across longer timescales. Future projections allow for
the estimation of long-term climate responses beyond the observational record, while full
spatio-temporal coverage provides continuous three-dimensional fields across regions and
depths where observations are sparse. With coupled models, the integration of model
components also allows for research into coupled ocean, atmosphere, sea-ice and land
processes for a holistic climate perspective. This allows us to improve our understanding
of physical systems and is particularly vital for regions with strong ocean-ice-atmosphere
coupling. Sensitivity experiments can also be run which facilitate controlled testing of
responses to specific forcings (such as COq emissions and freshwater input) and allow for

more detailed analyses of interconnected feedback mechanisms (e.g. Sando et al., 2010).

Given the significant benefits, climate modelling is often used to study variability and
change in the Nordic Seas. For example, by using the global coupled Community Earth
System Model (CESM), Arthun et al. (2019) show that continued Arctic winter sea-ice loss
is tightly linked to increasing Atlantic heat transport into the Nordic Seas, highlighting
the key role of Atlantification. Similarly, Onarheim and Arthun (2017) use a range of
climate models (NorESM1, GFDL CM3, CESM and MPI-ESM) along with observational
data to demonstrate that the Barents Sea is transitioning rapidly toward seasonal ice-
free conditions, primarily due to increased Atlantic inflow and warming, while Smedsrud
et al. (2022) use the Norwegian Earth System Model (NorESM) to provide a century-scale
synthesis linking changes in Atlantic inflow and Nordic Seas heat loss to long-term Arctic
sea-ice decline. They find that Nordic Seas heat loss dominates variability in the Arctic
Ocean with Atlantic water volume and heat transport increasing over the last century with
increased wind forcing and heat loss. They highlight the significance of this by showing
that ocean heat transport anomalies in the Nordic Seas affect Greenland melting, sea-ice
distribution and Arctic COs uptake. Meanwhile, Asbjornsen et al. (2021) use an eddy-
permitting ocean model hindcast at 1/4° horizontal resolution and a Lagrangian analysis
tool to demonstrate that decadal changes in Atlantic inflow to the Nordic Seas are driven
by shifts in basin-scale North Atlantic circulation patterns, highlighting the importance
of gyre dynamics and wind forcing in affecting the Nordic Seas inflow properties and
volume transport. Together, these studies reinforce the significant value of considering
the coupled system in the sub-polar latitudes, where atmosphere-ice-ocean interactions
play an important role in local environmental variability. Furthermore, these results would
be difficult to obtain from observational datasets alone, illustrating the value of climate

model analysis in Nordic Seas research.
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1.2.3 The HadGEM3 Model

In this project, to consider the changing climate in the Nordic Seas, we use the HadGEM3
global coupled model from the UK Met Office Hadley Centre, produced as part of CMIP6
(Roberts et al., 2019). This model has been shown to perform well in the sub-polar
North Atlantic region, particularly at higher-resolutions, with a good representation of
the AMOC (Jackson et al., 2020; Kuhlbrodt et al., 2018). Treguier et al. (2021) demon-
strate that the high-resolution HadGEMS3 simulations reproduce key spatial contrasts in
the Nordic Seas, such as east-west differences in sea-ice cover and significant cooling of
Atlantic Water as it transits the region. Barrell et al. (2023) show that the model sim-
ulates historic sea-ice and turbulent heat fluxes accurately, with improvements at higher
resolution, while Andrews et al. (2020) find that historical changes in global mean surface
temperature broadly follow the observed record, although there are some important quan-
titative differences, mostly due to strong effective radiative forcing from anthropogenic
aerosols which also play a role in driving Atlantic multi-decadal variability and the AMOC
(Marzocchi et al., 2021; Lozier, 2023). Overall the HadGEM3 simulations are thought to
represent Arctic sea-ice change and variability well (Ridley et al.; 2018; Treguier et al.,

2021).

However, there are some caveats. Increasingly, studies point towards higher-resolution
climate models being necessary for accurate representation, especially in the high-latitudes.
For example, Treguier et al. (2021) use a high-resolution global model to show that eddy
processes and recirculation strongly shape the Nordic Seas heat budget, improving agree-
ment with observations compared to coarser models. Similarly, Wekerle et al. (2017)
use a 1/12° mesh hindcast experiment to show that locally increasing grid resolution to
eddy-permitting scales substantially improves the representation of Atlantic Water path-
ways and eddy activity in the Nordic Seas, which affects how much Atlantic heat reaches
the Arctic. Studies by Treguicr et al. (2021) and Bashmachnikov et al. (2023) also use
1/12° models to show that the representation of regional heat pathways and exchanges
in the Nordic Seas is improved at this resolution, indicating that mesoscale eddies play
an important role. In a multi-model HighResMIP study by Docquier et al. (2019), it
is explicitly shown that the ocean resolution affects Arctic sea-ice and Atlantic ocean
heat transport, while sea-ice biases in the medium-resolution HadGEMS3 simulations are
evaluated by Ridley et al. (2018) who show that the Arctic sea-ice seasonal cycle, ex-
tent and thickness/volume are broadly consistent with observational products (CryoSat-2
and PIOMAS). Menary et al. (2018) use the HadGEMS3 control simulations to evaluate
convection and ventilation in the North Atlantic and sub-polar regions, concluding that
the high-resolution simulations show improvements in capturing multi-decadal variability
in the Atlantic as well as AMOC depth and structure when compared to the medium-
resolution simulations. This is seconded by Roberts et al. (2020) who demonstrate that
the AMOC is better resolved in the 1/12° HadGEM3 simulations than the 1/4° simu-
lations, along with Lai et al. (2022) who compare the Atlantic multi-decadal variability
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in the medium and low-resolution HadGEMS3 simulations and find that ocean circulation
changes are primarily driven by the North Atlantic Oscillation and salinity controlled
subsurface density anomalies that persist in the sub-polar latitudes respectively.
Altogether, the literature suggests that the requirement for eddy-permitting ocean
resolutions in climate models is crucial for a more realistic representation Atlantic water
pathways and exchanges at Fram Strait, resulting in improved estimates of Arctic heat
transport. High-resolution setups therefore give a more accurate picture of local processes
(such as ocean mixing and eddy heat fluxes) which are vital for ocean dynamics in the
Nordic Seas. Meanwhile the low-resolution simulations can underestimate Fram Strait
transport and AMOC strength (Kuhlbrodt et al., 2018) but these are less computation-
ally expensive and can still be useful for considering longer-run ensembles, large-scale
forcing signals and statistic estimations of uncertainty. Residual biases in ocean strati-
fication, mixed-layer depths and some seasonal heat exchanges are also known issues in
the HadGEM3 simulations, even at higher-resolution, largely due to details of coupling,
parameter choices and a relatively short spin-up period (Roberts et al.,; 2019). These prob-
lems are not uncommon. In fact Heuzé et al. (2019) synthesize observations and model
results to show that many models struggle to capture the precise volume, pathways and
variability of Atlantic inflow, with major implications for downstream Arctic conditions.
However, as long as these issues are considered and adjusted for when analysing climate
model output, valuable results can be obtained that vastly help to improve our under-

standing.

1.3 Scientific Motivation, Research Aims and Thesis

Outline

The core aim of the research presented in this thesis is improved understanding of the
Nordic Seas coupled climate system. The variability of interacting ocean-ice-atmosphere
processes in this region plays a crucial role in the variability of the wider global envi-
ronment, thus motivating detailed study of this high-latitude sub-polar domain. With
anthropogenic forcing, there are dramatic changes being seen in the Nordic Seas and the
need for mitigation is only increasing. Therefore, more accurate knowledge regarding the
responses of the ocean, sea-ice and atmosphere to the changing climate is required.

By using a combination of observational datasets, reanalysis products and global cou-
pled climate model output, we consider the past, present and future of the Nordic Seas.
We focus on sea-ice variability (including a climatological study of a polynya feature near
Fram Strait), changes in atmospheric forcing and the response of the ocean in terms of
its structure, dynamics and interconnected feedback mechanisms. Natural variability is
separated from changes driven by external forcing in both historical records and future
projections in order to attribute the impact of anthropogenic climate change in detail.

The science presented in this thesis investigates coupled ocean-ice-atmosphere vari-
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ability and change in the Nordic Seas in hopes of answering the following important

questions:

o How is sea-ice in the Nordic Seas changing and what are the primary driving mech-

anisms? What are the local, regional and global-scale implications?

o What trends in ocean properties and dynamics are presently observed in the Nordic
Seas?” What do modelled future projections predict? Which of these responses are

driven by anthropogenic forcing rather than natural variability?

o What are the wider-reaching implications of changes in the Nordic Seas climate
system? How are ocean processes of dense water formation and overturning circu-

lation predicted to respond in the future? What influence could this have on waters
feeding into the Arctic Ocean and the AMOC?

o How accurate are the reanalysis products and climate simulations used in our anal-
ysis? How do model outputs of differing horizontal resolution compare? Are these
datasets suitable for scientific analysis of the Nordic Seas coupled climate system in

this context?

We begin by presenting an in-depth study of sea-ice in the Fram Strait region in
Chapter 2, with a focus on the Northeast Water Polynya. In this chapter we analyse
more than 40 years of reanalysis data to characterise the climatology of the polynya and
ascertain its forcing mechanisms, considering both atmospheric and oceanic processes.
We also assess the long-term changes to consider the impact of anthropogenic forcing on
the Northeast Water Polynya. Some validation of the reanalysis products against other
observational-based products is also provided.

In Chapter 3 we introduce the UK MetOffice’s global coupled climate model HadGEMS3,
evaluating its output against satellite-based sea-ice products and ocean mooring data in
the Nordic Seas. We consider the low, medium and high-resolution simulations and show
that, although there are some minor limitations, the model is of high quality and accu-
racy, and thus suitable for our research (this is especially the case for the higher-resolution
simulations).

We go on to present the results of the model analysis in Chapter 4, where we de-
scribe the historical record and future projections from a range of HadGEM3 simulations.
The model demonstrates significant responses in sea-ice concentration, near-surface at-
mosphere diagnostics and upper-ocean dynamics, particularly along the East Greenland
Current. Many of these changes are driven by anthropogenic forcing.

The ocean response to the changing climate is further investigated in Chapter 5. In
this chapter we focus on the high-resolution HadGEM3 model to consider changes in dense
water formation and overturning circulation in the Nordic Seas in significant detail. We

consider the responses in gyre dynamics, volume transports and freshwater fluxes with an
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aim to ascertain the future impact of changes in the Nordic Seas on the AMOC and thus
the wider climate system.

Finally, a thesis overview and discussion of the conclusions are given in Chapter 6,
along with some ideas for future work.

In summary, the body of work presented here aims to describe the climatology and
variability of the Nordic Seas coupled system and assess the response to anthropogenically-
forced environmental shifts. We consider the wider-scale impacts of ocean-ice-atmosphere
transformation in this important region in the hopes of highlighting its significance and

informing future mitigation of extreme climate change.
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The Northeast Water Polynya, Greenland:
Climatology, Atmospheric Forcing and

Ocean Response

2.1 Synopsis

This study was published in May 2024 in the Journal of Geophysical Research: Oceans.
The publication has the same title as this chapter and the authors are Miriam G. Bennett,
Ian A. Renfrew, David P. Stevens and G. W. K. Moore. The text in this chapter is
unchanged compared with the article (Bennett et al., 202/). Miriam G. Bennett was
responsible for the work, under supervision by Ian A. Renfrew and David P. Stevens at
the University of Fast Anglia and G. W. K. Moore at the University of Toronto, all of
whom provided valuable scientific input and helped revise the text for publication. The
comments of three anonymous reviewers also helped to improve the manuscript. The

abstract and appendix of the study are included in this chapter.

2.2 Abstract

The Northeast Water Polynya is a significant annually recurring summertime Arctic
polynya, located off the coast of Northeast Greenland. It is important for marine wildlife
and affects local atmospheric and oceanic processes. In this study, over 40 years of ob-
servational and reanalysis products (ERA5 and ORAS5) are analysed to characterise the
polynya’s climatology and ascertain forcing mechanisms. The Northeast Water Polynya
has high spatiotemporal variability; its location, size and structure vary interannually,
and the period for which it is open is changing. We show this variability is largely driven
by atmospheric forcing. The polynya extent is determined by the direction of the near-
surface flow regime, and the relative locations of high and low sea-level pressure centers
over the region. The surface conditions also impact the oceanic water column, which
has a strong seasonal cycle in potential temperature and salinity, the amplitude of which
decreases with depth. The ocean reanalyses also show a significant warming trend at all
depths and a freshening near the surface consistent with greater ice melt, but salinification
at lower depths (~ 200 m). As the Arctic region changes due to anthropogenic forcing,
the sea-ice edge is migrating northwards and the Northeast Water Polynya is generally
opening earlier and closing later in the year. This could have significant implications for

both the atmosphere and ocean in this complex and rapidly changing environment.
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2.3 Introduction

The Northeast Water (NEW) Polynya is an important sea ice feature of the Arctic. A
region of open water, surrounded by sea ice, it is situated to the Northwest of Fram Strait,
over the Ob Bank continental shelf, off the coast of the Ngrdoststrundingen headland of
Northeast Greenland (Figure 2.1). Its centre is often located between longitudes of 5°W
and 15°W and latitudes of 77°N and 81°N (Barber and Massom, 2007), but the shape and
position of the polynya varies on seasonal, interannual and decadal time scales. It has a
maximum areal extent of approximately 44,000 km? (Barber and Massom, 2007) and plays
an important role in summertime atmosphere-ocean interaction for the northern European
Arctic (Deming, 1993). In previous literature it has been described as a stable, annually
recurring polynya that forms as a result of ice barriers both to the north and south that
limit heavy ice intrusion, coupled with strong and persistent northerly winds advecting
sea-ice away from the coast (e.g. Barber and Massom (2007); Tamura and Ohshima
(2011); Speer et al. (2017)). However, there has been little observational evidence to
confirm these descriptions, particularly in more recent years, and with the climate of the
Arctic quickly changing due to anthropogenic forcing, this study aims to provide a first
comprehensive climatology of the NEW Polynya, and examine its drivers and its evolution

over the last few decades.

The NEW Polynya develops during most summer seasons, to various extents, and is
considered one of the largest and most consistently recurring polynyas of the Arctic sum-
mer, thus having a significant impact on local atmospheric, oceanographic and biological
processes (Deming, 1993). It is known to be a site of elevated biological activity and
to support many Arctic species, including the critically endangered Spitsbergen stock
of bowhead whale (Speer et al., 2017). The polynya is also the most important calv-
ing area for the northeast Greenland stock of walrus, and supports the largest known
breeding colony of ivory gulls in Greenland (Speer et al., 2017). Given its importance
for marine wildlife, many of the published studies on this polynya focus on its ecological
characteristics rather than the environmental physics of the region. However, polynyas
of this size and frequency can have significant impacts on local atmospheric dynamics,
oceanic processes and the climate system more broadly (Barber and Massom, 2007). For
example, polynyas can drive dense-water formation (e.g. Martin and Cavalieri (1989);
Ohshima et al. (2016)), act as carbon sinks (e.g. Yager et al. (1995)) and increase rates of
cloud formation (e.g. Dare and Atkinson (2000); Morales Maqueda et al. (2004); Monroe
et al. (2021)). Polynyas can have a significant effect on atmospheric mesoscale motion,
by releasing heat from the ocean to the atmosphere at a rate of one to two orders of
magnitude greater than occurs with thick ice cover, leading to convective cells or circu-
lation features (Maykut, 1982; Kottmeier and Engelbart, 1992). Additionally, polynyas
are crucial to the production of new sea-ice, often being referred to as “sea-ice factories".

The NEW Polynya is considered a relatively productive polynya for its size and has been
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Figure 2.1: The region of interest has complex bathymetry and ocean circulation as il-
lustrated in the upper right panel which shows the GEBCO product for bathymetry and
the STRM30 product for topographic elevation. The major known and hypothesized cur-
rents are represented schematically by the solid and dashed arrows respectively. The Ob
Bank (Ob) and Ngrdoststrundingen headland (N) are labelled. Additionally, we show
the NEW Polynya on June 21st 2020 as visualised by NASAs MODIS (Moderate Resolu-
tion Imaging Spectroradiometer) instrument (center left panel), and the equivalent daily
sea-ice product from AMSR2, ERA5 and NSIDC (center right, lower left and lower right
panels). The STRM30 topography is also shown here. The polynya (NEW) and Norske
Oer Ice Barrier () are indicated in the MODIS Satellite image. The region of interest is
highlighted in red in the upper left panel.
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estimated to produce approximately 136 km? of sea-ice each year (Tamura and Ohshima,
2011; Twamoto et al., 2014). As sea-ice declines throughout the Arctic, indigenous com-
munities are facing challenges to their traditional ways of life, while new opportunities
open for shipping, fishing, tourism and natural resource extraction (Meier et al., 2014).
With the rising presence of human activity in this region, the requirement for improved
understanding and accurate monitoring of the atmosphere, ocean and sea-ice continues

to grow.

Polynyas are usually classified as being driven by either latent or sensible heat pro-
cesses. Latent heat polynyas form due to divergent ice motion as a result of the prevailing
winds and/or ocean currents, whereas, sensible heat polynyas develop due to high sur-
face ocean heat fluxes (e.g. Morales Maqueda et al. (2004); Hirano et al. (2014)). The
NEW Polynya demonstrates elements of both latent and sensible heat polynya processes
(Barber and Massom, 2007), and thus is not easily classified according to the traditional
characteristics of polynya categorisation. In previous studies (e.g. Budéus and Schneider
(1995); Barber and Massom (2007); Smith Jr and Barber (2007)) the exact driving mech-
anisms for the formation of the NEW Polynya are ambiguous and explanations are largely
speculative, mostly due to a lack of in-situ observational data. The intricate oceanogra-
phy in this region adds to the uncertainty. The bathymetry of the Greenland Sea and
Fram Strait varies dramatically, with depths of over 5000 m recorded in the deepest area
to the west of Svalbard, known as the Molloy Deep, and in contrast, depths of just 200
m seen on the East Greenland continental shelf, known as the Ob Bank (Klenke and
Schenke, 2002) (Figure 2.1). There is also a complex pattern of ocean currents, with var-
ious structures and properties, such as the West Spitsbergen Current (e.g. Moore et al.
(2022)), East Greenland Current (e.g. Holliday et al. (2007); Sutherland and Pickart
(2008); Jeansson et al. (2008)) and Return Atlantic Current (e.g. Rudels and Friedrich
(2000); Schauer et al. (2004)). Additionally, there are more recently identified features on
the continental shelf, such as the North East Greenland Coastal Counter Current (Figure
2.1) which is thought to show a seasonal cycle of variability, with northward flow in sum-
mer and southward flow in winter (Karpouzoglou et al., 2023). Many of these oceanic flow
features are important in forming the high latitude branches of the global thermohaline
circulation system (e.g. Weer et al. (2022); Moore et al. (2022)). Furthermore, the large
annual variability of freshwater influx from the Greenland Ice Sheet plays a role in the
oceanic structure here (Sejr et al., 2017) and further complicates the coupling between

the atmosphere and the ocean.

Although having been identified as early as 1935 (Koch, 1935), given its remote nature,
the NEW Polynya was not easily observed for some time. Following a research cruise in
1993, there were several publications. For example, Budéus and Schneider (1995) focus
on the hydrography of the polynya, using observational data from buoys, and conclude
that its formation is not driven by processes typical of either a latent heat nor a sensible

heat polynya. The high interannual variability of the NEW polynya has been referred to
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in several studies (Deming, 1993; Bohm et al., 1997; Barber and Massom, 2007), although
further details, and a more recent update, would be beneficial. While the interaction of
the northward coastal current with the Norske QDer Ice Barrier to the west is thought to
be a major factor in creating the NEW Polynya, it cannot be termed a pure latent heat
polynya, as a balance between freezing rate and ice export is not present (Budéus and
Schneider, 1995); while it cannot be a pure sensible heat polynya as melt alone is not the
driver (Barber and Massom, 2007). Additionally, the grounding of deep-draft icebergs can
prevent ice advection into the polynya from the north, leading to its expansion (Barber
and Massom, 2007). At present, the dominant driving mechanisms of the NEW Polynya
remain unclear.

Despite its importance for the wider Arctic and proximity to the fast changing ice
edge, little is known of the physical processes leading to the development, maintenance
and variability of the NEW Polynya. The spatial and temporal variability of its annual
formation and closure are also undocumented. With significant improvements in both
satellite measurements and reanalysis products in recent years, there is now the opportu-

nity to comprehensively characterise this polynya. This study aims to:

o Develop a climatology of the NEW Polynya; documenting where and when it de-

velops and characterising its variability.

o Determine what drives the formation, maintenance and variability of the NEW

Polynya; for example, is it largely a result of atmospheric or oceanic forcing?
e Determine how the NEW Polynya has changed over the last few decades.

o Discuss how the NEW Polynya might continue to evolve under the changing climate

and what implications this might have for other aspects of the Arctic environment.

2.4 Data

We use the ECMWFEF reanalysis products ERA5 and ORAS5 to examine near surface
atmospheric and oceanic variables in the vicinity of the NEW Polynya.

ERAS5 is the fifth generation ECMWEF meteorological reanalysis (Hersbach et al.,
2020). It has global coverage on a horizontal grid of approximately 31 km and has 137
vertical levels. It uses the Integrated Forecasting System (IFS Cycle 41r2). We use daily
and monthly-mean output from 1980 to 2022, so starting when satellite observations of
sea-ice area became routine. The evolution of sea-ice cover in ERADb is based on a number
of products over different periods of time (Hersbach et al., 2020). The UK MetOffices
Operational Sea-surface Temperature and sea-ice Analysis (OSTTA) dataset is used from
September 2007 to present, and this uses the EUMETSAT Ocean and sea-ice Satellite Ap-
plications Facility (OSI-SAF) 401 dataset for sea-ice concentration (Donlon et al., 2012).
OSTIA provides daily updated SST and sea-ice fields, primarily sourced from infra-red
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and microwave satellite observations, with a horizontal resolution of approximately 0.05°
(Hersbach et al., 2020; Eastwood et al., 2014; Good et al., 2020). Prior to this, between
January 1979 and August 2007, the Met Office Hadley Centre HadISST2 sea-ice prod-
uct was used, which had a horizontal grid of 1/4° (Titchner and Rayner, 2014) and was
primarily derived from the Global Sea Ice Concentration daily data record (OSI-409a)
produced by EUMETSATSs OSI-SAF. ERA5 generally compares well to surface-layer me-
teorological observations in the Nordic Seas and in the vicinity of the sea-ice edge (e.g.
Renfrew et al. (2021)), and has previously been used to study polynyas (e.g. Ding et al.
(2020)).

ORAS5 is ECMWEF’s OCEANS global eddy-permitting ocean-sea-ice ensemble reanal-
ysis system. It estimates the state of the global ocean and comprises a Behind-Real-Time
component, which provides an estimate of the historical ocean state from 1979 to near
present-day, and a Real-Time component, that provides the latest ocean conditions (Zuo
et al., 2019). ORAS5 has global coverage with a horizontal resolution of 1/4° and 75
depth levels. We use 43 years of monthly averages of potential temperature, ocean salin-
ity and velocity components. OCEANS5 is based on the NEMO ocean model (version
3.4.1) coupled to the LIM2 sea-ice model (the Louvain-la-Neuve sea-ice model version 2),
in global configuration ORCA025.L75 (Zuo et al., 2019). Observations are assimilated
through the NEMOVAR data assimilation system. This ocean reanalysis product was
partly chosen to ensure consistency at the ocean surface, i.e. for sea-surface temperature,

sea-ice distribution and near-surface atmospheric variables.

Where possible, results from reanalyses are compared to observational datasets, such
as oceanographic profiles (see Figures 2.16 and 2.17 in Appendix A). The ERA5 sea-ice
is also compared to the University of Bremen AMSR (Advanced Scanning Microwave
Radiometer) and the National Snow and Ice Data Center (NSIDC) Climate Data Record
(CDR) products which are available from mid-2002 (Spreen et al., 2008) and late-1978
respectively (see Figure 2.14 in Appendix A).

The Bremen product uses AMSRE data between May 2002 and December 2011, and
AMSR2 from May 2012 onwards (Ludwig et al., 2020). The NSIDC product is from
Scanning Multichannel Microwave Radiometer (SMMR) instruments and Special Sen-
sor Microwave/Imager and Special Sensor Microwave Imager/Sounder (SSM/I-SSMIS)
passive microwave data. The CDR algorithm output is a rule-based combination of ice

concentration estimates from two well-established algorithms: the NASA Team algorithm
(Cavalieri et al., 1984) and NASA Bootstrap algorithm (Comiso, 1986).

In general, there is good agreement across the sea-ice products, but the ERA5 and
NSIDC products exhibit significantly more smoothing than the AMSR products, often
overestimating sea-ice area fraction in the polynya region and the area of the marginal
ice zone, which in reality has a more concise transition at the ice edge (e.g. Renfrew
et al. (2021)). This can be seen in Figure 2.1, for example. Although relying solely on

reanalyses has its limitations, given the lack of available observational datasets for this
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region and the aims of this study, we argue that its use is appropriate, particularly for

considering long-term trends, variability and forcing mechanisms.

2.5 Results

2.5.1 Climatological Overview of the Northeast Water Polynya

The NEW Polynya generally develops in mid-June and remains open until the beginning
of late-September, with its maximum extent peaking in August. Figure 2.2 shows a
seasonal mean climatology from 1980 to 2022 from ERADH reanalysis products, with the
sea-ice area fraction, mean-sea-level pressure (MSLP) and 10 m winds. It is clear that
there is little variation in the MSLP and near-surface wind fields over the autumn, winter
and spring seasons, with a consistent pressure gradient across Fram Strait; high MSLP
to the northwest over Northeast Greenland and lower pressure to the southeast, driving a
relatively strong northerly atmospheric flow across the open ocean waters of the Greenland
Sea (e.g. Van Angelen et al. (2011)). Although the position and shape of the sea-ice edge
across Fram Strait is similar in these three seasons, there is some variation in the sea-ice
cover, with a marginally lower area fraction in the vicinity of the NEW Polynya in spring
and autumn, compared to winter. There is also lower sea-ice area fraction to the north
and west of Svalbard in autumn than in winter and spring.

In summer the situation is quite different. The polynya is evident as an area of reduced
sea-ice fraction near the coast of Northeast Greenland, with the Norske Qer land fast ice
barrier to the west and the sea-ice edge to the southeast. There is almost no gradient in
MSLP and consequently there is a collapse of the northerly flow regime seen in the other
three seasons. Across the Greenland Sea the 10 m winds are weak and in some areas they
are completely reversed in direction, with a southerly flow regime and increased directional
divergence over the site of the NEW Polynya. Throughout the year there remains strong
orographic winds in Northeast Greenland with the steep and complex terrain forcing
numerous katabatic and barrier flows (Moore and Renfrew, 2005; Mattingly et al., 2023).
These orographic flows show little seasonal variability (Figure 2.2). There appears to be
an element of offshore flow near the NEW Polynya and the Norske Qer ice barrier which
is more prominent in the summer months, when the northerly flow regime is weaker.

Figure 2.3 shows that the mean August ERAD sea-ice area fraction differs significantly
each year, with the location, structure and extent of the NEW Polynya changing dramat-
ically. In the majority of years the NEW Polynya is coastal and seems to be located either
to the south or east of the Ngrdoststrundingen headland of Northeast Greenland. How-
ever, in some years it develops further offshore (for example, in 1982, 2003, 2005, 2014,
2019 and 2022); while in other years, particularly where there has been a large northward
retreat of the sea-ice edge, the polynya merges with the open ocean (for example, in 2004,
2010, 2016, 2017, 2018 and 2021). The fact that this occurs more in recent years, suggests

it is a feature of Arctic summertime sea-ice retreat. The significant interannual variability

44 of 193



2.5. Results 2. The Northeast Water Polynya

0 600 1200 1800 2400 3000 3600 0 2 4 6

4 8 10 0.0 0.2 0.4 0.6 0.8 1.0
Elevation (m) 10 m Wind Speed (m/s) Sea Ice Area Fraction

Figure 2.2: Mean Winter (DJF), Spring (MAM), Summer (JJA) and Autumn (SON)
climatology from 43 years of ERA5 products from 1980 to 2022 inclusively, showing sea-
ice area fraction, 10 m winds and mean sea-level pressure contours (every millibar). The

STRM30 topography is shown in green. The yellow box shows the area used for spatial
averages over the NEW Polynya.
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Figure 2.3: Interannual variability of the NEW Polynya, illustrated with mean August
sea-ice area fraction between 1980 and 2022 from ERAS.
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indicates that the driving mechanisms of the NEW Polynya are complex and changeable

on an annual timescale.

Figure 2.4 (upper left panel) shows the annual frequency of 10 m winds in excess of
10 ms~! for the same domain using monthly averages. The frequency is expressed as a
percentage, calculated by taking the number of months where the monthly mean wind
speed in the box exceeds 10 ms™!, divided by the total number of months considered
(516 for the annual period and 129 for the summer period), then multiplied by 100. As
illustrated by the red shading there are strong winds relatively regularly in the location
of the NEW Polynya, with an area of darker red (between 20% and 25%) to the east of
Northeast Greenland. This correlation between a region of frequent high speed winds and
the site of the NEW Polynya suggests a connection between the sea-ice distribution at
the surface and the low-level wind speed. In summer, a similar area of relatively higher
frequency of strong winds (6% to 8%) is shown to the north of the location of the NEW
Polynya, while much of the Fram Strait and East Greenland continental shelf region
shows very low frequencies (< 2%), see Figure 2.4 (lower left panel). This highlights the
significantly reduced 10 m wind speeds during the summer months, compared to the rest
of the year, particularly along the marginal ice zone.

Figure 2.4 also shows the directional constancy (DC'). This is calculated using Equa-
tion (2.5.1) and monthly-averaged 10 m zonal (u) and meridional (v) wind field compo-

nents.

u’ + v

DC = ———
u? + 2

(2.5.1)

The directional constancy is a useful diagnostic measure of persistence in the wind field
with values of more than 0.85 only occurring in regions subject to strong katabatic flows
or persistent jets (Moore and Renfrew, 2005; Harden et al., 2011). It is clear that there
is relatively strong directional constancy over much of Fram Strait compared to the open
ocean further south. Above the NEW Polynya region there are values of approximately 0.5
to 0.6 in the same area as the higher frequency high wind speeds. Again, the co-location
of these features implies persistent wind forcing of the sea-ice in the location of the NEW
Polynya. The same plot for only the summer months of the year shows a reduction in this
directional constancy over much of the region, including the location of the NEW Polynya.
Much of the Greenland Sea has a directional constancy of less than 0.1, with only a small
area of between 0.4 and 0.5 seen off the coast of the Ngrdoststrundingen headland just
north of the polynya site. This highlights that there are much more variable near-surface
winds in summer.

The annual cycle of the NEW Polynya region is summarised in Figures 2.5 and 2.6,
using spatially-averaged variables (averaged over the yellow box in Figure 2.2). Figure 2.5
illustrates the annual reduction in sea-ice from approximately mid-June to mid-October,

with minima in August or September. This is mirrored by a noticeable increase in the 2
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Frequency of 10 m Wind Speed in Excess of 10 m/s Mean Directional Constancy for 10 m Wind Field

7,

0 5 10 15 20 25 30 35 40 00 0.2 0.4 0.6 0.8 1.0
% Directional Constancy

0.0 0.2 0.4 0.6 0.8 1.0
Directional Constancy

Figure 2.4: Frequency of 10 m winds in excess of 10 ms™! (left column) and mean direc-
tional constancy (right column). The upper panels show results for all year and the lower
panels show results for the summer months only (JJA).
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Annual Cycle of Near-Surface Variables from ERA5
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Figure 2.5: Annual cycle of monthly averaged sea-ice area fraction, 2 m temperature and
10 m meridional wind speed from ERA5 for each year between 1980 and 2022 (spatially
averaged over the yellow box shown in Figure 2.2). The blue-to-red shading indicates the
long-term trend. The black line represents the mean from all 43 years.

49 of 193



2.5. Results 2. The Northeast Water Polynya

m air temperature between April and October, with a wide peak over June and July. The
lag between the annual 2 m air temperature increase and the sea-ice reduction implies
that the atmosphere is warming before the summertime reduction in sea-ice, rather than
the sea-ice reducing and then near-surface temperatures increasing. The 10 m meridional
winds (positive values indicate a southerly flow, negative values indicate a northerly flow)
show a cycle of annual variability, with stronger northerly flow in the winter months and
a weaker, occasionally southerly, flow in the summer months.

The evolution in time (indicated by the blue to red lines in Figures 2.5 and 2.6)
illustrates a general long-term trend of sea-ice decline and increasing temperatures in this
region. There appears to be no significant long-term trend in the meridional wind speeds
since 1980, although there is considerable variability throughout the year and between
years.

To consider the variability of the ocean beneath the polynya, monthly averages of
potential temperature and salinity from ORAS5 are shown at depths of approximately
0.5 m, 20 m and 200 m (Figure 2.6). There is a clear annual cycle in the upper ocean
with a near-surface potential temperature maximum and an ocean salinity minimum seen
in approximately August and mid-July at 0.5 m and in August and October at 20 m,
showing the influence of the surface variability on the ocean properties. The amplitude of
the seasonal cycle decreases with increasing depth. At a depth of 200 m the annual cycle
is less pronounced but still evident (more so with potential temperature than salinity).
The fact that there is a lag in the cycle with depth implies that surface forcing of the
ocean dominates over oceanic forcing of the surface. In spring, ice melts at the surface,
freshening the uppermost layer of the water column and exposing it to solar radiation
and warmer air temperatures. As mixing occurs the relatively warm, fresh water is mixed
down so the potential temperature increases and the salinity decreases. The lags in ocean
warming and freshening with depth therefore imply surface forcing.

Over these four decades, a significant ocean warming is evident at all depths. In addi-
tion, there is a decrease in salinity in the upper two depth levels of 0.5 m and 20 m, but an
increase in salinity at 200 m depth. These changes are a result of anthropogenically forced
warming and increased ice melt at the surface, combined with an increased flux of warmer
and more saline Atlantic Water to this area via the West Spitsbergen Current (which is
thought to be located at a depth of approximately 250 m in this region; Asbjgrnsen et
al., 2020; Tesi et al., 2021); they illustrate the “Atlantification of the Arctic" (Polyakov
et al.,, 2017)). The NEW Polynya sees both of these climatic drivers.

2.5.2 Composite Analysis Indicates Atmospheric Forcing and
Oceanic Response
In order to further assess the mechanisms that lead to the annual formation and mainte-

nance of the NEW Polynya, a composite analysis has been applied, based on the upper

and lower quartile of minimum August sea-ice area fraction. From 43 years of daily ERAb5
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Annual Cycle of Ocean Properties at Various Depths from ORASS5
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Figure 2.6: Annual cycle of potential temperature and ocean salinity at various depths
from ORAS5 for each year between 1980 and 2022 (spatially averaged over the yellow
box shown in Figure 2.2). The depths shown have been rounded for clarity. The true
depth values are 0.5058 m, 19.43 m and 199.80 m. The blue-to-red shading indicates the
long-term trend, see legend in Figure 2.5.
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Figure 2.7: Composite mean August climatology from ERAH using the 10 years with the
highest and lowest sea-ice concentrations, respectively. The ERAD sea-ice area fraction,
10 m winds and mean sea-level pressure fields are shown, and the STRM30 topography;,
as in Figure 2.2.
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reanalysis products (see Figure 2.14 in Appendix A), the ten Augusts with the highest
and lowest mean sea-ice area fraction in the NEW Polynya region (yellow box shown in
Figure 2.2) were used to compile composite means (Figure 2.7). The ten high sea-ice
years are 1980, 1982, 1987, 1989, 1992, 1994, 1995, 1999, 2007 and 2009, and the ten low
sea-ice years are 1984, 1985, 1990, 1996, 2002, 2003, 2004, 2017, 2018 and 2020.

The size, shape and location of the polynya is different in each of the composite plots
(Figure 2.7). The 10 m winds also show contrasting characteristics. In the high sea-ice

I over the

composite, the wind field has uniform northerly flow of approximately 1 ms™
Fram Strait region, while, in the low sea-ice composite the wind over the ocean is from the
south at approximately 0.5 ms~! and is more variable in direction. This stark contrast in
the near-surface flow regime suggests a strong coupling between the 10 m wind field and
the extent of the NEW Polynya at its maximum in August. It suggests the atmospheric
flows are dictating the polynya’s development. The MSLP field is weak in both composite

climatologies.

To consider dynamical ocean forcing of the polynya we also look at ocean velocities in
ORAS?5 for the low and high sea-ice composites. Figure 2.8 shows the ERAH sea-ice area
fraction and the ORAS5 ocean velocities at depths of 0.5 m and 200 m for each composite.
The East Greenland Current and West Spitsbergen Current can be seen in all panels. The
high sea-ice composite shows stronger ocean velocities over much of the region north of
Fram Strait, flowing southwards into the East Greenland Current. This is particularly
evident near the surface but can also be seen at 20 m (not shown) and 200 m. At the site of
the polynya, the low sea-ice composite shows stronger ocean velocities flowing eastward
from the coast of Northeast Greenland, approximately along the pathway of the East
Greenland Coastal Counter Current. The differences between the low and high sea-ice
composites decrease with depth, indicating surface forcing, most likely by the near-surface
winds in areas of reduced sea-ice cover. This is also illustrated in Figure 2.9 which shows
the composite difference (low minus high sea-ice composite). There is little difference
in the ocean velocities at 200 m depth and only small differences at 20 m (not shown).
The clearest difference is at 0.5 m depth, where much of the region shows a stronger
northward flow (or reduced southward flow) in the low sea-ice composite compared to the
high sea-ice composite. This reflects results seen in Figure 2.7 which highlight a southerly
wind regime for the low sea-ice composite in ERAb5, and supports the hypothesis that

atmospheric forcing largely controls the sea-ice distribution in the area of NEW Polynya.

In order to better understand the atmospheric forcing here, the MSLP field for the
whole Arctic region for these composite months is considered. Figure 2.10 shows the
difference between the mean July and August MSLP for the low and high sea-ice com-
posites, calculated by taking the low sea-ice composite minus the high sea-ice composite,
so the negative values (turquoise) indicate lower pressure and the positive values (brown)
indicate higher pressure for years with lower summer sea-ice area fraction and a larger

NEW Polynya extent. The pattern indicates enhanced southerly atmospheric flow over
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Figure 2.8: Composite mean August climatology using the 10 years with the highest and
lowest sea-ice concentrations, respectively. The ERA5 sea-ice area fraction, the STRM30
topography and the ORAS5 ocean velocities at depths of approximately 0.5 m (upper
row) and 200 m (lower row) are shown.
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Figure 2.9: The difference between the low and high sea-ice composites shown in Figure
2.8 (low sea-ice years minus high sea-ice years), illustrating the difference in ORAS5 ocean
velocities and ERAD sea-ice area fraction.
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Fram Strait associated with an anomalous high over Svalbard. This pattern consistently
appears for composites of various combinations of the summer months. For example,
the difference between the low and high sea-ice composites for the mean June, July and
August sea-level pressure field looks very similar (not shown), suggesting a robustness to
this result.

The emergence of this pattern suggests a relationship between the orientation of high
and low sea-level pressure centers in the Arctic and the near-surface wind regime in the
vicinity of the NEW Polynya. When there is higher pressure centered over Svalbard, and
lower pressure the other side of the Arctic Basin, north of the Canadian coastline, a weak
pressure gradient develops across the NEW Polynya region, with higher pressure to the
east and lower pressure to the west. This is the reverse of the general mean climatology
here, which usually drives northerly flow through the Greenland Sea and Fram Strait
region (see Figure 2.2). The scenario during low sea-ice years (Figure 2.10), represents
the collapse of this northerly flow regime and the subsequent development of a weak
southerly flow associated with reduced sea-ice area fraction in the vicinity of the polynya.
Therefore, it would seem that the interannual variability in the extent of the NEW Polynya
is linked to the relative locations of two circulation systems over the Arctic Basin in the
summer months. Note the magnitude of the differences in these MSLP systems is small,

as is often the case for the summer months here.

2.5.3 The NEW Polynya Over the Last Four Decades

We now examine changes in the polynya over time. Figure 2.11 shows the period for
which the NEW Polynya is classified as “open" for each year. This is determined from
daily means of ERAb sea-ice area fraction, the spatial average of which, for the box region
shown in yellow in Figure 2.2, is used as a proxy for the polynya. A threshold value of 0.5
was chosen and whenever the daily mean sea-ice area fraction was less than this threshold
value for ten consecutive days or more, the NEW Polynya was categorised as being open.
There is some sensitivity to this threshold value and different values should be used for
different sea-ice products, however, sensitivity tests suggest that the climatological trends
are qualitatively similar. Equivalent results from the AMSR and NSIDC sea-ice products
are shown in Appendix A (see Figure 2.15).

Generally, the polynya opens at the beginning of July and closes in mid-September,
remaining open for typically 10 weeks each summer. However, this appears to have
changed over the last 43 years. There is a clear trend in the timings of the annual
opening and closing of the polynya, with it generally opening earlier and closing later each
year. The opening trend line marks a shift in the annual formation from approximately
late-June in the early 1980s to approximately mid-June in more recent years. This is
mirrored by the closing trend line, with the approximate date of closure shifting from
mid-September in the 1980s to early-October in more recent years. The closure trend line

(0.59 days per year) is statistically significant with a p-value of less than 0.001. A similar
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July and August Composite Mean Sea Level Pressure Field (Low Minus High Sea-Ice Years)
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Figure 2.10: The difference between the low and high sea-ice composite pan-Arctic MSLP
field for the months of July and August (low minus high sea-ice composite years).

56 of 193



2.5. Results 2. The Northeast Water Polynya

Annual Duration of Open NEW Polynya in ERA5
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Figure 2.11: Annual timing of opening and closing of the NEW Polynya from ERA5 sea-
ice area fraction. Here, a threshold value of 0.5 sea-ice area fraction (for the yellow box in
Figure 2.2) and a threshold value of ten consecutive days or more was used to designate
the polynya as open. The long-term trends in the opening and closing of the polynya are
shown in magenta and red, respectively. The closing trend is statistically significant at
the 99% confidence level.
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Figure 2.12: Trend in mean surface sensible and latent heat fluxes, between 1980 and
2022, spatially averaged over the yellow box shown in Figure 2.2, for the approximate
polynya opening period (April, May and June) and approximate closing period (Septem-
ber, October and November). Data from ERA5. Note the vertical axis scale is different
for each subplot. Positive values indicate an upwards flux (from ocean to atmosphere).

result is found in other sea-ice products (Figure 2.15) indicating a robustness to this
result. Consequently, the annual duration of the polynya is typically now approximately
14 weeks.

This result provides some of the first tangible evidence to support predictions from
earlier studies that ice-edge polynyas in the Arctic are likely to transition into large
marginal ice zones as the climate continues to change (Barber and Massom, 2007)), before
disappearing, possibly forever. For the first 20 years of the study period, the trend in
ERAD sea-ice area fraction for the NEW Polynya region is -0.02x 10~% per month, whereas
the trend for the last 20 years is -1.8x10™* per month, highlighting a shift at the turn of
the millennium, which has also been highlighted in previous studies (e.g. Doscher et al.
(2014)). It is clear that the annually recurring and stable nature of the NEW Polynya
seen in the last two decades of the previous century is now in the past and that due to
increased Arctic warming, as a result of anthropogenic forcing, this important polynya
could soon vanish. This could have significant impacts for local wildlife and people, and
the interactions between the atmosphere and the ocean.

As the variability of the annual cycle at the surface decreases, and the polynya is
open longer each year, the turbulent surface heat fluxes will also be affected. Figure 2.12
shows the ERA5 mean surface sensible and latent heat fluxes in the NEW Polynya region
between 1980 and 2022, for the approximate opening and closing periods, which here are
taken as the months April, May, June, and September, October, November respectively.
Note that for all fluxes we use positive values to indicate an upwards flux, from ocean to
atmosphere, and negative values to indicate a downwards flux, from atmosphere to ocean.

There is a trend of increasing surface fluxes in the opening period. The mean surface
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2 and the mean

sensible heat flux increases from approximately 14 Wm~2 to 17 Wm~™
surface latent heat flux increases from approximately 19 Wm~=2 to 21 Wm~=2. This trend
could be linked to sea-ice decline over this period, which results in a larger area of the ocean
surface being exposed to the atmosphere and thus can lead to enhanced upwards surface
fluxes (Moore et al., 2022)). The trends indicate that the difference between the oceanic
and near-surface atmospheric temperatures during the opening period is increasing, with
the rate of warming of the ocean being larger than the rate of warming of the atmosphere.
This is also illustrated in Figures 2.5 and 2.6 which show little variation in the spring and
summer 2 m air temperature since 1980, but a significant warming of the ocean potential
temperature at 0.5 m depth of approximately 1°C in spring and 1.5°C in summer. During
this time of year, the ocean water is exposed to more solar radiation and warms more
than the atmosphere, so as sea-ice declines in this region, the surface albedo decreases
and the rate of warming increases and thus, so too does the surface sensible heat flux.
The opening period trends for the surface sensible and latent heat fluxes have p-values of

0.18 and 0.14 respectively and thus are only of near-marginal statistical significance.

For the closing period, there is a negligible change in the latent heat flux since 1980
(less than 1 Wm™?2) and the sensible heat flux shows a decrease from approximately 28
Wm~2 to 22 Wm~2. This indicates that the difference between the near-surface oceanic
temperature and the near-surface atmospheric temperature is decreasing in the closing
period with the rate of warming of the ocean being smaller than the rate of warming of the
atmosphere. In Figures 2.5 and 2.6, there is an increase in the autumn 2 m air temperature
of approximately 10°C since 1980 and a less pronounced increase of approximately 1°C
in the ocean potential temperature at 0.5 m depth. The fact that there is an increase
in the near-surface air temperature in autumn is linked to the decline in sea-ice in this
region and the fact that the polynya is closing later during this period. The negative
trend in surface sensible heat flux for the closing period suggests a link to the trend of
the annual closure of the NEW Polynya; the formation of new ice increases the surface
latent heat flux and with this now occurring later in the year, there is a negative trend for
this transition period. The closing trend for the surface sensible heat flux is statistically

significant with a p-value of 0.05.

Our results indicate a strong coupling between the sea-ice variability in the NEW
Polynya region and the near-surface atmospheric flow regime. To investigate further,
composite datasets for the periods around the opening and closing have been constructed
using ERA5 daily variables (Figure 2.13). In the upper panel, prior to the opening of the
polynya (which is marked at 50% sea-ice area fraction), there is steady sea-ice decline.
This is associated with a small increase in 2 m air temperature of approximately 2 degrees
over the 30 day period. With temperatures hovering just above 0°C here, it appears that
the atmosphere near the surface has already warmed before this composite 30-day period
(in winter, 2 m air temperatures are approximately -20°C , see Figure 2.5). The 10 m

meridional winds show a transition from a northerly to a southerly flow regime, and the
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Composite Mean Surface Variables During Opening Period
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Figure 2.13: Time series showing the composite mean sea-ice area fraction (dotted blue), 2
m air temperature (solid red) and 10 m meridional wind speed (dashed green) from ERAS
for the yellow box shown in Figure 2.2 for the days in the month prior to the opening and
closing of the polynya. Each daily mean is constructed from 43 years of data based on
the timings of opening and closing identified previously and shown in Figure 2.11. In the
upper panel, the time t = 0 represents the composite day of the polynya opening. In the
lower panel, the time t = 0 represents the composite day of the polynya closing.
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southerly flow tends to strengthen in the days before the day of opening, although all
wind speeds are relatively low.

In the lower panel, prior to the closing of the polynya, the composite air temperature
is clearly decreasing dramatically, while the sea-ice area fraction is increasing. The simul-
taneity of these changes suggests a more synchronous transition in the autumn months,
compared to that of springtime. The 10 m meridional winds are also showing a clear trend,
changing from very weak speeds close to 0 ms™! to northerly speeds of approximately 3
ms~!. In summary, this time series composite indicates that dynamical forcing may play
a larger factor in the formation of the NEW Polynya each spring, whereas thermodynamic

processes are clearly more influential in its closure each autumn.

2.6 Conclusions

The NEW Polynya and local environment show significant annual variability in atmo-
spheric and oceanic reanalysis products. During the summer, there are higher near-surface
air and ocean temperatures and a weakening (and often complete reversal) of the low-
level wind regime in the vicinity of the NEW Polynya, when the polynya is at its largest.
There is also very little variation in the MSLP field across the domain during summer,
in contrast to the rest of the year when there is generally a large east-to-west pressure
gradient across Fram Strait and a strong northerly flow regime. The summertime sea-ice
minimum coincides with a maximum in near-surface air temperature and a minimum in
meridional wind speed. The ocean also shows a significant annual cycle with surface in-
tensified higher temperatures and lower salinity in the summer months. There is a lag in
the ocean cycle with depth. All-together, this points to the ocean responding to surface
forcing as the NEW Polynya develops.

The NEW Polynya also shows significant spatial variability throughout the 43-year
period considered. The structure of the sea-ice field in this region varies on seasonal,
interannual and decadal timescales.

As for much of the Arctic, there has been a decline in sea-ice in the NEW Polynya re-
gion since the 1980s, and increasing atmospheric and oceanic temperatures (at all depths).
There has also been a general freshening of the upper ocean layers with a trend of salini-
fication at 200 m. These results indicate a significant environmental response to anthro-
pogenic forcing and demonstrate there are already dramatic climatological changes in this
region.

Composite analysis indicates that the peak summertime extent of the NEW Polynya
is closely correlated to the near-surface atmospheric flow regime, with weak southerly
flow associated with a lower sea-ice area fraction/larger polynya, and vice versa. This is
attributed to the collapse of the pressure gradient across Fram Strait, which is related to
the relative locations of high and low sea-level pressure centers over the Arctic, among

other factors.
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Ocean velocities reflect this variation in near-surface winds, with weaker southwards
ocean velocities at 0.5 m depth over much of the region during summers with a larger
polynya extent, compared to those with more sea-ice cover. The composite difference in
ocean velocities is surface intensified, implying atmospheric forcing, particularly when the
sea-ice area is reduced.

We conclude that the annual opening and closing of the NEW Polynya is closely cou-
pled to the near-surface atmospheric flow regime, and although it is difficult to deduce the
exact physical mechanisms driving the polynyas formation, it appears that both dynamic
and thermodynamic processes play important roles. Wind forcing dominates the open-
ing, while thermodynamic forcing dominates the closure. Both latent and sensible heat
processes are at play here and thus, as concluded in previous studies, the NEW Polynya
is not easily classified as simply a latent or sensible heat polynya.

In the real world there is no perfect way to separate atmospheric and oceanic drivers
using only reanalyses products and observations, and it is difficult to quantify individual
forcing mechanisms. Our composite analyses point to a primary role of atmospheric
forcing, but numerous mechanisms are at play, on various timescales. Further exploration
of these, using idealised modelling work, would be an interesting topic for a future study.

The NEW Polynya is clearly opening earlier and closing later in the year. Its duration
is now typically 3 weeks longer than in the 1980s. This suggests a reduction in annual
variability over time and a possible complete loss of the NEW Polynya as we know it today.
In the future it is likely that, for many months of the year, this region will more closely
resemble a broad marginal ice zone. This will impact the local environment and wildlife
in many ways. For example, reduced sea-ice cover can result in increased summertime
surface turbulent heat fluxes which cause a warmer atmosphere that in turn promotes
sea-ice melt: a positive feedback loop. Meanwhile, the autumn period shows a decreasing
trend in surface sensible heat flux due to very fast warming of the atmosphere and a
longer period of ice melt (the annual initiation of ice formation is happening later in the
year). These changes will have significant implications for both the atmosphere and ocean

in this complex and rapidly changing environment.

2.7 Appendix A

In order to evaluate the accuracy of the ECMWF reanalyses in this region, ERA5 and
ORAS5 output was compared to other datasets where available. Sea-ice products from
AMSR and NSIDC generally show a good comparison to ERA5 sea-ice, both spatially and
temporally, although the magnitude of the sea-ice area fraction is often different. Figure
2.14 shows the annual cycle of variability for the daily sea-ice area fraction in ERAS,
NSIDC and AMSR for the NEW Polynya region. Each year is shown with colour shading
from blue in 1980 to red in 2022. Note that the AMSR sea-ice product is only available

from mid-2002 onwards.
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Figure 2.14: Daily sea-ice area fraction for each year for the NEW Polynya yellow box
region (shown in Figure 2.2) for ERA5, NSIDC (CDR) and AMSR products as labelled.
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Annual Duration of Open NEW Polynya in NSIDC
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Figure 2.15: Annual timing of opening and closing of the NEW Polynya based on sea-ice
area fraction (for the yellow box in Figure 2.2) from NSIDC (CDR) (upper panel) and
AMSRE/2 (lower panel). Note that the AMSR products are only available between 2003
and 2022, whereas the NSIDC (CDR) product is shown from 1980 to 2022. In both cases,
a threshold value of 0.75 sea-ice area fraction for ten or more consecutive days is used
to represent the open polynya. The long-term trends in the opening and closing of the
polynya are shown in magenta and red, respectively. For AMSR, the closing trend is
statistically significant, where as for NSIDC the opening trend is statistically significant.
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Figure 2.14 illustrates a good correlation across the products. When looking at spatial
maps, there tends to be more smoothing in the ERA5 and NSIDC sea-ice compared to
AMSR, which generally shows sharper transitions at the sea-ice edge (see Figure 2.1).

For comparison to Figure 2.11, we have also constructed a plot for the open period of
the polynya using the AMSR and NSIDC sea-ice products. Here a threshold value of 0.75
was used to classify the polynya as open, a different value to ERA5, in order to account
for the general shift in the magnitude of the sea-ice area fraction seen in the different
products. The results are similar to that seen in Figure 2.11 with a trend in the polynya
opening earlier and closing later in the year. For the AMSR product, the trend of the
closing period is statistically significant with a p-value of less than 0.001, suggesting a
robustness to this result. For the NSIDC product, it is only the opening trend that is
statistically significant.

To assess the quality of ORASH data (Zuo et al., 2019)), comparisons to summertime
observational CTD and XBT casts have been made where possible. Figures 2.16 and 2.17
show some examples of temperature and salinity profiles respectively, with inset maps
to show the locations of the casts. The nearest ORASH equivalent has been plotted for
each cast profile. Although there is often a fair agreement in the temperature profiles,
the reanalysis tends to underestimate temperature near the surface and overestimate it
beneath approximately 50 m depth. The fit appears poorer for the salinity profiles, where
ORAS?b overestimates salinity throughout the water column. The ORAS5 product clearly
has limitations in its representation of the ocean in this region. There is a relative paucity
of observations to assimilate and point comparisons could be affected by unresolved vari-
ability. However, as used in this study, with a focus on long-term trends, variability and

diagnosing forcing mechanisms, we would argue that its use is reasonable.
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Temperature Profiles from ORASS and Observational Casts
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Figure 2.16: Temperature profiles from observational casts in the vicinity of the NEW
Polynya (solid lines) and the nearest equivalent in ORAS5 (dashed lines). The locations
of the observational casts are shown on the inset map with the mean sea-ice area fraction

from ERADS, averaged over the dates shown for the casts. The XBT and CTD casts are
represented by the cyan and dark blue colours respectively.
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Salinity Profiles from ORAS5 and Observational Casts
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Figure 2.17: Salinity profiles from observational casts in the vicinity of the NEW Polynya
(solid lines) and the nearest equivalent in ORAS5 (dashed lines). The locations of the
observational casts are shown on the inset map with the mean sea-ice area fraction from

ERA5, averaged over the dates shown for the casts. The XBT and CTD casts are repre-
sented by the cyan and dark blue colours respectively.
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Validation of the CMIP6 Global Coupled
Climate Model Had(GEM3 in the Nordic

Seas

3.1 Introduction

As climate change progresses, the Nordic Seas are expected to undergo significant change,
with important consequences for the wider climate system. This region has already ex-
perienced anomalously strong sea surface warming (~ 0.40°C/decade) compared to the
global average (~ 0.13°C/decade), highlighting its high climate sensitivity (Mohamed
et al., 2022; Broomé et al., 2020; Isaksen et al., 2022; von Schuckmann et al., 2024).

The Nordic Seas play a central role in the high-latitude branch of the global thermo-
haline circulation as a major site of dense water formation feeding the Atlantic Meridional
Overturning Circulation (AMOC). Changes in local heat exchange, freshwater pathways
and sea-ice variability therefore have implications far beyond the region itself, influencing
ocean stratification, deep ocean ventilation and climate variability across the Northern
Hemisphere (Ottera et al., 2004; Tsubouchi et al., 2021; Spall et al., 2021; Smedsrud et al.,
2022).

Recent observations indicate widespread warming, changes in Atlantic Water inflow,
freshening in some regions and substantial sea-ice decline across the Nordic Seas (Smed-
srud et al., 2022; Kenigson and Timmermans, 2021; Arthun et al., 2012; Onarheim et al.,
2018). These changes are closely linked to shifts in airsea heat exchange and water mass
transformation, which may alter the formation of dense waters and the structure of over-
turning circulation.

Although observations provide valuable measurements of these processes, they are
often limited by short temporal coverage and sparse spatial sampling, particularly in the
Arctic and marginal ice zone. Climate models therefore provide an essential tool for
investigating longer-term variability and future change.

In this chapter, we use the HadGEM3 global coupled climate model from the UK Met
Office Hadley Centre, produced as part of CMIP6 (Roberts et al., 2019), to investigate
ocean and sea-ice variability in the Nordic Seas. The model performs well in the sub-polar
North Atlantic, particularly at higher resolution, with a realistic large-scale circulation
and AMOC structure (Jackson et al., 2020; Kuhlbrodt et al., 2018).

Before using the model to investigate climate change responses, validation against ob-
servations is necessary. Therefore we compare satellite-based sea-ice concentration prod-

ucts and ocean mooring observations with low, medium and high-resolution HadGEM3
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simulations to assess model performance and identify important biases relevant to later

analysis.

3.2 Data

3.2.1 The HadGEM3 Model

The third version of the Hadley Centre Global Environment Model (configuration 3.1),
often referred to as HadGEM3-GC3.1, is a specific configuration of climate prediction
models from the UK Met Office which include the NEMO (Nucleus for European Mod-
elling of the Ocean) ocean model component on the ORCA tripolar grid (Madec and
Imbard, 1996), and the CICE5.1 sea-ice model component from Los Alamos (Rae et al.,
2015). These are coupled to the MetOffice Unified Model (MetUM) atmospheric model
through the OASIS coupler developed at CERFACS (centre of basic and applied research)
in France with the coupling period set to 1 hour (Roberts et al., 2019).

The experiments we use have a short 30-year spin-up, followed by century-long simula-
tions. The spin-up and control experiments use mean values of the CMIP6 transient forc-
ing datasets for aerosol, solar, ozone concentration and greenhouse gas forcings (Roberts
et al., 2019). The historical simulations (1950-2014 inclusively) use the time-varying
versions of these forcings. Note that the simulations used in our analysis are those rep-
resentative of a high-emissions scenario (SSP5-8.5). The design of the HadGEM3 models
is illustrated in Figure 3.1.

Coupled climate, 1950-2014 (= 2050)
Forced by constant 1950 and historic forcings (= projected)
Initial coupled spin-up period ~ 30-50 years from 1950 EN4 ocean climatology

spinup-1950, control-1950, hist-1950 ' ) Constant 2050’s forcing
(= highres-future, future-2050) Future projected forcing 550 future-2050
2015-2050, highres-future '. EEEEEEEEEEEN >
-
=3
- -

Historic 1950-2014 forcing

hist-1950
1950
1950
»lllllllllll..’
Constant 1950’s forcing Constant 1950’s forcing Optional extension
spinup-1950 control-1950

Figure 3.1: Schematic from (Roberts et al., 2019) showing the design of the HadGEM3
experiments.

For the coupled configuration, a range of resolutions is available for both the atmo-
spheric and oceanic components. In this study we consider the high-resolution (HadGEM3-
HH), medium-resolution (HadGEM3-MM) and low-resolution (HadGEM3-LL) model runs.
Information on these model grid configurations is shown in Table 3.1 and illustrated in
Figure 3.2, which gives a visual indication of the relative resolutions in the region of

interest.
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The influence of grid resolution on model output is sometimes overlooked, with many
studies in fact using lower-resolution models due to computational costs and/or time
constraints. However, depending on the aim of the research, this could lead to important
physical processes being excluded from the analysis. For example, for HadGEM3, in the
low-resolution run, ocean mesoscale features such as eddies and boundary currents are
strongly tied to parametrisations and the requirements of numerical stability, whereas in
the high-resolution run the eddying regime properties are increasingly explicitly resolved
(Roberts et al., 2019).

Table 3.1: Model grid information for the low, medium and high-resolution HadGEM3
simulations. Note that horizontal grid resolutions are given for the mid-latitudes.

Atmosphere Ocean
Model Horizontal Number of Horizontal Number of
Configuration Grid Vertical Grid Vertical
Name Resolution Levels Resolution Levels
HadGEM3-HH | 25 km (N512) 1/12° (ORCA12)
HadGEM3-MM | 60 km (N216) | 85 up to 85 km | 1/4° (ORCA025) | 75 (top level 1 m thick)
HadGEM3-LL | 135 km (N96) 1° (ORCA1I)

LL

3400
j direction ~ north

S
g 3300

e .
i direction ~ east
3200

id points in j direction

EL

3100

3000
3000 3100 3200
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grid points in i direction grid points in i direction

Figure 3.2: Illustration of the HadGEM3-HH, MM and LL horizontal ocean grid resolu-
tions (every 10th grid point in both the x and y direction is shown with a black dot).
Note that in this region, the model grid i and j directions approximately align with ge-
ographical north and east directions, but this is not exact and untrue for other regions.
The red shading is the bathymetry.

3.2.2 The ORAS5 Reanalysis Product

ORAS?5 is the most recent OCEANS5 global eddy-permitting ocean-sea-ice ensemble re-
analysis system from the European Centre for Medium-Range Weather Forecasts (ECMWEF).
It estimates the state of the global ocean and comprises a Behind-Real-Time component,
which provides an estimate of the historical ocean state from 1979 to near present-day,
and a Real-Time component that provides the latest ocean conditions (Zuo et al., 2019).
ORAS?H has global coverage with a horizontal resolution of 1/4° (ORCA025) and 75 depth
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levels. It is based on the NEMO ocean model (version 3.4.1) coupled to version 2 of the
Louvain-la-Neuve (LIM2) prognostic thermodynamic-dynamic sea-ice model (Fichefet and
Maqueda, 1997). Observations are assimilated through the NEMOVAR data assimilation
system and the reanalysis product is forced with ERA-Interim with bulk formula plus
WAVE forcing. In this work, monthly averages of potential temperature, ocean salin-
ity and zonal and meridional velocity components are compared to ocean data from the
HadGEM3 model and observational datasets.

We also use the ORASbS sea-ice concentration for additional validation of the HadGEM3
model output. The sea-ice concentration data assimilated in this reanalysis product comes
from various sources. Prior to 2007, the Met Office Hadley Center HadISST2 sea-ice
product is used (Titchner and Rayner, 2014). Sea-ice data in HadISST2.1 include both
reprocessed sea-ice concentration data from the EUMETSAT Ocean and Sea-Ice Satellite
Application Facilities (OSI-SAF) and polar ice chart data from the National Ice Center
(NIC). Sea-ice concentration in HadISST2.1 is calibrated against NIC sea-ice charts in or-
der to ensure consistency with chart analyses prior to the satellite era (Zuo et al., 2019).
The Met Office’s Operational Sea-surface Temperature and Sea-Ice Analysis (OSTIA)
dataset is used from 2007 to present, and this uses the OSI-SAF 401 dataset (Donlon
et al., 2012).

3.2.3 Observational Sea-Ice Products and Ocean Mooring Data

Sea-Ice Products

For model validation, we use two satellite-based sea-ice concentration products: the Uni-
versity of Bremen AMSR product and the NOAA/NSIDC Climate Data Record (CDR),
alongside the ORAS5 reanalysis introduced previously.

The AMSR product combines AMSR-E observations (2002 - 2011) and AMSR2 ob-
servations (from 2012 onwards), both derived using the ARTIST Sea Ice (ASI) algorithm
with consistent calibration (Spreen et al., 2008; Su et al., 2013; Ludwig et al., 2020).

The NOAA/NSIDC CDR uses passive microwave observations from SMMR and SSM/I-
SSMIS instruments and combines estimates from the NASA Team and Bootstrap algo-
rithms (Cavalieri et al., 1984; Comiso, 1986). This product provides a longer observational
record extending back to 1978.

While the products show broad agreement, ORAS5 and NOAA/NSIDC generally
produce smoother ice fields than AMSR, often overestimating sea-ice concentration in
polynya regions and along the marginal ice zone where the real ice edge is typically
sharper (Bennett et al., 2024; Renfrew et al., 2021).

The Fram Strait Moorings

An array of ocean moorings located in Fram Strait at a latitude of approximately 78.8°N

and between longitudes of approximately 10°W and 10°E, provides continuous high-
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frequency measurements of the ocean temperature, salinity and velocity between August
2003 and August 2019 (Beszczynska-Moller et al., 2011). The mooring array is jointly
operated by the Norwegian Polar Institute which maintains moorings in the Arctic out-
flow in the west (East Greenland Current: EGC) and the Alfred Wegener Institute which
maintains moorings in the Atlantic inflow in the east (West Spitsbergen Current: WSC).

In order to use the raw mooring data for comparison to the model output at Fram
Strait, we averaged higher frequency measurements to monthly means and bi-linearly
interpolated onto a two dimensional grid. We also applied some quality control to the

raw mooring data and removed erroneous data points.

The Kogur Array at Denmark Strait

There is also a dataset available from a transect of moorings near Denmark Strait, called
the Kégur Array (Harden et al., 2016). Each of the 12 moorings was equipped with an
assortment of instruments measuring temperature, salinity, pressure, and current velocity.
The data are available as a gridded dataset of vertical sections with a temporal resolution
of 8 hours and spatial resolution of 8 km in the horizontal and 50 m in the vertical for
the 11 month period between 29th August 2011 to 30th July 2012, allowing for model

validation near Denmark Strait.

3.3 Model Validation Results

3.3.1 Sea-Ice Variability and Change

There is generally a good comparison between the model sea-ice concentration and those
seen in the observations. An example of mean summer (June, July and August) sea-ice
concentration for the 2010s (Figure 3.3) shows that the model generally captures the
sea-ice edge but does not represent features such at the Northeast Water Polynya well.

The HadGEM3-MM model has been shown to produce ice thickness and extent that
are in good agreement with reanalyses (e.g. Ridley et al., 2018; Roberts et al., 2019). The
spatial distribution of the sea-ice also appears accurate from Figure 3.3, with the sea-ice
edge in approximately the same location as in the observations.

Comparatively, for the HadGEM3-HH case the sea-ice edge is located farther north
than in observations, whereas for the HadGEM3-LL example we see that there is the
opposite problem, with the sea-ice edge located farther south. These differences point to
resolution-dependent processes influencing the model sea-ice concentration.

The most significant difference in the sea-ice concentrations in this region for this
summer period is the representation of the Northeast Water Polynya, which is not well
resolved in any of the HadGEM3 model runs. This could lead to additional biases in the
model which are not representative of the real world.

Figure 3.4 illustrates the rate of sea-ice decline over several decades for the same
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Figure 3.3: Mean summer (JJA) sea-ice concentration in the Fram Strait region for the
2010s from satellite based observations (AMSR and NOAA /NSIDC), a reanalysis product
(ORAS5) and the HadGEM3 model (HH, MM and LL).

products. In all panels, we see the 50% sea-ice contour lines retreat northwards over time,
as expected with increasing Arctic temperatures. Overall, the model compares well to the
available observations, although the rate of sea-ice retreat appears faster in HadGEMS3-
HH. We see that, especially in the region North of Svalbard, there is more sea-ice decline
in the high-resolution model. For example, the light blue line represents the mean 50%
sea-ice contour for the 2010s. In observations, this line runs across the domain from East
Greenland in the lower-left of the panel to North Svalbard in upper-right. In the model,
the MM and LL simulations compare quite well for this decade. For the HH simulation,
however, this contour line runs much farther north, reaching latitudes of approximately
83°N, to the north of Svalbard.

If we consider the seasonal changes, we see that a lot of this sea-ice decline in the
model occurs in the summer and autumn months. Figure 3.5 shows the same decadal
mean 50% sea-ice contours but for only the summer season (June, July and August).
Here, it is clear that the sea-ice retreat is much faster in the high-resolution model than
in the observational products. This figure also illustrates that the model does not capture
smaller features in the sea-ice; details like the NEW Polynya are missing. The reason
behind this remains unclear but could be linked to the representation of the smaller scale
ocean circulation systems on the continental shelf or the variability of near-surface wind

forcing which likely both impact the development of the polynya (as discussed in Chapter
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Figure 3.4: The decadal mean 50% sea-ice contours in the Fram Strait region show long-
term retreat in observational datasets (AMSR, NSIDC, ERA5) and model output (at all
three resolutions).

2).

Figure 3.6 shows that the story is similar for the other seasons, with autumn par-
ticularly showing dramatic sea-ice retreat in the model which is not shown in the other
products. What remains consistent throughout the seasons is that the rate of decadal
sea-ice decline increases with model horizontal grid resolution suggesting a dependency
on smaller-scale processes that are resolved in the higher-resolution simulations but not
at lower resolutions. Given that rising temperatures due to poleward heat transport
are thought to be the primary driver of Arctic sea-ice decline, it follows that the higher-
resolution simulations with stronger poleward heat transport are also the simulations with
faster rates of sea-ice decline in the Nordic Seas (e.g. Smedsrud et al., 2022; Docquier et al.,
2019; Shu and et al., 2022).
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HadGEM3-GC3.1-HH
Control

HadGEM3-GC3.1-HH
Historical + Future Projection

HadGEM3-GC3.1-MM
Historical + Future Projection

Summer

Summer

AMSR-E/2

Summer

Summer

Figure 3.5: The decadal mean 50% sea-ice contours for the summer months only (June,
July and August) indicate a faster rate of change in the HadGEM3-HH simulation than
seen in current observational data and the HadGEM3-MM simulation.

75 of 193



3. HadGEM3 Model Validation in the Nordic Seas

3.3. Model Validation Results

HadGEM3-GC3.1-HH HadGEM3-GC3.1-HH HadGEM3-GC3.1-MM
Control Historical + Future Projection Historical + Future Projection ERA5 NSIDC AMSR-E/2
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Winter Winter Winter Winter
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Figure 3.6: The decadal mean 50% sea-ice contours for the autumn (SON), winter (DJF) and spring (MAM) seasons, with a particularly
dramatic response seen in the HadGEM3-HH simulations. Significant change is also seen in the autumn months in the observational data.
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3.3.2 Mean Ocean Characteristics

Ocean Altimiter Data HadGEM3-HH

HadGEM3-LL

0.10 015 0.20 3 0.30
Ocean Surface Speed (m/s)

Figure 3.7: Mean ocean surface speed for the period between January 1st 2020 and
January 1st 2025 from observational ocean altimeter data from Ocean Surface Current
Analyses Real-time (OSCAR) with the all-time mean (1950-2050) from the HadGEM3
simulations (high, medium and low resolution). Note that the altimeter data has been
reformatted so that it has the same projection as the model grid.

The Nordic Seas is a complex region for ocean dynamics, with strong near-surface
boundary currents, smaller interacting circulation systems, vertical mixing, dense water
formation and significant exchange with the Arctic and North Atlantic through the Fram
Strait and Greenland-Scotland Ridge respectively. Many of these important features are
well captured by the high and medium-resolution HadGEM3 simulations. A comparison
of the mean ocean surface speed against observational altimeter data (shown in Figure

3.7) demonstrates that the model has a realistic representation of Atlantic inflow and
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Arctic outflow pathways at 1/4° and 1/12° horizontal grid spacing. However, these are
not well resolved in the low-resolution simulation, where the average current speeds are
notably reduced and the circulation pathways are poorly defined. It should also be noted
that, at these latitudes, the altimeter data does not capture smaller-scale ocean features
particularly well either.

This aligns with findings from both Petit et al. (2023) and Lai et al. (2022). These
studies show that the higher-resolution HadGEMS3 runs develop stronger, sharper bound-

ary currents and faster upper-ocean velocities along basin boundaries.

3.3.3 Model Evaluation at Fram Strait
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Figure 3.8: A map showing the locations of ocean moorings at Fram Strait and the nearest
transects in HadGEM3 and ORAS5 along model grid lines.

At Fram Strait (Figure 3.8) mooring data are available for a period of 16 years, al-
lowing us to validate the HadGEM3 model in this region. As illustrated by Figure 3.9,
overall the ocean properties and dynamics in the model compare well with observations.
The warmer and more saline Atlantic Water, which flows northwards near the surface in
the West Spitsbergen Current (WSC), is well captured in the temperature, salinity and
velocity fields (eastern edge of cross-section). Although, note that this current is faster
and warmer in the high-resolution simulation than in observations, and slower and cooler
in the medium and low-resolution simulations. Mean potential temperatures and ocean
velocities reach maximum values of over 6°C and over 0.2 m/s respectively in the high-
resolution model, more than 2°C and 0.05 m/s higher than the maximum values from the
mooring observations.

The southward-flowing cold and fresh water in the East Greenland Current (EGC) is
also well represented in the model at high-resolution (western edge of cross-section), but

the current is less well captured in the low-resolution results. The ORAS5 product does
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not capture the ocean dynamics as well here, with the velocity in the boundary currents

being too low (less than 0.1 m/s) compared to the mooring observations (~ 0.18 m/s).
T-S diagrams from the transects at Fram Strait show that the water properties here are

well represented in HadGEM3 (Figure 3.10). As discussed in literature (e.g. Langehaug

and Falck (2012); Rudels et al. (2005)), there are three main water masses in this region.

1. Polar Water: this is cold, fresh, near-surface and sits on continental shelf or flows
southward in the EGC

2. Atlantic-Origin Water: this is warm, saline, near-surface and flows northwards in
the WSC or gets recirculated

3. Deep Water: this is cold, saline, dense, overflow water

All three water masses are captured by the products, with a few small differences. The
Polar Water in the model and in ORAS5 is fresher than in the observations. This may
be partly due to the observations not covering the surface waters. The Atlantic Water
is warmer and more saline in the high-resolution model than in the other products. The
Deep Water is well constrained with similar properties across the products.

Compared to mooring observations at Fram Strait, the HadGEM3-HH model repre-
sents the mean ocean structure and water properties in the early 2000s well. On average,
the dynamics of the boundary currents and larger-scale circulations, such as the Green-
land Sea Gyre, are also well captured by the model (e.g. see Figure 3.17). However, it is

also important to consider the temporal variability of these metrics.

3.3.4 Variability at Fram Strait

The Hovmoller plots in Figure 3.11 show (a) potential temperature in red-blue shading and
(b) ocean salinity in purple-green shading. These are shown for the period between 2003
and 2019, with subplots for each of four datasets; the mooring observations, the ORAS5H
reanalysis product, the HadGEM3-HH transient run and the HadGEM3-HH control run.
We focus on the high-resolution simulation here as it has been shown to be broadly more
realistic than the lower-resolution simulations.

As demonstrated by these Hovmollers there is no significant trend over this period, but
the datasets generally compare well. There is a reduced seasonal cycle in the control model
run compared to the transient case, suggesting an increased variability in the annual cycle
at Fram Strait in response to climate change forcing. We also see that temperatures are
generally higher in the transient run than in the control, with fresher waters in the west.
Also note that ORAS5 does not demonstrate as strong of a seasonal cycle in salinity in
the west as the other products.

If we consider the 100 year period from the model (Figure 3.12) we see an enhanced
salinity gradient across Fram Strait in the transient run compared to the control run, with

fresher water in the west and more saline water in the east. This projection for future
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Figure 3.9: Mean potential temperature, ocean salinity and quasi-northwards ocean velocity for the transects at Fram Strait using mooring
observations, the ORAS5 reanalysis product and the HadGEM3 model at high, medium and low-resolutions.
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Figure 3.10: T-S diagrams from the time-mean transects at Fram Strait for all products.
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Figure 3.11: Hovmoller plots showing 16 years of (a) potential temperature and (b) ocean
salinity at Fram Strait, averaged over the upper 200 m, for the moorings, ORAS5 and
HadGEMS3-HH transient and control runs.
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changes in salinity will likely result in changes in the density gradient too, which could
have important impacts on the ocean dynamics in this region.

We can also see a clear warming trend in the high-resolution transient model run that
is not shown for the control case. There is visible warming across the entire transect with
projections for maximum temperatures of well over 6°C in the east of Fram Strait by
2050. We can also see the advance of the warmer Atlantic-Origin Water from the east

towards the west of Fram Strait over time.
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Figure 3.12: Hovmoller plots showing 100 years of (a) potential temperature and (b) ocean
salinity at Fram Strait, averaged over the upper 200 m, for HadGEM3-HH transient and
control runs.

3.3.5 The Westward Advance of Atlantic-Origin Water at Fram
Strait: A Comparison to Findings by de Steur et al. (2023)

Using the mooring data at Fram Strait de Steur et al. (2023) conclude that the upper
ocean warmed significantly between 2003 and 2019. They show that the warmer and more
saline Atlantic Water is having a greater presence in central Fram Strait, particularly in
winter, and that this results in reduced sea-ice thickness and extent, acting as a positive
feedback loop. As highlighted in the previous section (e.g. Figure 3.12), the HadGEMS3-
HH model shows a similar result, with warmer temperatures extending further towards
the west of Fram Strait over time in response to climate forcing.

In their study de Steur et al. (2023) use two moorings, F14 and F11, to consider
variability within the EGC, both onshore and offshore respectively. The location of these
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two moorings at Fram Strait is shown in Figure 3.13 which is taken from the paper. Note
they only consider data recorded at approximately 55 m depth in their analysis.

As shown in their study, the F14 on-shelf mooring shows a significant trend of grad-
ually increasing potential temperature in summer, as well as a pronounced increase in
seasonality as autumn temperatures rise and there are increasingly prolonged warmer

periods lasting longer into the year (until November or even December in some cases).
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Figure 3.13: Figure taken from de Steur et al. (2023) showing (a) map of the Arctic
Ocean with schematic arrows illustrating the cold outflow of Polar Water from the Arctic
to the East Greenland Current (blue arrow) and the warm inflow of Atlantic Water
into the Arctic Ocean and its recirculation in Fram Strait (red arrows), and (b) vertical
cross section of temperature in the Fram Strait at 78°50’N in September 2018 (obtained
from shipboard hydrography) marking the locations of the moorings F14, F11, and F4
with thick vertical black lines and blue, red and magenta diamonds, respectively. The
background colouring is ocean temperature with 0.5°C intervals and the magenta lines
mark the 0°CC isotherm.The location of the section in Fram Strait is marked in subplot
(a) with the thick horizontal black bar.

The F14 mooring has a mean summer (July, August, September) temperature trend
of 0.19 °C/decade, while the winter (January, February, March) trend is much smaller
but also positive at 0.07 °C/decade. de Steur et al. (2023) suggest that this trend does
not correlate to any significant trend in ocean salinity at this location, although there is
a small increasing trend here too. The salinity observations have a less distinct seasonal
cycle and large interannual variability demonstrating large variability in the halocline
waters transported southwards on the shelf.

The HadGEM3-HH model has similar values for both potential temperature and ocean
salinity at this location (Figure 3.14).The control run shows reduced variability, with no
significant trend, suggesting these changes are driven by a response to climate change.

The ORASS5 reanalysis product shows similar results until the year 2015, at which
point there appears to be a significant step change to increased temperature. From 2015
onwards, apart from in 2017, summer temperatures at this location in ORAS5 reach above

freezing. Generally, there are also higher salinity values for this warmer period in ORASS5,
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Figure 3.14: Time series of potential temperature and ocean salinity at 55 m depth for
the F14 (upper subplots) and F11 (lower subplots) locations. Results from the transient

and control HadGEM3-HH simulations are in blue and black respectively while the ob-
servations based data from ORASH and the moorings are in orange and red respectively.
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suggesting an increased presence of Atlantic-Origin Water.

The salinity at F'14 in the other products shows no clear trend, with a more consistent
seasonal cycle in the model than in the mooring observations, which appears more variable.
Together, these changes point to a warming of the on-shore component of the EGC, not
due to an increased presence of Atlantic-Origin water but due to increased warming from
the surface, as concluded by de Steur et al. (2023).

In comparison, the mooring data at F11 (off-shore component of the EGC) shows a
step change increase in 2015, much like as shown for F14 in ORAS5. Here, the observa-
tions show a significant increase in temperature and salinity in the summer of 2015, with
elevated values remaining from then on all year round, even in winter (Figure 3.14). This
location appears more impacted by broader Nordic Seas wide increases in ocean tempera-
ture. The annual cycle is more variable at this location indicating that this location is less
impacted by annual changes in, for example, sea-ice melt and formation as it is further
off-shore.

If we consider the period for which the model data and reanalysis product are available,
we see that there are clear differences in the trends at the F14 and F11 locations (Figure
3.15). There are increasing potential temperatures at the F14 location in ORAS5 and
HadGEM3-HH (but not in HadGEM3-HH CTRL), whereas at the F11 location, there is
much higher variability in the potential temperature. This is particularly noticeable for
the winter period which differs significantly year-to-year, unlike at F14.

There is no significant trend in the ocean salinity in either of the two locations, with
high interannual and inter-decadal variability in both cases. Note that for F11, ORAS5H
generally shows higher salinity values than the model.

In de Steur et al. (2023), they show that the changes in the ocean properties over this
16 year period differ greatly between the two locations. This is particularly clear when
we consider the seasonal cycles in potential temperature and salinity (Figure 3.16).

As illustrated in these figures, the response in the annual cycle of variability is well
captured by the model and the reanalysis product. The gradual warming trend at F14,
particularly in the autumn months, is well resolved. This trend is not seen at F11 where
there is higher interannual variability across the properties.

Altogether these findings point to a westward advance of Atlantic-Origin Water at
Fram Strait, which is simulated reasonable well in the high-resolution HadGEM3 model.
This change is clear in the potential temperature diagnostic but more variable in the

ocean salinity data, where there are also larger model biases.

3.3.6 Model Evaluation at Denmark Strait

For additional validation of the HadGEM3 model, we also use the Kégur Array at Den-
mark Strait. The locations of the moorings, and the equivalent data points in the model,
are shown in Figure 3.17. Note that for ease of computation, we take model data from a

transect on the model grid close to the geographical location of the Kégur Array, so that
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Figure 3.15: Time series over the 101 year period of the model run of potential temperature
and ocean salinity at 55 m depth for the F14 (upper subplots) and F11 (lower subplots)
locations. Results from the transient and control HadGEM3-HH simulations are in blue
and black respectively while the observations based data from ORASSH are in orange.
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Figure 3.16: Time-mean annual cycles of potential temperature (first column) and ocean
salinity (second column) at the F14 and F11 mooring locations (first and second row
respectively) for the period between 2003 and 2019 for all the products. The results from
the mooring data is shown for each decadal mean (2000s and 2010s).

the cross-sections show ocean velocities directed perpendicular to the transect line.

As illustrated in Figure 3.18, the mean transects for potential temperature, ocean
salinity and along-current velocity for this period of time compare well. Bearing in mind
that the transects do not align perfectly, the HadGEM3-HH model captures the complex
ocean circulation systems at Denmark Strait (see Figure 3.17), even resolving smaller
features such as the pathways of the Separated EGC and North Irminger Jet (NIJ) seen
in observations (e.g. Harden et al., 2016). These dynamical details are reduced in magni-
tude and almost lost completely when using the medium and low-resolution model runs
respectively (Figure 3.18).

With respect to the water properties at Denmark Strait, the mean temperature and
salinity profiles from the HadGEM3-HH model resemble those from the mooring obser-
vations. The dynamics of the EGC are well captured in the high-resolution simulation
with the location and magnitude of the surface velocities similar to those shown in the
observations. Note that the model shows the warmer and more saline water of the North
Icelandic Irminger Current (NIIC) which lies outside the reach of the Kogur Array mea-
surements but has been observed in other studies using, for example, ship data (Semper
et al., 2022; Casanova-Masjoan et al., 2020).

The ORAS5 and HadGEM3-MM products show weaker ocean velocities in the bound-
ary currents, and thus have muted extremes in temperature and salinity at these locations.

The low-resolution model does not represent the ocean dynamics at Denmark Strait well,
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Denmark Strait Transects
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Figure 3.17: Maps showing the location of the transects used at Denmark Strait on the
mean surface velocity from HadGEM3-HH for the 2010s. The Kégur Array moorings are
shown by the black dots and the red line indicates the nearest transect on the model grid
used in the other products. The blue line indicates the mean 15% sea-ice contour from
HadGEM3-HH for the 2010s.

with significantly weaker and shallower boundary currents (EGC and NIIC). Addition-
ally, it does not capture the temperature or salinity gradients across the transect and has
a significantly less accurate representation of the bathymetry. Only the general circula-
tion pattern is captured in the low-resolution, which should be noted when considering
research using this model configuration.

The T-S diagrams from the 10-month mean for each of the product transects (Figure
3.19) illustrates the differences in the water properties here. The model and reanalysis

show fresher and warmer water than is seen in the mooring observations.

Hovmoller plots for the same transects and 10 month period highlight the difference
in the seasonal cycle with grid-resolution (Figure 3.20).

The moorings (higher frequency data) show a seasonal cycle in temperature and salin-
ity, with increased fresh water in the northern half of the transect in the autumn and
early winter months. This is also associated with higher temperatures across the tran-
sects. Then the more saline water advances from the south of the transect towards the
north, resulting in an increase in salinity over the later winter and spring period. We
also see a cooling over this period before, at the start of the summer months, there is
an increase in temperature, particularly to the south. There is no clear seasonal cycle in
the ocean velocity, although there appears to be a flux of eastward flowing water in the
northern region associated with fresher waters during an autumn event.

These features are largely similar for the other products, although the magnitude of the
seasonal cycles in temperature and salinity are reduced with coarser model grid resolution.
The annual cycle is well represented by the ORASbH reanalysis product with warming and
freshening periods captured at approximately the correct time and location as in the
observations. However, the boundary current velocities are underestimated, as is also

true for the HadGEM3 medium and low-resolution simulations. For the high-resolution
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simulation the boundary current velocities are of a more comparable strength, along with
the other diagnostics. For the medium and low-resolution simulations there tends to be
too much cold, fresh water (particularly in the autumn period) and not enough warmer,

more saline water (likely linked to the underestimation of the eastward ocean velocities).
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Figure 3.18: Mean potential temperature, ocean salinity and quasi-northwards ocean velocity for the transects at Denmark Strait using mooring
observations, the ORAS5 reanalysis product and the HadGEM3 model at high, medium and low-resolutions.
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3.4 Conclusions

In this chapter we have validated the HadGEM3 global coupled climate model against
observational sea-ice and oceanographic data in the Nordic Seas, highlighting differences
between the high, medium and low-resolution simulations.

We find that the sea-ice concentration is reasonably well resolved, although some
details are lost (e.g. the Northeast Water Polynya) and the rate of sea-ice decline is ac-
celerated compared to currently available observations, particularly in the high-resolution
configuration. However, the model can still be useful in providing information about
long-term change and future climate scenarios.

The ocean properties and dynamics in the region also compare well to observations,
although mooring data suggests that the boundary current velocities are slightly elevated,
particularly in the high-resolution run. This results in enhanced inflow of warm and saline
water to the Arctic (which likely plays a role in the rapid sea-ice decline here seen in the
model). The model also produces higher velocities in the EGC, with a stronger flow of
cold, fresh water towards the North Atlantic.

Time series illustrate the differences between on-shelf and off-shelf temperature and
salinity within the EGC (comparisons to de Steur et al. (2023)) with the impacts of climate
change clearly seen when comparing with the control runs (e.g. signifiant warming at the
surface and the mechanism of westward advance of Atlantic Origin water are both resolved
by the transient model).

The model generally captures the seasonal cycle of the upper ocean at Fram Strait
with clear differences between Atlantic Water inflow and Arctic Water outflow in east and
west Fram Strait respectively. The change in this cycle through time is more variable in
the observations than in the reanalysis product and the model.

At Denmark Strait, the model also compares well to observations for ocean properties
and dynamics, but again, the boundary currents are perhaps too strong in the high-
resolution and too weak in the low and medium-resolution simulations. As at Fram
Strait, we see that this leads to warmer Atlantic Water and fresher Polar Water than seen

in the mooring data.
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A Century of Change in the Nordic Seas:
Comparing Results from High, Medium and
Low Resolution HadGEM3 Simulations

4.1 Introduction

The Nordic Seas play a pivotal role in the global climate system by regulating exchanges
between the Arctic and the North Atlantic. In addition, this region is a key site for
dense water formation, contributing to the northernmost cell of the Atlantic Meridional
Overturning Circulation (AMOC) and its stability is critical for the large-scale redistri-
bution of heat and freshwater around the global thermohaline ocean circulation system
(Mauritzen, 1996; Vage et al., 2015).

The Nordic Seas are highly sensitive to anthropogenically driven climate change, yet
uncertainties remain regarding how this tightly coupled atmosphere-ice-ocean system will
evolve in the future. Observational datasets and reanalysis products show robust warm-
ing trends in both the ocean and atmosphere as global mean temperatures rise under
continued greenhouse gas forcing (Beszczynska-Moller et al., 2012; Polyakov et al., 2020).
Meanwhile, sea-ice extent has declined markedly over recent decades, particularly in Fram
Strait and around Svalbard, regions that act as key gateways for exchange between the
high and mid-latitudes (Kwok et al., 2009; Onarheim and Arthun, 2017).

These changes impact regional air-sea interactions and feedback mechanisms, with
consequences for both local ecosystems and the broader climate system. For instance,
reduced sea-ice cover enhances ocean-atmosphere heat fluxes, modulates convection and
can influence storm tracks (Screen and Simmonds, 2010; Koenigk et al., 2015). Moreover,
drastic reductions in sea-ice affect local communities and wildlife that rely on its seasonal
presence (Post et al., 2013).

Given that variability in the Nordic Seas can trigger ecological and environmental
responses across many spatial and temporal scales, improved understanding of its future
trajectory is vital. Global coupled climate models are valuable tools that allow us to
investigate these processes and analyse both historical variability and plausible future
scenarios.

In this chapter, we use HadGEM3 simulations to examine the response of the sea-
ice, the near-surface atmosphere and the upper ocean in the Nordic Seas under a high-
emissions scenario. By comparing results from high, medium and low resolution simula-
tions, we assess how model resolution influences the simulated climate response in this

climatically critical sub-polar system.
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4.2 Data

HadGEMS3 is a state-of-the-art climate model from the UK Met Office and is widely
used within CMIP6 and IPCC ARG studies, including high-emissions scenario projections
(SSP5-8.5), which we focus on in this work. It is well suited to studying climate change
in the Nordic Seas because it couples the NEMO ocean model, the CICE sea-ice model
and the Met Office Unified Model atmosphere (MetUM), allowing a physically consistent
representation of ArcticAtlantic exchange, sea-ice retreat, and AMOC-related processes
(e.g. Sicard et al., 2022; Kageyama et al., 2021; Kuhlbrodt et al., 2018; Selivanova et al.,
2024; Andrews et al., 2020).

A key strength of HadGEMS3 is its ability to run at multiple ocean resolutions, allow-
ing assessment of how model resolution influences important processes such as bound-
ary currents, overflows and shelf-basin exchange. In the higher-resolution configurations
(N2160RCA025 and N5120RCA12), the model provides improved representation of cir-
culation pathways critical to the Nordic Seas, particularly across Fram Strait and the
GreenlandScotland Ridge (Roberts et al., 2019; Petit et al., 2023). Previous studies have
also shown good performance in simulating large-scale ocean transports, heat budgets,
freshwater distribution, and broad patterns of sea-ice variability (de Boer et al., 2018;
Treguier et al., 2021; Tsubouchi et al., 2018; Zhang et al., 2023; Yool et al., 2021).

However, important limitations remain. In lower-resolution configurations, narrow
gateways such as Fram Strait and Denmark Strait are poorly resolved, which affects
overflow representation and eddy processes (Roberts et al.; 2019). Biases in Arctic sea-ice
and subsurface hydrography can also influence Atlantic Water inflow pathways and upper-
ocean stratification, while uncertainties remain in the model sensitivity of the AMOC
under greenhouse gas forcing (Docquier et al., 2024; Petit et al., 2023).

In Chapter 3, medium and high-resolution HadGEMS3 simulations were shown to com-
pare reasonably well with observations, although boundary current velocities were overes-
timated. This leads to enhanced northward heat and salt transport in the Atlantic inflow
pathways and stronger southward freshwater export in the East Greenland Current, con-
tributing to faster simulated sea-ice decline than currently observed. These biases are
important when interpreting future projections.

Overall, HadGEMS3 provides a strong framework for investigating the coupled oceaniceat-
mosphere response of the Nordic Seas to climate change, while allowing model limitations

and uncertainty to be explicitly considered.

4.3 Results

As greenhouse gas emissions from anthropogenic sources continue to increase, global mean
temperatures continue to rise, with the fastest responses seen in the high-latitudes. With

drastic warming in the polar regions comes a reduction in sea-ice volume (Gascard et al.,
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2019). The sea-ice is a crucial feature of the polar landscape, particularly in the Arctic,
and its decline impacts many important aspects of the climate system, from the local to
the global scale.

The Nordic Seas are particularly vulnerable to the changing climate. Anthropogenically-
driven variability here is likely to have a cascading effect on both regional and global
climate patterns (e.g. Holt et al., 2018; Hand et al., 2019; Zhao et al., 2019; Spall et al.,
2021; Jensen et al., 2016; Du et al., 2019). For example, water mass transformation in
the Greenland Sea plays a significant role in feeding dense water to the AMOC but this
processes is susceptible to temperature and salinity changes (e.g. Ottera et al., 2004; Tsub-
ouchi et al., 2021; Spall et al., 2021; Glessmer et al., 2014; Latarius and Quadfasel, 2016;
Hand et al., 2019). Additionally, the region acts as a major carbon sink by absorbing large
quantities of atmospheric carbon dioxide and carrying it to the deep ocean (Jeansson et al.,
2011; Frigstad et al., 2021; Pedersen et al., 2025). The largely atmospheric-driven export
of sea-ice from the high Arctic towards the North Atlantic is also pertinent, with Fram
Strait acting as the main gateway for exchange between the sub-polar North Atlantic and
the Arctic Ocean (Smedsrud et al., 2011, 2017; Wei et al., 2019).

While observations are useful for monitoring recent changes, climate models allow us
to look forward in time, giving us valuable insights into possible future scenarios. Hence,
to consider how the Nordic Seas might change from the past to the future, we compare
results from historical simulations and future projections in the HadGEM3 global coupled
climate model (Roberts et al., 2019). We consider high, medium and low resolution model
runs to show that the characteristics and rate of change can differ with horizontal grid
resolution. To better understand the possible impacts of climate change in the Nordic
Seas we first look at near-surface changes over the period of the HadGEM3 simulations,
which start in 1950 and end a hundred years later in 2050.

4.3.1 Near-Surface Changes in the Nordic Seas between the
1950s and 2040s

Spatial maps showing the mean near-surface potential temperature for the first and last
decade of the 100 year simulation, and the difference between these, show the response
of the region to climate forcing (Figure 4.1). As expected, between the 1950s and 2040s,
there is significant warming in the Nordic Seas across all three resolutions. Increasing tem-
peratures are seen throughout the domain but the magnitude of warming is not consistent
everywhere; there is significant spatial variability.

The largest response is shown in the low resolution simulation, with increases of more
than 5°C in the central Norwegian Sea, the Barents Sea and the region south of Svalbard.
There is also a strong warming of more than 5°C seen in the high resolution simulation,
but in a more confined region to the north of Svalbard, along a section of the West
Spitsbergen Current pathway.

In areas of sea-ice cover, such as to the north of Greenland, the change in potential
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0.5 m Depth
1950s 2040s Difference (2040s - 1950s)

y
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Figure 4.1: Mean potential temperature at 0.5 m depth for the 1950s, the 2040s and
the difference between these two decadal means (2040s minus 1950s). The decadal mean
15% sea-ice contour is shown in each panel by the thicker dark purple line. Note that
the domain is shown on the model grid. The upper row shows the results from the high
resolution HadGEM3 simulation, the middle row for the medium resolution simulation
and the bottom row for the low resolution simulation.
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temperature is reduced and remains approximately consistent across the model resolutions
at less than 1°C. This highlights the important role of sea-ice in limiting the warming at

the ocean surface.

The spatial pattern of temperature change in the Nordic Seas indicates that the regions
of largest change are those fed by boundary currents which transport relatively warm
and saline Atlantic-Origin water towards the Arctic, for example, the West Spitsbergen
Current which transports heat towards the north of Svalbard (particularly clear in the
high resolution) and the Norwegian Current which feeds into the Barents Sea (particularly

clear in the low resolution).

The exterior boundaries of the Greenland Sea Gyre are also particularly sensitive

to climate forcing. The significant increase in potential temperature here, seen in both
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the medium and high resolution, could be a result of increased recirculation and mix-
ing of Atlantic-Origin waters from the boundary currents into the Greenland Sea Gyre.
Changes in atmospheric circulation patterns (such as the North Atlantic Oscillation) can
also impact the ocean properties in the Greenland Sea Gyre. Whether the phase of the
atmospheric oscillation intensifies or inhibits the cyclonic circulation impacts the rate of
heat loss to the atmosphere, enhancing or reducing the recirculation of warmer Atlantic-
Origin Water and further contributing to warming or cooling. Additionally, the reduction
in sea-ice cover at the surface affects atmosphere-ocean heat fluxes which play a significant

role in the properties and structure of the water column here.

As discussed in Chapter 3, the ocean warming seen in the high resolution HadGEMS3
model is faster than seen in present-day observations but analysis of the model can still
provide extremely valuable information and overall this simulation has the most realistic
representation of the Nordic Seas climate system, especially regarding the ocean dynam-
ics. The rate of ocean warming in the medium resolution model compares better to
observations but the smaller-scale ocean dynamics (such as eddy processes) are not as
well resolved. Meanwhile, evaluation of the low resolution simulations suggest that such
a coarse grid spacing does not capture important processes and results are not represen-
tative of the real world. See Chapter 3 for more details on the evaluation of HadGEM3

simulations in the Nordic Seas.

If we consider the near-surface ocean salinity (Figure 4.2) we see that, for all three
resolutions, the region around Svalbard, while being a region of significant warming is also
a region of increased salinity. Meanwhile a freshening trend is seen in regions of sea-ice
cover and on the continental shelf of East Greenland. The spatial pattern of the overall
trend is very similar across the model resolutions here. The largest response is again seen
in the low resolution simulation, with the magnitude of the change between the 1950s and

2040s generally decreasing with increasing resolution.

One difference is that the Iceland Sea region shows a small increase in salinity over this
period in the high and medium resolution simulations but in fact shows a small decrease
in the low resolution case. This is likely due to the poor representation of smaller-scale

ocean circulation systems in the Iceland Sea in the low resolution simulation.

The fact that the regions of strongest warming over this period generally co-locate
with the regions of largest increases in salinity suggests that the two responses are linked.
Although a warming is seen throughout the domain, the rate of warming is slower where
there is a freshening trend, likely due to increased freshwater flux from sea-ice melt and
land run-off. Where there is a higher rate of warming, there is also generally an in-
crease in salinity, due to increased inflow, recirculation and mixing of warmer and saltier
Atlantic-Origin Water via the Norwegian Atlantic Current and West Spitsbergen Current
pathways.

The responses of the temperature and salinity diagnostics are also reflected in the

change in calculated potential density. Here we see a strong decrease in density where
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Figure 4.2: Mean ocean salinity at 0.5 m depth for the 1950s, the 2040s and the difference
between these two decadal means (2040s minus 1950s). The decadal mean 15% sea-ice
contour is shown in each panel by the thicker dark purple line. Note that the domain
is shown on the model grid. The upper row shows the results from the high resolution
HadGEMS3 simulation, the middle row for the medium resolution simulation and the
bottom row for the low resolution simulation.
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there is a strong freshening trend and an increase in density around Svalbard, in the
region of increased salinity and of highest warming (Figure 4.3). The spatial pattern of
the density changes are similar in all three grid resolutions, indicating a robustness to this
result. Although, there is a small increase in the potential density within the Greenland
Sea Gyre in the high and medium resolution simulations which appears not to be captured

in the low resolution case at all.

Density changes are important as the vertical structure of the Nordic Seas is largely
determined by the buoyancy properties of the water column. The stratification of warmer,
less dense surface layers atop cooler, denser, deeper waters is crucial for densification and
influences the water mass transformation which feeds overflow water into the northern

branch of the AMOC. The regions of reduced density in Figure 4.3 are projected to
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Figure 4.3: Mean calculated potential density at 0.5 m depth for the 1950s, the 2040s and
the difference between these two decadal means (2040s minus 1950s). The upper, middle
and lower rows show the high, medium and low resolution results respectively.

become more stratified which inhibits vertical mixing and densification.

With differing trends in the density response predicted for different regions of the
Nordic Seas, the horizontal density gradient marking the boundary between these regions
will increase in strength in the future. As a lightening of the upper ocean occurs on one
one side of the density front and a densification on the other, there will be a tightening
of the isopycnals along that density front. This can lead to enhanced circulation via
geostrophy.

The response of the ocean surface velocities is shown in Figure 4.4. At the high
and medium resolutions, the ocean velocity patterns are similar, although, the speeds
of the boundary currents are generally higher in the high resolution simulation. This is
especially evident for the West Spitsbergen Current and Norwegian Current/Norwegian
Atlantic Current as it flows from the north coast of Norway around the west of Svalbard

and towards the Arctic Ocean.

Moreover, there are many smaller-scale dynamical features captured in the high res-
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Figure 4.4: Mean ocean velocities at 0.5 m depth for the 1950s, the 2040s and the difference
between these two decadal means (2040s minus 1950s). The decadal mean 15% sea-ice
contour is shown in each panel and the upper, middle and lower rows show the high,
medium and low resolution results respectively.
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olution that are not seen in the medium resolution. For example, the current through
Nares Strait in Northern Greenland (Miinchow, 2006; Rabe et al., 2010), several surface
currents in the Barents Sea (Loeng et al.; 1997; Ozhigin et al., 2011) and the Irminger
Current and East-Icelandic Current in the Iceland Sea (e.g. Semper et al., 2022; Pickart
et al., 2017; Macrander et al., 2014; Perkins et al., 1998). The geographical extent of the

Greenland Sea Gyre also appears larger in the high resolution simulation.

In any case, we can see significant differences when these are compared to the low
resolution simulation, where most details are lost due to the much coarser grid spacing.
In fact, only the general large-scale circulation is represented here and there is a significant
response in this between the 1950s and 2040s.

The difference subplots in Figure 4.4 illustrate the change with climate forcing at all
three resolutions. In the high resolution, an increase in the ocean surface velocities is
generally seen in most areas. There is a significant increase in ocean speed along the
Norwegian Atlantic Current/West Spitsbergen Current in the high resolution of approx-
imately 0.07 m/s between the 1950s and 2040s. This current pathway also appears to
extend much further north in the future projection, which would indicate increased trans-
port of Atlantic-Origin Water towards the higher latitudes. This is not seen in the medium
or low resolutions. However, in the low resolution there is an increase in transport from
the North Atlantic towards the Barents Sea. Together these changes explain the different
responses in temperature, salinity and density at different model resolutions already seen

in these regions in the previous figures.

In the high resolution simulation, the velocity of the East Greenland Current is also
projected to increase and we see a widening/offshore shift in it’s core pathway with climate
forcing. This is illustrated by the increase in southward flow along the eastern edge of
the current and a relative decrease along the western edge, closer to the continental shelf.
This is not as apparent in the other simulations, although there is a relative decrease
in velocity to the east of the EGC in the low resolution representing a reduction in the

circulation of the Greenland Sea Gyre.

As evidenced by reanalysis data there is strong horizontal circulation in this region
(Arthun et al., 2023b) and the intensification of Nordic Seas boundary currents has been
demonstrated by both observational and modelling studies in recent years. For example,
using satellite altimetry Oziel et al. (2020) show a clear increase in surface velocities along
the Norwegian Atlantic Current pathway and Polyakov et al. (2020) measure an increase in
the near-surface current speeds and vertical shear using moorings in the eastern Eurasian
Basin (from 2004 to 2018). Additionally, Wang et al. (2020) present model results from a
Finite Element Sea-ice Ocean Model (FESOM) that show a strengthened Atlantic Water
inflow through Fram Strait towards the Arctic Ocean due to enhanced boundary current

flow and strengthened gyre circulation.

In all three of these resolutions, the HadGEM3 simulations show a significant increase

in the quasi-southward flowing ocean velocities on the continental shelf of East Greenland.
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This change appears to be robust across the three grid resolutions, although given the
substantial lack of observational data here it is difficult to obtain any physical evidence
that supports this. The source of this response also remains unclear and whether or not
these changes affect the ocean properties and dynamics at the Denmark Strait Overflow
is unclear at present. The change in the downwards stress acting on the ocean surface is
shown in Figure 4.5. This response is similar in all three grid resolutions and indeed we
see a large increase in the southward stress along the continental shelf of East Greenland,
where there are increases in ocean surface velocity (red shading in difference subplots in
Figure 4.5), while elsewhere, particularly in areas of significant sea-ice decline, there is a
notable decrease in the surface stress (green shading in difference subplots in Figure 4.5).
This results suggest that the wind stress does not contribute significantly to the response

in ocean circulation, which is primarily driven by geostrophic changes.
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Figure 4.5: Mean downward stress acting on the ocean surface for the first and last decade
and the difference between these. The decadal mean 15% sea-ice contour is shown in each
panel and the upper, middle and lower rows show the high, medium and low resolution
results respectively.

As illustrated in Figure 4.6, the mean spatial distribution of the downwards (atmo-
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Figure 4.6: Mean downwards surface heat flux (from atmosphere to ocean) for the first
and last decade and the difference between these. The decadal mean 15% sea-ice contour
is shown in each panel and the upper, middle and lower rows show the high, medium and
low resolution results respectively.

sphere to ocean) surface heat flux is similar in the 1950s and 2040s for all model resolutions.
In this region, the strongest heat fluxes (sometimes over 100 W/m?) act in the upwards
direction, transferring heat from the ocean to the atmosphere (hence the negative values
in Figure 4.6). These are seen near the sea-ice edge and within the marginal ice zone.
There are also relatively strong upward fluxes along the pathway of the West Spitsbergen
Current. This is where warmer ocean water is transported northwards and interacts with
colder air, resulting in a large transfer of heat from the ocean to the atmosphere. An
analysis of the surface heat fluxes in the HadGEM3 simulations in the Nordic Seas, and
the tight coupling of their response to local sea-ice decline, is presented by Barrell et al.
(2023). They demonstrate that the strongest wintertime surface sensible and latent heat
fluxes typically occur just downstream of the sea-ice edge but under a climate change
scenario, future projections show significant reductions in wintertime air-sea turbulent

fluxes (particularly in the interior of the Nordic Seas) and a notable reduction in their
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decadal variability. In turn, this response impacts water mass transformation (Moore
et al., 2015) and thus ocean properties and dynamics in the region (Moore et al., 2022;
Buckley and Marshall, 2016; Ivanov, 2023). Smedsrud et al. (2022) provide an in-depth
synthesis of Atlantic Water cooling in the Arctic over the last century, based largely on
an ocean-sea-ice model forced by a reanalysis atmosphere, corroborated by hydrographic
and sea-ice observations. They quantify and describe this mechanism, showing that heat
loss to the atmosphere is largest in the Nordic Seas (60% of the Arctic total) with large
variability linked to the frequency of Cold Air Outbreaks and cyclones. They calculate
the mean annual heat flux in the Nordic Seas to be 45.08 W/m? (between the years 1900
and 2009) and find a significant trend in increased total heat loss to the atmosphere (since
1900). This process of ocean-to-atmosphere heat flux is important in regulating the global

climate system.

In Figure 4.6, it is demonstrated that the HadGEMS3 simulated response of the surface
heat fluxes to climate forcing closely follows the sea-ice decline. With the strongest near-
surface winds seen along the sea-ice edge, this is often where the maximum upwards
surface fluxes are found. As the sea-ice edge retreats northwards, this maximum is also
shifted towards higher latitudes. In all three resolutions, we see that the strongest increase
in upwards flux is seen in areas of significant sea-ice loss, such as along the ice front in
the Greenland Sea and in the region to the north-east of Svalbard (where there has been

significant warming).

In addition, we see a marked decrease in the upwards heat flux just to the south of
these areas. This is due to the relative shift of the maximum surface heat flux away from
these regions. These results point to a northwards shift in the sites of ocean cooling,
ventilation and water mass transformation, which are all crucial mechanisms for dense
water formation and the AMOC (Moore et al., 2015, 2022; Chafik et al., 2020; Gebbie
and Huybers, 2011; Mauritzen, 1996; Pemberton et al., 2015).

Note that the responses here in the high and medium resolutions are very similar and
although the magnitude of the change seen in the low resolution is greater in comparison,
the spatial distribution of the response of surface heat flux appears largely robust across
the model resolutions. In has been shown in previous studies that higher resolution
atmospheric model component is important for more realistic orography (Jung et al.,
2012) and improved representation of wind-driven gyres in the Sub-Polar North Atlantic
(Jung et al., 2014; Condron and Renfrew, 2013), while the higher resolution ocean model
component has a more accurate representation of inflow and outflow pathways which
redistribute heat around the Nordic Seas (Roberts et al., 2019; Petit et al., 2023; Treguier
et al., 2021; Williams et al., 2018), both of which are important mechanisms for surface
heat fluxes (Barrell et al., 2023).

As changes in ocean temperature and salinity can lead to changes in the stratification of
the Nordic Seas, which is important for water mass transformation, one model diagnostic

that is useful to consider is the calculated mixed layer depth (see Figure 4.7). The mixed
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Figure 4.7: Mean calculated mixed layer depth for the first and last decade and the
difference between these. The upper, middle and lower rows show the high, medium and
low resolution results respectively. Note that the results have been calculated to account
for the strongly stratified upper-ocean at this high-latitude location, rather than using
the model output mixed layer depth which is calculated using a threshold criteria more
suitable for mid-latitude oceans.
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layer depth is generally small in the Nordic Seas with an average value of between 20
and 80 m. In the Greenland Sea Gyre though, values are higher (closer to 500 m) due to

enhanced vertical mixing and open-ocean convection.

The high and medium resolution HadGEM3 simulations capture this spatial distribu-
tion of the mixed layer depth well. In both cases, in response to climate forcing, there
is a significant reduction in the mixed layer depth within the Greenland Sea Gyre and a
smaller increase in the region around Svalbard. This shallowing of the mixed layer in the
Greenland Sea indicates an increase in stratification and a decrease in water mass trans-
formation which could trigger a significant reduction in dense water formation. Meanwhile
the increase around Svalbard and in the northern Barents Sea suggests enhanced vertical

mixing and local convection, supporting the results shown in the previous figures.
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The low resolution simulation has a region of higher mixed layer depth in the Nordic
Seas but its geographical location is incorrect and it is too shallow. Like the other reso-
lutions, it also shows a decrease in mixed layer depth in this locality but it also shows a
large increase in mixed layer depth along the West Spitsbergen Current pathway, around
the west coast of Svalbard. This is likely due to the overestimation in the warming and
salinification in this region demonstrated in Figures 4.1 and 4.2.

Many of the near-surface changes discussed in this section are also seen throughout the
water column, although the magnitude of the response tends to decrease with depth. For
the sake of succinctness we have thus far focussed on near-surface atmosphere-ocean-sea-
ice processes but we have also considered these diagnostics at other depth levels, although
we do not show all those figure here. Some of this information is provided in the next

section, where we consider changes along the EGC in three-dimensional space.

4.3.2 A Focus on Projected Changes in the East Greenland Cur-

rent

The East Greenland Current (EGC) is the pathway of largest export from the Arctic
Ocean to the North Atlantic. This near-surface boundary current transports cold fresh
water from Fram Strait to Cape Farewell along the continental margin to the east of
Greenland. It is a major freshwater sink for the Arctic Ocean and the most significant
contributor to sea-ice export from the Arctic towards lower latitudes. As early as 1968,
measurements estimated the average annual speed in the upper 500 m of the EGC to vary
between 0.06 and 0.12 m/s (Aagaard and Coachman, 1968). More recent observations
have recorded the core speed of the shelf-break EGC to be between 0.2 and 0.4 m/s with
a secondary surface polar-water jet with speeds of approximately 0.2 m/s (Havik et al.,
2017a).

Although initially thought to be relatively stable as it is bathymetrically constrained
to the shelf break, the EGC in fact exhibits significant variability in both strength and
structure (Sutherland and Pickart, 2008; Havik et al., 2017b; Wilkinson and Bacon, 2005).
This can be driven by seasonal and interannual variability (for example in sea-ice cover),
changes in eddy generation due to interaction with the topographic sea bed, and the influx
of /mixing with different quantities of water masses from different sources. Observations
from within the EGC are sparse and often not over a long enough period of time to
conclusively evaluate its response to climate change. However, recent data has suggested
that the boundary current is getting warmer and perhaps more variable (de Steur et al.,
2023; Havik et al., 2017b).

To consider how the EGC might change in the future under a climate change scenario
we use the HadGEMS3 simulations to study changes along the current pathway over the
100 year period. We also compare the high, medium and low resolution simulations to
highlight that predictions of change in the EGC vary with horizontal grid resolution.

We use an EGC current box as defined by Moore et al. (2022). This is shown in
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Figure 4.8 with the time-mean ocean surface speed in the coloured shading. As visualised
in the figure, the high and medium-resolution simulations resolve the complex system
of boundary currents and gyre circulations in the Nordic Seas relatively well, including
the EGC, but these important ocean features are not well defined in the low-resolution

simulation.

0.00 0.05 0.10 0.15 0.‘20 0.&5 0.‘30
Calculated Ocean Speed (m/s)

Figure 4.8: Spatial maps of the current box used to consider the East Greenland Current
in the analysis and the transects used for cross-sections, with F'S, CS and DS representing
the Fram Strait, the Cross-Shelf and the Denmark Strait transects respectively. The
background shading shows the time-mean (1950-2050) ocean surface speed for the high,
medium and low resolution simulations.

Time series of annual mean diagnostics in this current box indicate that the properties
and dynamics of the EGC do change between 1950 and 2050 (Figure 4.9). Note that for
these spatial averages we use the upper 500 m only and the nature of the c-grid NEMO
component has been taken into account.

As expected, the potential temperature along the EGC is projected to increase with
climate forcing. This trend is robust across the model resolutions at approximately 0.02
°C/year in all three cases. While the high and medium resolutions show similar results,
temperatures are systematically around 0.5 °C lower in the low resolution simulation. In
the high resolution, the mean temperature rises from around 0.7 °C in the 1950s to around
2.4 °C in the 2040s. A similar change is seen in the medium resolution. Meanwhile, in
the low resolution, temperatures go from around -0.4 °C in the 1950s to around 1.4 °C
in the 2040s. There are several potential drivers of this warming; rising atmospheric
(and generally ocean) temperatures, increased mixing with warmer water masses, heat
transport within the ocean.

There is also an increasing trend in the mean ocean salinity along the EGC in the
HadGEM3 model, although this is much more subtle at a value of approximately 0.0004
PSU/year on average. This is interesting as it shows that the rising influx of saline
Atlantic-Origin Water dominates over the increasing freshwater flux from both ocean
transport and external sources at the surface (e.g. land run off, precipitation and sea-

ice melt). These changes in salinity could lead to changes in the density structure and
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Figure 4.9: Annual mean time series for variables spatially averaged over the EGC box
(upper 500 m) show the impact of horizontal grid resolution on the boundary current re-
sponse to climate forcing. From top to bottom, the potential temperature, ocean salinity,
ocean speed and sea-ice concentration is shown.
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stratification of the EGC, thus driving a dynamical response in the boundary current.

Results for the mean ocean speed of the EGC show a clear dependency on model
resolution. In fact, the two appear to be proportional here, with the mean ocean speed,
and the rate of change with time, increasing with grid resolution. The all-time mean
speed for the high, medium and low resolutions are approximately 0.053 m/s, 0.048 m/s
and 0.041 m/s respectively. Similarly, the trends in ocean speed in the high and medium
resolution are around 0.00006 m/s/year and 0.00005 m/s/year respectively, with little

trend seen in the low resolution model.

Although observational measurements of ocean velocities within the EGC are sparse,
a study by Havik et al. (2017a) use synoptic shipboard sections between Fram Strait and
Denmark Strait to measure the shelf-break EGC peak speed (in summertime), calculating
it to be in the range of between 0.2 and 0.4 m/s. Meanwhile, Richter et al. (2018)
demonstrate that the mean southward core velocities in sections in the northern Fram
Strait region are between approximately 0.08 and 0.26 m/s. In another study, Sutherland
and Pickart (2008) quote a typical mean EGC speed of approximately 0.1 m/s, while
the coastal EGCC jet can often have much higher local maxima near the surface (0.5 -
1.0 m/s) according to hydrographic transects. Furthermore, Le Bras et al. (2018a) use
data from the OSNAP mooring array (between 2014 and 2016 at ~60°N) and find peak
velocities in the order of 0.05 - 0.3 m/s, depending on the core pathway, depth and season.
Some of these values are comparatively higher that we find in the HadGEM3 simulations
but note that we consider a spatial mean for a box region in the approximate location of
the current, which includes some areas outside the core EGC pathway and undoubtedly

reduces the mean value somewhat.

To better consider the three-dimensional response of the EGC, we take cross-sections
at three transects and look at changes between the 1950s and 2040s. We use three
transects; one at Fram Strait, one at the shelf-break in the Greenland Sea and one at
Denmark Strait. The locations of these transects has been chosen to match those used
in previous observational analysis (the Fram Strait moorings and the Kogur Array at
Denmark Strait). These are illustrated for the three model resolutions by the maps in
Figure 4.8. Figures 4.10, 4.11 and 4.12 show the ocean velocity profiles for these cross-

sections and how they are projected to change with climate forcing.

If we consider the cross-section at Fram Strait (Figure 4.10) we see that the vertical
structure of the southwards flowing EGC to the west and the northward flowing West
Spitsbergen Current (WSC) to the east are captured by the velocity fields in the high
and medium resolution models. They also capture numerous recirculation cells which are
a result of interactions between Atlantic inflow water and Polar Water in central Fram
Strait.

The vertical structure of the boundary currents is poorly represented in the low res-
olution case and the magnitudes are significantly lower, at values of less than 0.05 m/s

compared to maximum values of 0.1 m/s and 0.2 m/s for the medium and high resolu-
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tions. In fact, there is a clear positive correlation here between the speed of the boundary

currents and the resolution of the simulation.

The difference plots highlight a strengthening of the southward flow in the EGC and
an intensification of the northward transport in the WSC, particularly in the high and
medium resolution scenarios. These changes are most pronounced in the upper 1000
m, suggesting a reorganization of the upper ocean Atlantic inflow and Arctic outflow
pathways at Fram Strait (Moore et al., 2022). The low resolution simulation exhibits
comparatively weaker anomalies. Overall, the results indicate that projected climate
change leads to a strengthening of both the northward flow in the WSC and the southward
return flow in the EGC here. The cross-sections are consistent with the surface currents

shown in Figure 4.4.

At the Cross-Shelf transect (Figure 4.11) we see the EGC flowing southward along the
continental shelf-break of east Greenland. Again, the high and medium resolutions are
comparable, with maximum ocean velocities of over 0.2 m/s but the low resolution does
not resolve the vertical structure of the boundary current and the ocean velocities remain
at less than 0.05 m/s. At this location, between the 1950s and 2040s, there appears to be
widening of the EGC. Also, the core of the EGC is projected to shift off-shore, away from
the continental slope and towards the central Greenland Sea. This is particularly evident
in the high resolution where there is a slowing to the west of the flow and a speeding
up to the east. This shift in the core pathway towards the east is less apparent in the
medium resolution and not shown in the low resolution. This dynamical response in the
EGC aligns with changes seen in the spatial maps of ocean surface velocity in Figure 4.4

from Section 4.3.1.

We also see a projected increase in the velocity of the EGC at Denmark Strait (Figure
4.12). The ocean currents here are complex, with several smaller-scale circulation systems
and two interacting branches of the EGC (Vage et al.; 2013) but these are well resolved by
the high and medium-resolution simulations. The low resolution does not capture these
details. The increase in the velocity of the southward flow at Denmark Strait could have

important wide-reaching consequences as the overflow here feeds into the AMOC.

The projected increase in speed along the EGC (as well as the other boundary currents
in the Nordic Seas) could be driven by a number of forcing mechanisms. Baroclinic forcing,
for example, where stronger density gradients in the upper ocean could be enhancing the
geostrophic shear and accelerating the southward current flow. Cross-sections showing the
calculated potential density at the Fram Strait, Cross-Shelf and Denmark Strait transects
are shown in Figures 4.13, 4.14 and 4.15 respectively. These show a significant lightening
trend on the continental shelf of east Greenland and in the upper ocean but a densification
at greater depths. The opposing trends in these two regions results in an increasing
density gradient at the boundary, which largely coincides with the location of the EGC
pathway, suggesting that the baroclinic forcing is important. This is in agreement with

suggestions from Arthun et al. (2023a) that increasing baroclinicity could enhance water
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mass transformation.

Barotropic forcing could also play a role in the increased speed of the EGC, particularly
as the wind forcing increases with reduced sea-ice cover. The intensification of northerly
winds along the coast of east Greenland could directly strengthen the EGC through

Ekman transport and coastal upwelling.
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Figure 4.10: Cross-sections showing the upper 1500 m of mean quasi-northwards ocean
velocity at Fram Strait for the 1950s, the 2040s and the difference between these decadal
means (2040s minus 1950s), for each model grid resolution.
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Figure 4.11: Cross-sections showing the upper 1500 m of mean quasi-northwards ocean
velocity at the Cross-Shelf Transect for the 1950s, the 2040s and the difference between
these decadal means (2040s minus 1950s), for each model grid resolution.
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Figure 4.12: Cross-sections showing the mean quasi-northwards ocean velocity at Den-
mark Strait for the 1950s, the 2040s and the difference between these decadal means
(2040s minus 1950s), for each model grid resolution.
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Figure 4.13: Cross-sections showing the upper 1500 m of mean calculated potential density
at Fram Strait for the 1950s, the 2040s and the difference between these decadal means
(2040s minus 1950s), for each model grid resolution.
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Figure 4.14: Cross-sections showing the upper 1500 m of mean calculated potential density
at the Cross-Shelf Transect for the 1950s, the 2040s and the difference between these
decadal means (2040s minus 1950s), for each model grid resolution.
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Figure 4.15: Cross-sections showing the mean calculated potential density at Denmark
Strait for the 1950s, the 2040s and the difference between these decadal means (2040s
minus 1950s), for each model grid resolution.
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4.4 Conclusions

In this chapter we have used the HadGEM3 simulations to investigate the response of the
Nordic Seas to a high-emissions climate change scenario, with a particular focus on the
properties and dynamics of the East Greenland Current. By comparing historical and
future projections we have shown there is high spatial variability in the rate of change of
upper ocean diagnostics and near-surface coupled interactions, and that this differs with

model grid resolution.

Our analysis indicates that the boundary currents in the Nordic Seas play a crucial
role in distributing excess heat and salt from the North Atlantic and regulating the cli-
matic response. The future increased inflow of Atlantic-Origin Water along the Norwegian
Atlantic Current and West Spitsbergen Current drives rising temperatures and salinifica-
tion in the Barents Sea, the area around north-east Svalbard and the exterior boundaries
of the Greenland Sea Gyre. This decreases the upper-ocean potential density in these
regions, reducing stratification and increasing the mixed layer depth which promotes wa-
ter mass transformation via enhanced open-ocean convection. This response encourages
dense water formation which is a vital process for the AMOC. This result aligns with
findings from Arthun et al. (2023a) who suggest that the overturning circulation in some
regions of the high-latitude sub-Arctic is strengthening with climate forcing, and this will

be explored in more detail in the next chapter (Chapter 5).

We have also shown that the increased inflow of Atlantic-Origin Water dominates the
salinity response in the EGC, despite significant increases in freshwater flux from sea-ice
melt. While regions of continued sea-ice cover (e.g. north of Greenland and towards the
high Arctic) see smaller increases in surface potential temperature and a strong upper-
ocean freshening trend, the EGC in fact gets more saline overall. The opposing regional
salinity trends drive opposing trends in potential density. This results in a stronger
horizontal density gradient at the continental shelf-break in the locality of the EGC which
could, at least in part, geostrophically contribute to the dynamical changes exhibited in
the model.

The simulations predict an increase in the velocity of the boundary currents in the
Nordic Seas, including the EGC, particularly in the higher resolution simulations. This
could trigger responses in other regions such as the Arctic Ocean, Labrador Sea and
North Atlantic, thus highlighting the importance of the Nordic Seas for the global climate

system.

As sea-ice declines, there tends to be a northwards shift in other closely linked mech-
anisms (such as sites of strong ocean—to—atmosphere heat flux) which could result in a
general migration of sub-Arctic mechanisms (such as ocean densification) towards higher
latitudes.

Overall, we have shown that there are significant future changes projected for the

Nordic Seas in the HadGEMS3 climate model. With climate forcing, regional changes
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in the properties and structure of the water column can drive larger-scale dynamical
responses, many of which play a critical role in the water mass transformation that feeds
the northern branch of the AMOC with dense water. We have also demonstrated that
some of these responses vary with horizontal grid resolution and that overall the higher-
resolution simulation is best for capturing this complex highly-coupled climate system
in the Nordic Seas. In the next chapter, we further our investigations into Nordic Seas

changes, focussing on those in the high-resolution simulation.
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Future Projections of Dense Water

Formation and Overturning Circulation in
the Nordic Seas

5.1 Introduction

Dense water formation in the high-latitudes is a crucial element of the global ocean cir-
culation system (Zhang et al., 2019; Buckley and Marshall, 2016). In the Nordic Seas,
freshwater and heat exchanges play key roles in driving water mass transformation along
the northern-most branch of the Atlantic Meridional Overturning Circulation (AMOC)
(Buckley and Marshall, 2016; Dickson and Brown, 1994; Chafik and Rossby, 2019; Tsub-
ouchi et al.; 2021) but with the changing climate, the future stability of this important
coupled process is becoming less certain (Liu and Liu, 2014; Weijer et al., 2019; Jackson
et al., 2022).

In the current scientific literature, there is an active and ongoing debate around the
future response of the AMOC to climate change at high-latitudes. Some studies suggest
there will be a significant reduction in dense water formation with substantial weakening
of the AMOC (e.g. Weijer et al., 2019; Asbjornsen and Arthun, 2023; Heuzé et al., 2015).
A decade ago, Rahmstorf et al. (2015) synthesised results from observational data to argue
that the slowdown in the AMOC seen in the 20th-century is substantial and they raised
concerns about future decline. Since then, observational data has shown a weakening in
the AMOC of around 3 Sv since the mid-20th century (Caesar et al., 2018) while analysis
of numerous CMIP6 models indicates that a decline of around 7 Sv (~40%) by 2100 is
possible (Weijer et al.; 2020).

In some more extreme cases, a complete “shutdown” is predicted, usually due to vast
freshwater input which inhibits vertical convection (e.g. Drijfhout, 2015; Drijthout et al.,
2025). In Jackson (2013) a coupled General Circulation Model is used to investigate how
large freshwater advection into the Atlantic Ocean leads to a collapse of the AMOC,
although they show that recovery over longer time scales is also likely.

Furthermore, while some models predict a collapse of deep convection in a future
Arctic (e.g. Heuzé and Liu, 2024), at the other end of the scale, some actually predict
a future strengthening in the AMOC attributed to the onset of deep convection in the
Arctic Ocean under strong warming and ice-free summers (e.g. Lique and Thomas, 2018;
Bretones et al., 2022). Increased ocean densification at higher latitudes might sustain
overflow production and could partly offset a large-scale AMOC reduction. A growing

number of studies are being published that point towards this compensating mechanism.
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For example, a recent study by Arthun et al. (2025), shows that, as the sea-ice retreats
northwards, the increased exposure of Atlantic-Origin water to the atmosphere allows for
enhanced water mass transformation along the poleward-flowing boundary currents of
the Nordic Seas. This process, defined as the poleward expansion of Atlantic water and
sea-ice loss, is often referred to as “Arctic Atlantification” (Polyakov et al., 2002, 2023)
and is evident from reanalysis and observational data that show a poleward shift in the
dense water source regions, away from the Nordic Seas and into the Arctic Ocean. Arthun
et al. (2025) suggest that this increasing surface transformation in the Arctic acts as an

additional source of dense water which can help to sustain overflow to the AMOC.

Modelling analysis has also been shown to support this theory of potential compen-
sation in northern source regions, with reduced transformation in the Nordic Seas being
linked to a strengthening or shift in overturning at higher latitudes (Arthun et al., 2023a;
Wu et al., 2025). This is corroborated by Bretones et al. (2022) who analyse model re-
sults to show a strengthening in the AMOC as deep mixing moves north following sea-ice
retreat. Additionally, Dey et al. (2024) use Lagrangian analysis and high-resolution mod-
elling to emphasise the role of Atlantic-Arctic mixing and Arctic contributions to the
lower limb of the AMOC, pointing towards compensation pathways between the Arctic
Ocean and the Nordic Seas. Furthermore, a recent publication by Wei et al. (2024) uses
modelling experiments to show that densification in the Labrador Sea is strengthening
while the AMOC weakens. This demonstrates that local increases in densification (e.g.
in the Labrador Sea) can accompany an overall weakening of the AMOC, providing an
example of compensatory regional responses in the sub-polar northern latitudes, at least

in model experiments.

In a perhaps more balanced perspective, Baker et al. (2025) recently published a multi-
model study showing that, in their ensemble, the AMOC is resilient to extreme forcings
because of compensating processes, such as Southern Ocean upwelling and alternate sites
of downwelling. They argue that a complete collapse this century is unlikely, while still

showing large weakening is possible.

Altogether, the current body of scientific literature covers a range of possible future
scenarios for the AMOC and ocean densification at high latitudes. The study of changes
in dense water formation and overturning circulation in the Nordic Seas is of great sig-
nificance and as greenhouse gas emissions and global temperatures continue to increase,
so does the need for improved understanding of future variability in this highly-coupled
domain. The requirement for further research on the processes driving the projected
response in water mass transformation in the Nordic Seas with the changing climate, in
addition to the wider-scale impacts, is undoubtedly of great value and provides motivation

for this work.

In this chapter we evaluate the response of dense water formation in the Nordic Seas
and investigate the processes that might drive changes in the overturning strength. We
use the high-resolution HadGEM3-HH global coupled climate model (25 km and 1/12°) to
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consider the climatic response and investigate future projections. We compare the tran-
sient and control simulations to understand which processes are driven by anthropogenic
climate forcing and account for artifacts of model drift.

It should be noted that previous work using the HadGEM3 model has shown that,
with climate forcing, the AMOC is projected to weaken over the 21st century in these
simulations (Jackson et al., 2020; Baker et al., 2023; Roberts et al., 2020). However, most
work has made use of the medium and low-resolution simulations and it remains unclear
if the response is the same in the high-resolution simulation. Roberts et al. (2020) is
one of the few studies to include the high-resolution HadGEMS3 simulation in their multi-
model analysis of the AMOC. They find that the HadGEM3-HH simulation is one of the
best-performing models in their sample set as it captures the AMOC depth profiles well,
has relatively small zonal mean temperature and salinity biases and has a northward heat
transport consistent with observations.

Given this information, along with the model validation we have done in Chapter 3
and previous evaluation studies (Wu et al.; 2021; Roberts et al., 2019), we have confidence
in the fidelity of the HadGEM3-HH model. We use the model to consider the changes
in the density structure of the Nordic Seas over a 100-year period, which has not been
done previously. We also investigate possible processes driving the ocean density response,
including atmosphere-ice-ocean coupled mechanisms. Additionally, we assess the response
in the overturning circulation under a future climate change scenario, building on work
from Arthun et al. (2025) which only uses historical data. Altogether, this work provides
a novel analysis of simulated projections from a high-resolution global coupled climate
model, which demonstrates valuable insights on the future of dense water formation and

interesting results regarding the climate forcing of the AMOC in the Nordic Seas.
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5.2 Model Simulations Under Climate Change

5.2.1 Water Mass Volume Changes in the Nordic Seas

Nordic Seas Box Region and Transects

T
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Ocean Surface Speed (m/s)

Figure 5.1: Model time-mean ocean surface speed map of the Nordic Seas region from the
transient HadGEM3-HH simulation, presented on the model ocean grid. The area inside
the box is used for spatial analysis and the highlighted transects are used for ocean trans-
port calculations. The Fram Strait (FS) and Barents Sea Opening (BSO) are combined
to represent the Arctic transect (ARC) used in calculations of the overturning stream
function, while the Denmark Strait (DS), Iceland-Faroe Ridge (IFR) and Faroe-Scotland
Channel (FSC) comprise the Greenland-Scotland Ridge transect (GSR), following the
approach of Arthun et al. (2025).

Observational studies show that ocean properties in the Nordic Seas have been chang-
ing in recent years (e.g. Polyakov et al., 2017, 2023; Smedsrud et al., 2022; Arthun et al.,
2019; Wekerle et al., 2017; Park et al., 2022; Wang et al., 2020; Bretones et al., 2022; Shi
et al., 2024) and published modelling work suggests increased variability under future cli-
mate change scenarios (e.g. Arthun et al., 2023a; Gu et al., 2024; Langehaug et al., 2023).
To ascertain the response in the HadGEM3-HH model, we use the box region shown in
Figure 5.1 and compare results from the transient simulation with those from the control
run to determine which trends may be attributed to anthropogenic forcing. We also eval-
uate the climatic response when the model drift is removed. Detailed descriptions of the

HadGEMS3 model and experimental setup are in Chapter 3.
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Figure 5.2: Time series of the annual mean volume-weighted (a) potential temperature,
(b) ocean salinity and (c) calculated potential density for the box region representing the
Nordic Seas (shown in Figure 5.1 for the transient and control simulations (in blue and
black respectively) and for the transient run with the model drift removed (in red). The
linear regression trends are shown by the dashed lines of corresponding colour.
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As one might expect, the transient simulation shows significant ocean warming in
the Nordic Seas. In Figure 5.2 (a), the time series of the annual volume weighted mean
potential temperature shows an increase of approximately 1°C between 1950 and 2050,
with most of this warming occurring from the mid-2000s onwards. The control simulation
also shows a small positive trend but with only approximately 0.1°C of warming over the
model run period. Although small in comparison to the transient simulation, this trend
in the control run indicates that model drift skews the representation of ocean properties
in the Nordic Seas. In fact, if we remove the model drift from the transient data we see a
reduction in the mean potential temperature values and a small decrease in the warming
trend, although this is still significant at 0.007 °C/year compared to 0.008 °C/year for

the raw transient output (Figure 5.2).

Perhaps more surprisingly, the ocean salinity in this region increases at a steady rate
from the start of the model run in both the transient and control simulations (Figure 5.2
(b)). The trends are similar here with the control increasing at a slightly faster rate of
0.0004 PSU /year compared to 0.0003 PSU /year for the transient run, indicating that the
salinity drift in the HadGEM3-HH model dominates and masks the transient variability.
Indeed, when we remove the model drift from the transient data we see a small negative
trend of -0.00008 PSU /year and lower mean salinity values of approximately 34.34 PSU.
This fits with results from other observational-based studies that show an upper-ocean

freshening trend in this region (e.g. Shi et al., 2024).

A drift in ocean salinity, particularly in the North Atlantic region, is a common feature
of global climate models and systematic biases of a few tenths of a practical salinity unit
(PSU) are common (e.g. Langehaug et al., 2019, 2023). Flato et al. (2014) show that multi-
model means from CMIP5 and CMIP6 simulations show a characteristic fresh bias in the
upper 300 m of the North Atlantic Ocean of around 0.2 to 0.4 PSU, with intermediate-
depth biases that can locally reach up to 0.6 PSU depending on the basin and circulation
regime. These biases persist across model generations and are often linked to errors
in surface freshwater fluxes, vertical mixing and large-scale circulation. By comparison,
Kuhlbrodt et al. (2018) show that the low-resolution HadGEM3 control simulations have
relatively modest global mean salinity biases when compared with observational clima-
tologies (approximately 0.1 to 0.2 PSU), although regional biases in the Atlantic can be
larger (approaching 0.3 to 0.4 PSU in some depth ranges). An analysis of HadGEM3
control simulations is also presented in Roberts et al. (2019), where it is shown that
the magnitude of the model ocean salinity drift varies with resolution. At all resolutions,
HadGEMS3 shows a global drift in the upper 300 m, with an increasing fresh bias over time,
but a salinity increase at mid-depths (~ 1000 - 2000 m) due to deep circulation evolution.
The lower-resolution ocean models exhibit larger drifts in both global and Atlantic Ocean
salinity structures, whereas the higher-resolution configurations substantially reduce the
Atlantic salinity drift.

Overall, the ocean salinity drift in the high-resolution HadGEMS3 simulations is rel-
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atively minimal compared to many other global coupled climate models and it exhibits
substantially reduced basin-scale salinity drift compared to lower-resolution simulations.
Given that the HadGEM3-HH model has a realistic representation of Atlantic inflow
currents, overflow pathways and the mesoscale processes that dominate Nordic Seas hy-
drography (Roberts et al., 2019), its use in our research is advantageous despite this
salinity drift and on balance, the benefits of using the model outweigh these limitations.

The differing thermal and haline responses of the transient and control simulations
result in differing trends in the ocean potential density (Figure 5.2 (¢)). The mean calcu-
lated potential density decreases in the transient simulation, particularly from the mid-
2000s, highlighting the impact of the ocean warming seen in response to the changing
climate. For the control run, the mean potential density increases, driven by the increas-
ing mean salinity in the region. The rate of increasing potential density in the control run
is 0.00025 kg m~3 /year, only about two-thirds of the rate of decrease of potential density
in the transient run (-0.0003 kg m~3/year). This indicates that, although enhanced mean
ocean salinity promotes dense water formation in the Nordic Seas, the significant ocean
warming in response to the changing climate inhibits dense water formation by a greater
magnitude, resulting in a reduced ocean potential density overall. By removing the model
drift here, the reduction in potential density seen in the transient simulation is exagger-
ated and the trend increases to -0.0005 kg m~3/year. These results indicate that the
HadGEM3-HH model has a notable ocean salinity drift in the Nordic Seas which causes
a drift towards elevated potential density. However, with climate change, the density of
the ocean water in the Nordic Seas is projected to reduce, largely driven by significant
ocean warming, although salinity changes also make a small contribution. This aligns
with results from Shi et al. (2024), where analysis of observational data between 1980
and 2022 suggests that a decrease in overflow water storage volume in the Nordic Seas is
mostly due to the rise in ocean temperature (specifically in the upper 600 meters), rather
than an ocean salinity response.

To consider in detail the changes in ocean density in these simulations, we define five
density classes and calculate the annual mean volume of ocean water within each density
class for the Nordic Seas box region over time. Note that the model drift has not been

removed from the transient data. The density classes are defined as follows;
e 04 - all water lighter than 1027.80 kg m~3,
e op - water denser than 1027.80 kg m™3 but lighter than 1028.05 kg m ™3,
e 0¢ - denser than 1028.05 kg m~2 but lighter than 1028.08 kg m~3,
e op - denser than 1028.08 kg m™3 but lighter than 1028.10 kg m™3, and
o o - all water denser than 1028.10 kg m~—3.

These density classes have been chosen based on values used in literature (e.g. Brak-
stad, 2023; Almeida et al., 2025) and to highlight changes in the densest waters.
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The annual mean volume within each density class for the Nordic Seas box region over
time is visualized in Figure 5.3 such that the thickness of each coloured section represents
the total volume of water in the corresponding density class for any given year. The
decadal mean values are also shown in Table 5.1. Over the century-long simulation there

is notable variability in the density structure of the water column in the Nordic Seas.

Density | 1950s | 1960s | 1970s | 1980s | 1990s | 2000s | 2010s | 2020s | 2030s | 2040s
Class

- oA 0.34 0.31 0.35 0.35 0.38 0.38 0.43 0.44 0.49 0.56

g OB 0.78 0.55 0.51 0.57 0.49 0.46 0.48 0.52 0.50 0.65

Z’ 1.96 | 1.80 | 1.00 | 0.87 | 1.12 | 0.64 | 0.59 | 0.61 | 0.55 | 0.62

E 1.25 1.67 2.39 2.52 2.28 2.85 2.83 2.76 2.80 2.50
oR 0 0 0.08 0.02 0.07 0 0 0 0 0

oA 0.33 0.33 0.32 0.34 0.36 0.32 0.32 0.32 0.31 0.33

3 OB 0.68 0.53 0.45 0.46 0.47 0.44 0.43 0.41 0.41 0.39

*E 1.89 1.56 0.89 0.46 0.43 0.35 0.28 0.23 0.23 0.18

8 1.43 1.91 2.68 3.08 3.08 3.04 2.65 2.27 2.13 0.98

op 0 0 0 0 0 0.17 0.65 1.11 1.26 2.45

Table 5.1: Decadal means values for the volume of water in each density class in the Nordic
Seas region from the transient and control HadGEM3-HH simulations (x10' m?).
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Figure 5.3: The annual volume of ocean water in each density class (see legend) in the
Nordic Seas for the control and transient simulations between 1950 and 2050. At any
point, the thickness of each coloured section represents the total volume of water in the
corresponding density class for the box region shown in Figure 5.1 for that year.
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5.2. Model Simulations Under Climate Change
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In the transient simulation, the lightest waters (04) increase in volume from approxi-
mately 0.34x 10" m? (8% of the total Nordic Seas volume) in the 1950s to approximately
0.56x10™ m? (14%) in the 2040s. This is not the case for the control simulation where
the volume of o4 water remains steady at around 0.33x10'® m? (8%). Therefore, the
HadGEM3-HH model projects that there will be a larger volume of lighter water in the

Nordic Seas in the future in response to climate change.

Given that there is a larger volume of lighter water in the transient future projections,
it follows that there is a smaller volume of denser water. The volume of water denser than
1027.80 kg m~3 (this includes op, o¢, op and o) reduces from 3.99x 10 m?3 (92%) in
the 1950s to 3.77x 10 m? (87%) in the 2040s.

Continuing to focus on the lighter waters, Figure 5.4 shows the time-mean depth of the
1027.80 kg m~2 isopycnal for the 1950s and 2040s and also the difference between these
(2040s minus 1950s). For the transient simulation we see a strong increase in the depth
of this density contour within the Nordic Seas region, particularly along the boundary
currents and especially along the northwards flowing Atlantic Water pathway to the east
of the domain (along the Norwegian Atlantic Current and West Spitsbergen Current).
Water mass transformation by heat and freshwater exchange along these boundary current
pathways plays an important role in the high-latitude AMOC but these results show a
clear deepening of the 1027.80 kg m~— isopycnal over time. This suggests that there is
projected to be less dense water formation along this pathway with climate change and a

thicker layer of lighter 04 water in the upper ocean.

The volume of water denser than 1027.80 kg m~3 in the control run remains steady
at around 4.00 x10* m? and little overall change is seen in the spatial maps shown in
Figure 5.4, although further analysis shows that there is some variability within these

denser water classes.

For the other, more dense water classes, both the transient and control simulations
show gradual changes in the first three decades (1950 - 1980) when the volume of op,
oc and op all decrease steadily. (There is almost no or water in the region during this
period.) This initial response could be due to model drift following the relatively short

spin-up of these model simulations.

From around 1970 onwards there are some differences in the model responses. For
example, there is higher variability in the transient run between 1970 and the early 2000s.
This is also the only period for which we see a notable proportion of op water in the
transient simulation (mean of 0.075x10' m? for the 1970s and 1990s, which is around
2% of the total Nordic Seas volume). The volume of o5 water is relatively consistent here
but there appears to be an active exchange occurring between the oc and op density
classes with an initial decrease in oc of approximately 3% from the 1970s to the 1980s
followed by an increase of 6% from the 1980s to the 1990s. This is mirrored by an opposing
response in the volume of op water. This variability is not seen in the control simulation

where the density class volumes remain largely constant over these decades. However,
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things change in the mid-2000s in the control run, and from then onwards there is an
increasing volume of the densest o water, and a decreasing volume of o and especially
op water. Whereas in the transient simulation there is a steady decrease in the volume of
op water in the latter half of the model run, accompanied by an increase in the volume

of op water.

Spatial maps showing the depth of the 1028.05 kg m 2 isopycnal (upper limit of o¢) for
the first and last decade of the simulation, and the difference between these, are shown
in Figure 5.5, for both the transient and control simulations. The distribution of this
density class of water in the Nordic Seas is very different to that of o4, as shown in Figure
5.4. In fact, apart from the shallower continental shelf regions around Greenland, Iceland,
Svalbard and Norway, most of the domain within the box contains some o¢ water in the
water column. Ocean water at densities of more than 1028.05 kg m~ tend to be most
present in the Greenland Sea Basin, where the 1028.05 kg m™ isopycnal is shallow, at
depths of less 50 m. This water is also seen in the other basins of the Nordic Seas but at

greater depths of around 400 m.

Ocean water of this density class is also seen outside our box domain, in the Northern
Barents Sea (shallow 1028.05 kg m 2 isopycnal) and Arctic Ocean (deeper 1028.05 kg m ™3
isopycnal). The spatial patterns shown in Figure 5.5 indicate that water of this density
class is mainly formed in the Greenland Sea and Northern Barents Sea. It then appears
to travel to greater depths as it spreads towards the Arctic and other basins of the Nordic
Seas, along boundary currents and pathways influenced by topographic steering. This
figure also points towards notable densification of ocean waters at higher-latitudes, even

within the Arctic Ocean, corroborating results from Arthun et al. (2025).

If we consider the changes in the control simulation (upper panels of Figure 5.5) we
see that the depth of the 1028.05 kg m~2 isopycnal decreases throughout the region, often
quite significantly. In some areas, such as in the Arctic Ocean, a deepening by more
than 350 m is seen, whereas in the Greenland Sea basin the response is comparatively
smaller with a deepening of a less than 50 m between the 1950s and 2040s. This aligns
with the results shown in Figures 5.2 and 5.3, which indicate that the rate of dense water
formation is overestimated in the control run, with model drift causing an accumulation

in the volume of denser waters in the Nordic Seas.

In the transient simulation (lower panels of Figure 5.5) there is a similar decrease in
the depth of the 1028.05 kg m~2 isopycnal in the Arctic Ocean, suggesting a robustness
to this response of an increased volume of dense water at high-latitudes. However, in
the Greenland Sea basin we see the opposite. There is an increase in the depth of the
oc isopycnal, illustrating a decrease in the volume of water denser than 1028.05 kg m~3
here. This supports our previous findings of a reduced volume of o water in the Nordic
Seas between the 1950s and 2040s under a climate change scenario, but shows that this
change is mostly concentrated in the Greenland Sea. This response differs to that of

the lighter o4 water (see lower panels of Figure 5.4) where the deepening of the 1027.80
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Figure 5.5: Spatial maps show the mean depth of the 1028.05 kg m~3 isopycnal for the 1950s and 2040s, as well as the difference between these
decadal means (2040s minus 1950s). This isopycnal marks the boundary between intermediate op and dense o¢ water. The results for both
the transient and control simulations are presented.
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kg m~3 isopycnal is concentrated along the boundary current pathways (particularly of
Atlantic Water inflow) indicating that different processes are at play in each case. The
deepening of the 1028.05 kg m~2 isopycnal in the Greenland Sea is indicative of changes
in open-ocean convection in the gyre interior, perhaps during wintertime when the mixed
layers are deeper (Moore et al., 2015; Wu et al., 2021). The 1028.05 kg m~3 isopycnal
lies within the density range commonly used in studies of open-ocean convection in the
Nordic Seas and adjacent sub-polar basins (e.g. Marshall and Schott, 1999; Pickart et al.,
2003; Jackson and Petit, 2023; Jensen et al., 2018), although the precise density levels
associated with active convection vary between basins and circulation regimes (e.g. Rossby
et al., 2009).

These results also suggest that, although the volume of denser waters in the Nordic
Seas is projected to decrease with climate forcing, this appears not to be the case at higher-
latitudes because the presence of denser waters in the Arctic Ocean increases in both the
control and transient simulations. This is supportive of results from other studies which
find that reduced dense water formation in the Nordic Seas maybe be compensated for
by enhanced densification further north in the future (e.g. Arthun et al. (2023a, 2025);
Bretones et al. (2022)). This is further demonstrated by the emergence of the 1028.10 kg
m~? isopycnal at a depth of more than 1000 m in the Arctic Ocean between the 1950s
and 2040s in the control simulations, showing the wider-scale accumulation of or water
further north due to model drift.

Figure 5.6 shows the depth of the 1028.10 kg m ™3 isopycnal (upper limit of the densest
or water) for the region. As demonstrated by the panels on the left, there is almost no
water denser than 1028.10 kg m~—2 within the Nordic Seas domain in the 1950s in either
the control or transient simulation. However, in both simulations, this o water is seen
in the north-eastern Barents Sea, near the Novaya Zemlya archipelago. In the transient
simulation the presence of this water in the north-eastern Barents Sea is reduced over
the course of the model run, such that there is very little o water at all by the 2040s,
with only a few small concentrated areas around the islands of Franz Josef Land. By
comparison, in the control simulation, the area in which o water is present here has
increased, although the 1028.10 kg m~2 isopycnal in this north-eastern Barents Sea region

has deepened, illustrating an overall decrease in the volume of this densest water.

In contrast to the transient simulation, the control run shows a significant increase
in this densest o ocean water within the Nordic Seas. This is particularly true for the
Greenland Sea where most of the water column consists of water denser than 1028.10 kg
m~? in the 2040s, showing that the enhanced ocean densification in the HadGEM3-HH
simulations occurs primarily in the Greenland Sea, and spreads towards the other regions
along pathways steered by the topography, for example, towards the Arctic through Fram
Strait. This further confirms the importance of the densification process in the Greenland
Sea, as it impacts the ocean properties in the rest of the Nordic Seas, the Arctic Ocean

and elsewhere. In fact, the formation of the denser waters (o¢, op and og) occurring
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mostly in the vicinity of the Greenland Sea Gyre points towards open-ocean convection
being an extremely important mechanism for water mass transformation in the Nordic
Seas and thus for the northernmost branch of the AMOC.

Our analysis of HadGEM3-HH shows enhanced dense water formation in the Green-
land Sea Gyre in control simulations. This is most likely linked to the overestimation of
transport of Atlantic Water along inflow current pathways in the HadGEM3-HH simula-
tions and thus overly saline ocean water in this region. However, the transient run shows
significant reductions in dense water under a climate change scenario. This difference
appears to be driven by the significant ocean warming seen in the climate-forced tran-
sient simulation (e.g. Figure 5.2). For lighter /intermediate waters (e.g. o4 and o), the
decrease in densification occurs along the boundary current pathways of the Norwegian
Atlantic Current and West Spitsbergen Current, but is concentrated within the Greenland
Sea Gyre for denser waters (e.g. o¢, op and og). This distinction indicates a climate
change response in numerous mechanisms of water mass transformation.

Water mass transformation along the boundary currents in the Nordic Seas, and its
variability in response to the changing climate, can be driven by several physical processes.

For example, dense water formation along the boundary currents could be reduced by:

» Surface freshening which suppresses vertical convection

o Surface warming which inhibits sinking and may lead to reduced atmospheric buoy-

ancy forcing

o Increasing stratification which limits deep convection and impedes wind-driven ver-

tical mixing, which can confine Atlantic-Origin water to shallower depths
e Sea-ice retreat in summer which can enhance atmospheric and upper ocean warming
e Sea-ice advance in winter which reduces the ocean-to-atmosphere heat flux

o Changes in circulation pathways which could alter the depths and velocities at which

boundary currents transport water of various densities

o Weaker atmosphere—ocean forcing from winter cold-air outbreaks and fewer deep-

reaching convective events.

So, densification of the boundary currents weakens under climate change when fresher,
warmer and more stratified surface conditions suppress vertical convection and transfor-
mation processes, while circulation shifts and reduced atmospheric forcing limit the cool-
ing and densification of inflowing Atlantic Water. We have already seen some of these
changes in the Nordic Seas over the course of the transient simulation in the results shown
in the previous chapter. These responses could partly explain the changes we see in the
04 and op density classes in the HadGEM3-HH simulations.

In contrast, the densification of ocean waters within the Greenland Sea Gyre is mainly

driven by open-ocean convection in the gyre interior, particularly during wintertime when
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the mixed layers are deep. With the changing climate, the interior convection can be
altered through a number of often interacting physical mechanisms. For example, dense

water formation in the Greenland Sea Gyre could be inhibited by:

o Upper-ocean freshening which might lead to a shallow, stable fresh lens that resists

deep convective overturning

o Surface and subsurface warming that can reduce the potential for winter cooling
and impede the intrusion of Atlantic-Origin water beneath the surface layer thus

reducing the density contrast available for convective overturning

o Increased stratification and a stronger pycnocline which blocks mixing and hinders

wind-driven deep convection

» Fewer/weaker cold-air outbreaks and reduced winter surface heat loss which results

in less frequent /shallower convective events

o Less brine rejection from decreased/shifting sea-ice formation which undermines the

winter densification pathway that feeds interior convection

o Changes in wind forcing and mixed-layer dynamics which can alter Ekman pumping,
preconditioning of the water column and the supply/removal of freshwater, while

additionally, reduced cyclonic forcing can weaken the gyre circulation

o Enhanced entrainment of warmer/lighter waters into the gyre which can maintain
a stable upper layer, while conversely, a weakened import of dense water which

preconditions it against convection

e Reductions in eddy activity and lateral mixing that can enhance the stability of the

water column

In short, if the surface water is not dense enough in winter the mechanism of deep
convection that forms deep water in the Greenland Sea is weakened. The changes in some
of these processes seen in the HadGEM3-HH simulations could explain the response in
the o¢, op and og density classes in the Nordic Seas.

A flattening and shallowing of the 1028.08 kg m 2 isopycnal in the Greenland Sea Gyre
is seen in both the transient and control high-resolution simulations (Figure 5.7). This
implies reduced lateral density gradients and weaker geostrophic shear, consistent with
a weakening in the gyre cyclonic circulation strength while pointing towards increased
stratification, reduced deep convection and decreased ventilation. If we consider the
1028.05 kg m~3 isopycnal, we see the same response in the control simulation but not in
the transient simulation. As visualised in Figure 5.7, between the 1950s and the 2040s,
the high-resolution transient simulation in fact shows a deepening of the 1028.05 kg m™3
isopycnal in the Greenland Sea Basin, along with a flattening. This specific response of

the downward displacement of of the 1028.05 kg m~2 density surface without increased
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curvature indicates a large-scale buoyancy gain. This would push isopycnals deeper
rather than dynamically doming them within the gyre and could be driven by a basin-wide
warming and/or freshening. This response also suppresses deep convection because even
though the density surface gets deeper, the increased stratification inhibits vertical mixing,
leading to shallower mixed layers and reduced renewal of the deep waters. Overall, the
change in the density structure in the Greenland Sea seen in the HadGEM3-HH model is
indicative of a slowdown in the Greenland Sea Gyre and a shift towards a less dynamically

active, more stratified future state.
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Figure 5.7: The flattening and shallowing of the domed isopycnals from a transect running
through the Greenland Sea Gyre indicate a weakening in the cyclonic circulation strength
while pointing towards increased stratification, reduced deep convection and declining
ventilation. This transect is shown by the dashed line in Figure 5.1. The dashed contours
are the 1950s mean and the solid lines are the 2040s mean, with results form the transient
simulation in black and the control simulation in red. The large basin in the northern
half of the transect is the Greenland Sea Basin, where the domed isopycnals indicate the
location of the Greenland Sea Gyre.
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5.2.2 A Reorganisation of Dense Water Transport in the Nordic

Seas
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Figure 5.8: The transient model time-mean velocity profile for the Greenland-Scotland
Ridge (GSR) and Arctic (ARC) transects (shown in Figure 5.1). These transects are
comprised of the Denmark Strait (DS), Iceland-Faroe Ridge (IFR) and Faroe-Scotland
Ridge sections (FSC) and the Fram Strait (F'S) and Barents Sea Opening (BSO) sections
respectively. The velocity shown is perpendicular to the transect line so positive values
indicate a northwards or eastwards flow direction (red shading represents approximately
poleward flow, and the blue shading represents approximately equatorward flow).

Once the model drift is removed, ocean properties in the Nordic Seas in the transient
HadGEM3-HH simulations show projected trends of decreasing salinity and increasing
potential temperature. Together, these responses lead to an overall reduction in the
potential density under a climate change scenario. To investigate the physical mechanisms
driving this reduction in dense water in the model, we consider several possible processes.
In this section, we investigate the transport of ocean water into the Nordic Seas, using
the transects shown in Figure 5.1.

The transient model time-mean velocity profiles for these transects are shown in Fig-
ure 5.8. Here the velocity perpendicular to the transect line is presented, with positive
values indicating a northwards or eastwards flow direction (so the red shading represents
approximately poleward flow and the blue shading represents approximately equatorward
flow). The visualisation of this complex interaction of boundary currents, recirculation
systems and overflows aids us in understanding the intricacies of ocean dynamics in this
region and the extent to which they are captured by the high-resolution model. As dis-
cussed in previous studies (e.g. Wu et al., 2021; Roberts et al., 2019) and our work in
Chapter 3, we have confidence in the fidelity of the HadGEM3-HH simulation and its
ability to represent detailed ocean processes in the Nordic Seas.

The mean potential density profiles for the 1950s and 2040s at the ARC and GSR

transects are shown for the transient and control simulations in Figures 5.9 and 5.10
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respectively. In these figures, we use the same colour shading as for the five density

classes used in our earlier analysis.

For the ARC transect, there is a deepening of the 1027.80 kg m 2 isopycnal between
the 1950s and 2040s in the transient simulation, with a reduction in the volume of ocean
water denser than this value. There is also a thinning in the layer of o5 water (between
1027.80 kg m~3 and 1028.05 kg m~3). This is particularly true at the Barents Sea Opening,
where most of the water column consists of op water in the 1950s, but by the 2040s it
is almost all lighter o4 water. Conversely, we see a thickening of the o¢ layer (water
between 1028.05 kg m— and 1028.08 kg m~3) at Fram Strait. This suggests a change in
the water mass transformation process at depth, such that water of a different density
class is being transformed into oc water, or less oo water is being transformed into a
different density class. Importantly, the op layer (between 1028.08 kg m™ and 1028.10
kg m~3) also decreases in thickness at Fram Strait indicating a reduced volume of dense
water overflow. Note that we also see a steepening in the isopycnals here, particularly
the 1028.05 kg m=3 and 1028.08 kg m~3 contours, which become more domed at Fram
Strait. This could be the result of increased circulation due to stronger boundary current
velocities at either side of the transect (northwards flow in the east and southwards flow
in the west). As demonstrated in Chapter 4 (Figure 4.4) the boundary current velocities
in the West Spitsbergen Current and East Greenland Current are projected to increase
with climate forcing in the HadGEM3-HH transient simulation which would spin up the

recirculation at Fram Strait.

In the case of the GSR transect, with climate forcing we see the loss of op water
from the deeper levels of the Denmark Strait and Faroe-Scotland Channel transects. This
could be important for the density of overflow water that feeds into the Labrador Sea
and North Atlantic, impacting the lower-latitude branches of the AMOC. This change is

largely compensated for by oo water.

There is very little change in the water column between the 1950s and 2040s at the
Iceland-Faroe Ridge transect, where there is mainly a northerly flow regime at depth,
suggesting potential density changes are contained within the Nordic Seas box at this

locality and not reflected by a response at the transect.

Also, there is no g water in any of these decadal mean potential density profiles in

the transient simulation.

For the control simulation we see the impacts of model drift, as mentioned in Section
5.2.1 (Figure 5.10). Here there is no significant change in the quantities of lighter o4 water
at either the ARC or GSR transects. However, we see a shallowing of the 1028.05 kg m ™
and 1028.08 kg m~3 isopycnals in Fram Strait, Denmark Strait and the Faroe-Scotland
Ridge and larger quantities of denser water accumulate at depth. Unlike in the transient
simulation, in the control simulation we see the emergence of denser waters at both the
ARC and GSR transects between the 1950s and 2040s.

At Fram Strait the layer of op water gets thicker, and denser o water (more than
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1028.10 kg m™3) appears at the bottom of the water column in the 2040s. At Denmark
Strait and the Faroe-Scotland Channel, the deepest waters change from o¢ in the 1950s
to op in the 2040s. Again, there is little response in the Iceland-Faroe Ridge.

These findings support those of Section 5.2.1 regarding the volume trends for each
density class and the changes in the depth of the various density isopycnals over time.
In general, the volume of denser waters is decreasing in the Nordic Seas with climate
forcing and this change is seen at the transects along its boundaries too, particularly in
the northern ARC sections.

In combination with the velocity profiles at these transects (e.g. Figure 5.8), this
suggests changes in the ocean transports of the various density classes. In fact, a reor-
ganisation of the density structure of the water column in the Nordic Seas impacts, and
is impacted by, the density structure of the water column in the surrounding regions (e.g.
the Arctic Ocean, Barents Sea and North Atlantic) due to the strong interactions between
them via exchanges through these transects.
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Figure 5.9: Cross-section profiles of the decadal mean calculated potential density for
the ARC transect (upper panels) and GSR transect (lower panels) from the transient
HadGEM3-HH simulation. The mean for the 1950s (left panels) and 2040s (right panels)
are presented, using colour shading that represents the five density classes used in Figure
5.3.

To investigate this, for each of the five density classes we calculate the annual mean net
ocean volume transport into the Nordic Seas box region (sum of all transects). The time

series for these quantities are shown in Figure 5.11. Note that positive values represent a
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Figure 5.10: Cross-section profiles of the decadal mean calculated potential density for
the ARC transect (upper panels) and GSR transect (lower panels) from the control
HadGEM3-HH simulation. The mean for the 1950s (left panels) and 2040s (right panels)
are presented, using colour shading that represents the five density classes used in Figure
5.3.
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flux of water into the box, negative values represent an outflow from the box.

The largest transports are in the upper ocean, with a influx of o4 (lighter water) of
approximately 6 Sv between 1950 and 2050. This is approximately balanced by a net
outflow of o water. Over the course of the model run, there is a decreasing trend in the
volume transport of o4 water at a rate of approximately -0.0028 Sv/year in the transient
and -0.0063 Sv/year in the control simulation, indicating a small climate-driven response
and some model drift here. Similarly, the net export of o water from the Nordic Seas
increases in strength over time, more so in the transient than in the control simulation
(trends of -0.013 Sv/year and -0.003 respectively), indicating a slight strengthening due
to climate forcing. Further investigation shows that most of these changes in the ocean
transports of o4 and op water occur due to changes at Fram Strait and the Barents Sea
Opening, with a less significant response seen at the other transects. This suggests a
larger response at the northern boundaries of the Nordic Seas compared to the southern
boundaries, i.e. it indicates a faster rate of change in Arctic Ocean exchange than with

the North Atlantic in the upper ocean.

The transports of the denser waters are much smaller in comparison but still reach up
to around 2 Sv. We see a clear positive trend in the transport of o water, with a change
in sign from net outflow to net inflow in both the control and transient simulations, which
occurs around the year 1980. The trend of increasing inflow of oo water is stronger in
the transient simulation than in the control simulation. This is largely due to significant
increases of transport of o water into the Nordic Seas through Fram Strait but there is

also an increase in inflow through the Faroe-Scotland Ridge.

This step-change feature is also partially seen in the time series of op transport,
where there is increased interannual variability after the early-1980s. This is also the
point at which the transient and control simulations begin to deviate. Until around 1980,
the transport of op water fluctuates around zero, but then in the transient simulation
it tends to become more negative showing an increased export from the Nordic Seas of
this density class, while in the control simulation the transport becomes more positive
representing increased inflow of op water. The large differences between the simulations
here indicate a strong response to climate forcing despite opposing model drift. The
control simulation trend is largely dominated by an increasing flux of op water from the
Arctic through Fram Strait. Whereas, in the transient simulation there is little change
at Fram Strait and the trend is largely due to increasing export/decreasing import of op

water through the Faroe-Scotland Ridge transect.

For o there is little change in transient simulation with the transport hovering close
to zero Sv, but there is a trend of increasing outflow in the control simulation due to larger
volume transports of this water out of the Nordic Seas from the mid-2020s onwards. This
signal is almost entirely due to changes seen at Fram Strait as there is very little response

seen at the other transects.

There is high interannual variability in the volume transport of almost all the density
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classes, in the transient and control simulations.

A schematic illustrating some of the discussed changes seen in the high-resolution
HadGEMS3 transient simulation is shown in Figure 5.12.

Altogether, Figure 5.11 indicates that the inflow of lighter 04 water remains mostly
steady with climate change, with only a very small weakening trend, while the net export
of intermediate op water is projected to increase. There is also projected to be a notable
strengthening in the inflow of dense o water and a significant reduction in the inflow of
the denser op water, suggesting changes in the balance of Atlantic-Origin vs Arctic dense
waters with climate change. There is no significant change in the transport of the densest
waters in the transient simulation as this remains close to zero throughout the model run.

A shifting in the composition of the dense water inflows suggests a redistribution
within the densest classes of the Nordic Seas and the high rates of exchange with the
surrounding regions emphasises strong linkages with the Arctic Ocean, Barents Sea and
North Atlantic.

The response in the ocean transports shown here is consistent with the previous results
discussed in Section 5.2.1. Our findings point towards reduced deep convection in the
Nordic Seas with climate change and a reorganisation in the density structure as a result.
While the total ocean volume transports are important for understanding the dynamics
of different density classes, it is crucial to also consider the transport of fresh water as
this plays a vital role in regulating stratification and rates of dense water formation in
the Nordic Seas.
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Figure 5.11: Total ocean volume transport (sum of all transects) into the Nordic Seas
box region (see Figure 5.1) for each of the five density classes used in our analysis (o4 <
1027.80 kg m~3, 1027.80 kg m™3 < op < 1028.05 kg m—3, 1028.05 kg m™® < o¢ <
1028.08 kg m~3, 1028.08 kg m™3 < op < 1028.10 kg m~3, and 1028.10 kg m~3 < o).
Note the scale of the y-axes is consistent but the range varies for each subplot. Positive
values indicate transport into the Nordic Seas box region, while negative values indicate
transport out of the box region. For each density class, the results from the transient
simulation are coloured accordingly, with the results from the control simulation in black.
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Figure 5.12: Schematic illustrating some of the changes in ocean dynamics seen in the
Nordic Seas in the high-resolution HadGEMS3 transient simulation. With climate forcing,
the model projects warming and reduced water mass transformation along Atlantic Water
(AW) inflow pathways, in addition to increasing stratification in the Greenland Sea Gyre
(GSG) which inhibits convection, such that we see a reduction in dense water formation.
This leads to the export of lighter water from the Nordic Seas to the Arctic and North
Atlantic, both in the upper-ocean and at depth.
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5.2.3 A Limited Response in the Freshwater Fluxes in the Nordic
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Figure 5.13: Time series of the total annual mean freshwater flux into the Nordic Seas
from external sources (upper panel), ocean transport (middle panel) and the net sum
of these (lower panel) between 1950 and 2050. The results for the transient (blue) and
control (black) simulations are presented and the dashed line of corresponding colour
represents the linear regression trend for each case. Positive values indicate a flux into
the box region shown in Figure 5.1.

Freshwater fluxes are crucial for understanding changes in dense water formation in
the Nordic Seas because they strongly influence surface salinity and stratification. Inputs
of freshwater from precipitation, ice melt and Arctic outflow can cap the water column
and suppress convection, while processes like evaporation or brine rejection during sea-ice
growth increase salinity and promote sinking. Changes in the ocean transports of fresh-
water also impact the density gradient and stratification, thus leading to conditions that

either promote or inhibit vertical mixing, depending on the response. Since dense water

142 of 193



5.2. Model Simulations Under Climate Change 5. Dense Water and Overturning

formation in this region feeds the Atlantic overturning circulation, shifts in freshwater

fluxes can have far-reaching impacts on ocean circulation and the wider climate system.

To ascertain the projected response of freshwater fluxes, and the role they play in the
trend of decreasing dense water in the transient HadGEM3-HH simulation, we consider
freshwater fluxes from both ocean transport and external sources, including atmospheric

exchanges, sea-ice and land run-off.

Firstly, the time series of the total freshwater flux from external sources (sum of all
sources) from 1950 to 2050 is shown in the upper panel of Figure 5.13. Note that positive
values represent a flux into the Nordic Seas box region. Both the transient and control
simulations show annual mean values of approximately 0.7 Sv. Although there is some
interannual variability, there is little change over the course of the model run. There is
a small increasing trend in the control simulation of approximately 0.0004 Sv/year and
a small decreasing trend of approximately -0.0002 Sv/year in the transient simulations.
Overall, there is a constant but steady flux of freshwater into the Nordic Seas from external
sources. This is not projected to change much in the model simulations, neither with nor

without climate forcing.

However, if we look at the external sources of freshwater in more detail, we see that
there are in fact responses to climate forcing in some cases, but that these balance out to
show virtually no overall change. The time series for the individual external sources of
freshwater are shown in Figure 5.14. We show annual means of the freshwater flux into
the Nordic Seas from (a) evaporation, (b) precipitation, (c) sea-ice melt and drainage, and
(d) land run-off and icebergs. Negative values for the flux due to evaporation show that
there is an evaporate loss to the atmosphere at a rate of around 0.55 Sv. For the other
external sources, the flux values are positive, so there is always freshwater being added to
the Nordic Seas from precipitation, sea-ice and land run-off and rates of approximately 0.9
Sv, 0.25 Sv and 0.12 Sv respectively. These values are perhaps higher than expected and
it should be noted that a margin of error is introduced when using diagnostics from the
atmosphere component of the simulations. In our analysis, atmospheric model output has
been re-grid to the ocean model projection before performing calculations, but it is likely

that our method was not exactly consistent with the method employed by the MetOffice.

For the control simulations, there are no large trends between 1950 and 2050, with
only a small decrease in precipitation and small increases in the other sources. This is
not the case for the transient run which indicates a significant response to climate forcing
in each case. The freshwater being lost to the atmosphere by evaporation is projected to
increase (overall trend of -0.0008 Sv/year) but the influx from precipitation also increases
(overall trend of 0.002 Sv/year). As the presence of sea-ice in the Nordic Seas is predicted
to decline with climate change, as is the freshwater flux from sea-ice melt and drainage
(overall trend of -0.003 Sv/year), while rising air temperatures and increased melt of the
Greenland Ice Sheet mean there is a trend of increasing freshwater from land run-off

and icebergs (overall trend of -0.0005 Sv/year). These trends are all hallmarks of an
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accelerated hydrological cycle under climate change (Thorne et al., 2021; Rawlins et al.,
2010; Sato et al., 2022).

Note that sea-ice export from the Arctic into the Nordic Seas is projected to decrease
in the transient simulation but this process is already accounted for when considering
these external sources of freshwater along with the ocean volume transports. Although
there are projected responses in the fluxes of freshwater into the Nordic Seas from external

sources, on balance, these result in no net trend due to climate change.

The story is similar for the ocean volume transport of freshwater. The time series
of the total freshwater flux into the Nordic Seas from ocean transport is shown in the
middle panel of Figure 5.13. The positive values here show that there is always a net
influx of freshwater into the region through ocean transport. Overall there are slightly
higher values seen in the transient simulation (mean of approximately 0.07 Sv) compared
to the control simulation (mean of approximately 0.04 Sv). The trends are similarly small
at around 0.0002 Sv/year for both cases, indicating that the slight increase in the ocean

transport of freshwater over time is likely due to model drift not climate forcing.

When investigating the changes in the ocean transport of freshwater in more detail we
find that there is little overall change at the Barents Sea Opening, Iceland-Faroe Ridge and
Faroe-Scotland Channel transects. However, there is a clear response to climate forcing at
Fram Strait and Denmark Strait (see Figure 5.15). Much like for the external freshwater
sources, considering only the net change hides the true intricacies of the response in
different regions of the Nordic Seas. Overall, we see just a small increase in the freshwater
flux into the region from ocean transports, but in fact there is a significant increase in
the freshwater flux from the Arctic through Fram Strait in the transient simulation, from
approximately 0.18 Sv in the 1950s to 0.35 Sv in the 2040s (trend of 0.0018 Sv/year).
This is mostly balanced by a large increase in the outflow of freshwater through Denmark
Strait, from approximately -0.15 Sv in the 1950s to -0.26 Sv in the 2040s (trend of -0.0013
Sv/year). The trends are small in the control simulation at Fram Strait (0.0004 Sv/year)
and Denmark Strait (-0.00001 Sv/year), highlighting that these changes are driven by

climate-forced processes and not due to model drift.

These values are slightly elevated compared to those calculated based on observations,
likely due to relatively higher simulated ocean velocities in the boundary currents. Kar-
pouzoglou et al. (2022) estimate the annual mean southward liquid freshwater transport
through Fram Strait to be around 0.06 Sv using data available between 2015 and 2019,
although they only include the Polar Water component in their calculations. Marnela
et al. (2013) obtain a result of approximately 0.08 Sv for the southward liquid fresh-
water transport from hydrographic sections located in the western half of Fram Strait.
Generally, long-term mooring and hydrographic analyses indicate Fram Strait freshwater
export is approximately 0.08 Sv, though values vary with temporal period considered and
reference salinity definition (e.g. de Steur et al., 2017; Havik et al., 2017a; Rabe et al.,
2013; Zhang et al., 2025). At Denmark Strait, observations of liquid freshwater transport
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are typically a little higher at around 0.1 Sv. Gjelstrup (2024) calculate the annual mean
liquid freshwater transport just north of Denmark Strait to be approximately 0.094 Sv,
while Le Bras et al. (2018b) calculate it to be around 0.089 Sv.

Altogether, in the HadGEMS3 simulations, the flux of freshwater going into the Nordic
Seas is positive (largely dominated by the net positive inflow from external sources, par-
ticularity precipitation) but steady at a value of approximately 0.73 Sv (see lower panel
of Figure 5.13). There is no significant trend in the climate-forced transient simulation
and only a small increasing trend in the control simulation (0.0006 Sv / year), indicating
some model drift.

This result implies that the flux of freshwater into the Nordic Seas does not play a
crucial role in the response of dense water formation under a climate change scenario in
the HadGEM3-HH model, suggesting that other processes within the box region have a

larger impact in driving water mass transformation.
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Figure 5.14: Time series of the annual mean freshwater flux into the Nordic Seas from
various external sources, namely evaporation (upper left), precipitation (upper right), sea-
ice melt and drainage (lower left) and land run-off and icebergs (lower right). The results
from 1950 to 2050 are shown for the transient (blue) and control (black) simulations with
the dashed line of corresponding colour represents the linear regression trend for each
case. Positive values indicate a flux of freshwater into the box region shown in Figure 5.1.
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Figure 5.15: Time series of the annual mean freshwater flux into the Nordic Seas from
ocean transport through the Fram Strait section (upper panel) and Denmark Strait section
(lower panel). The results from 1950 to 2050 are shown for the transient (blue) and
control (black) simulations with the dashed line of corresponding colour represents the
linear regression trend for each case. Positive values indicate a flux of freshwater into

the box region shown in Figure 5.1, whereas negative values indicate an export from this
region.
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5.2.4 Multiple Interacting Mechanisms Drive the Reduction in
Dense Water in the Nordic Seas
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Figure 5.16: The upper panel shows the 1950 to 2050 time series of the area-weighted
annual mean upwards surface heat flux, where positive values represent a flux from the
ocean to the atmosphere. The lower panel shows the time series for the area-weighted
annual mean change in sea-ice concentration from September to March. This diagnostic
is used as a proxy for annual sea-ice formation during the freezing period and thus is
indicative of rates of brine rejection. The transient and control data are shown in blue
and black respectively with the linear regression trend shown with corresponding dashed
lines.

With no significant overall response in the freshwater fluxes into the Nordic Seas
with climate change, we consider other, more localised physical mechanisms that could be
driving the reduced dense water formation seen in the transient HadGEM3-HH simulation.

The release of heat from the ocean to the atmosphere is perhaps one of the most
important processes triggering water mass transformation in the sub-polar North Atlantic
region. When warmer ocean waters reach the colder high-latitudes, the transfer of heat to
the atmosphere allows for the cooling, densification and sinking of ocean waters. This has
been shown to be particularly vital for dense water formation in the Barents Sea, which is
often referred to as the “Arctic Cooling Machine” (Smedsrud et al., 2013; Skagseth et al.,
2020; Shu et al., 2021; Wu, 2022).

To consider this process in the Nordic Seas in the HadGEM3-HH model we look at the
surface heat flux. The upper panel of Figure 5.16 shows a time series of the area-weighted

annual mean upwards surface heat flux between 1950 and 2050. For the control simulation,
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there is no long-term trend and the average value remains consistent at approximately 64
W /m?, although there is high interannual variability. In the case of the transient run, we
see a decrease in the ocean-to-atmosphere heat flux from approximately 64 W/m? in the
1950s to around 51 W/m? in the 2040s (trend of -0.13 W/m? /year). This clear reduction
in the transfer of heat from the ocean to the atmosphere with the changing climate is
closely linked to sea-ice retreat. Maps showing the spatial distribution of this change in
the HadGEM3-HH model indicate that the decrease in upwards surface heat flux within
the Nordic Seas is compensated for by an increase further north as the area of highest heat
flux, corresponding to the strongest off-ice-edge low-level winds, shifts poleward with sea-
ice decline (Figure 5.17). Note that the region of increased surface heat flux lies outside
of the box region used in the area weighted averages for the time series shown in Figure
5.16, while the region of decreased surface heat flux is included, thus contributing to the

negative trend.

Additionally, the upper ocean is warming at a faster rate than the near-surface air
temperature in this region, resulting in a reduced temperature difference at the ocean
surface (not shown). With climate-forced future projections, the near-surface atmosphere
and upper ocean approach similar temperatures and therefore the rate of heat exchange
between the two components is reduced. The declining heat flux emphasises that changes
in the atmosphere-ocean interactions impact water mass transformation in the Nordic

Seas which is an important process for densification along the high-latitude branch of the

AMOC.

The transient future projections of decreased surface heat fluxes suggest that upper-
ocean warming plays a role in the lower density in the Nordic Seas. However, reduced
brine rejection during sea-ice formation could also be a factor influencing the rate of

densification.

When sea-ice forms during the freezing season, brine rejection occurs as part of the
process. This leads to higher salinity water at the surface which increases the density
and promotes sinking, thus encouraging dense water formation. To consider this more
local process we look at the change in sea-ice concentration from September to March, as
this “freezing” period covers when there is most sea-ice formation, so we can use this as
a proxy for annual sea-ice formation. The time series for the area-weighted mean sea-ice
concentration in the Nordic Seas for the transient and control simulations are shown in
the lower panel of Figure 5.16. We also show the spatial distribution for the 1950s and
2040s in maps in Figure 5.18. Note that this diagnostic is not a true representation of
sea-ice formation as it is affected by the advection of sea-ice into and out of the box
region, and we only use it as a proxy for examining the estimated long-term change in
sea-ice formation and thus brine rejection. Specific sea-ice formation diagnostics are not
available as model output for the HadGEM3-HH simulations.

As we can see from the time series, there is a significant decrease in the “annual sea-

ice formation” diagnostic in the transient simulation, from an area of approximately 24
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% in the 1950s to approximately 9 % in the 2040s. The gradient of the trend line is
-0.17 %/year. This points to reduced brine rejection with climate change and decreased
rates of sinking and densification, as seen in the previous results sections. The time series
for the control run shows an increasing trend of 0.11 %/year with more annual sea-ice

formation over time. This suggests there is some model drift in the sea-ice concentration
in the HadGEM3-HH model.

The maps in Figure 5.18 show a significant response in the spatial distribution of this
“annual sea-ice formation” diagnostic, with a clear change in the transient simulation
between the 1950s and 2040s, unlike in the control case where the spatial pattern remains
largely consistent. Most of the sea-ice formation in the 1950s occurs around the south-east
of Greenland, where strong northerly winds promote sea-ice export and formation over the
freezing period. (Note that sea-ice export does not contribute to brine rejection). There
are also relatively high rates of sea-ice formation in the Greenland and Iceland Seas. This
is the picture for both the control and transient simulations. However, by the 2040s, the
transient simulation shows a clear divide between regions of high annual sea-ice formation
(more than 80%) and regions of low annual sea-ice formation (less than 10%). Most of
the sea-ice formation is concentrated along the continental shelf of east Greenland, with
very little sea-ice formation elsewhere and very little year-to-year variability in the time
series. The Arctic Ocean and Baffin Bay also show high values of annual sea-ice formation

during the freezing period.

This response suggests a drastic shift in the mechanisms driving sea-ice formation
in the Nordic Seas and the associated processes, such as brine rejection. Significant
reductions in rates of annual sea-ice formation throughout the region, particularly in the
Greenland Sea basin, are correlated to the reductions in dense water formation seen in the
transient simulation, suggesting that changes in brine rejection notably influence water

mass transformation here.

In Chapter 4, changes between the first and last decade of the HadGEM3 model
were presented. The results show significant ocean surface warming in the high-resolution
transient simulation, with the largest increases seen in the boundaries of the Greenland Sea
Gyre (change of approximately 5°C) and the northernmost branch of the West Spitsbergen
Current leading to the northern Barents Sea, where large increases in upwards surface heat

flux are shown in Figure 5.17.

We also see increasing ocean surface salinity in the central Nordic Seas region, although
areas of sea-ice cover in the north-west of the domain show a freshening trend which
appears to remain largely confined to the continental shelf of East Greenland. These

results are consolidated by the time series shown in Figure 5.2.

In Chapter 4, we also considered the change in the mixed layer depth and found that
the response was dominated by a large decrease in the Greenland Sea of more than 300
m between the 1950s and 2050s in the transient simulation. This suggests reduced upper

ocean vertical mixing and points towards increased stratification in this region, which
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inhibits convection and reduces dense water formation. The downward stress acting on
the ocean is also projected to decrease in this region suggesting reduced wind-driven
mixing in the upper ocean.

Furthermore, the ocean surface velocities in the Nordic Seas are generally projected
to increase, particularly along the boundary current pathways, which results in enhanced
Atlantic-Origin water inflow and Arctic-Origin water outflow.

Along with our findings in this chapter, all of this work points towards significant
changes in the complex interactions of numerous physical mechanisms in response to

climate change, which ultimately leads to reduced dense water in the Nordic Seas.
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Figure 5.17: Spatial maps show the decadal mean upwards surface heat flux for the 1950s
and 2040s, as well as the difference between these decadal means (2040s minus 1950s)
from the transient and control simulations (upper and lower panels respectively). For the
decadal means, positive values (blue shading) indicate a flux from ocean-to-atmosphere.
In the difference plots, the positive values (blue shading) represent an increase in the
upwards surface heat flux and negative values (red shading) represent a decrease.
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Figure 5.18: Spatial maps show the decadal mean annual change in sea-ice concentration
from September to March as a proxy for annual sea-ice formation. Results for the tran-
sient and control simulations (upper and lower panels respectively) are presented for the
1950s (left panels) and 2040s (right panels). The decadal mean 15% sea-ice concentration
contour line is shown in blue in each subplot.
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5.2.5 Stronger but Lighter Overturning Circulation in the Fu-

ture Nordic Seas

Thus far, our results have shown that the HadGEM3-HH model projects a reduction in
dense water in the Nordic Seas under a future climate change scenario. This appears to be
largely driven by rising ocean potential temperatures and the poleward retreat of sea-ice
leading to decreasing ocean-to-atmosphere surface heat fluxes and reduced brine rejection
over the freezing season. All play roles in changing the rate of water mass transformation
that drives dense water formation.

The densification of lighter waters along the boundary current pathways of Atlantic
Water inflow, such as the Norwegian Atlantic Current and West Spitsbergen Current,
decreases due to weaker atmospheric forcing and higher ocean temperatures. There may
also be some shoaling of inflow water along the boundary currents (Wu, 2022), confining
the Atlantic-Origin water to shallower depths and lighter density classes, as indicated
by the increase in volume of lighter o, water and a deepening of the 1027.80 kg m~*
isopycnal shown in Figures 5.3 and 5.4 respectively.

Meanwhile, the formation of the densest waters in the Greenland Sea basin is reduced
due to increased stratification which inhibits vertical mixing and deep convection (as
demonstrated by the increased mixed layer depth shown in Chapter 4, Figure 4.7). These
changes are seen in the high-resolution transient simulation due to climate forcing (e.g.
Figure 5.5) despite some model drift that in fact promotes dense water formation in the
Nordic Seas, as is seen in the control simulation (Figure 5.2).

The climate-forced changes in dense water formation have implications for the local
overturning circulation which forms the high latitude branch of the AMOC and thus, in
turn, has a wide-reaching influence on the global climate system.

To investigate the response of the overturning circulation in the HadGEM3-HH model
we use the Greenland-Scotland Ridge (GSR) and Arctic (ARC) transects shown in Figure
5.1. These are similar to transects used by Arthun et al. (2025), although it should be
noted that the transects are not exactly the same and we perform our calculations using
the model grid. That said, the overturning estimates are comparable. The time mean
overturning stream function at both the GSR and ARC transects show similar results
to those presented in Arthun et al. (2025), which are based on the reanalysis product
GLORYSI12 and observational mooring data (see Figure 5.19).

The density-space overturning streamfunction is calculated by binning the volume
transport at each model grid point along the transect into discrete potential density
classes, which are derived from temperature and salinity fields, and then cumulatively
integrating from the densest to the lightest waters. This allows the overturning circulation
to be interpreted in terms of water mass transformation and changes in density structure.

Overall, the density-space overturning stream functions compare well and the modelled
density values are similar (within approximately 0.1 kg m~3). Both the HadGEMS3-

HH model and observation-based results show a two-cell structure in the overturning
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Figure 5.19: The HadGEM3-HH model 1993 to 2020 mean density-space overturning
stream functions for the GSR and ARC transects are shown in the upper panels for both
the control (black) and transient simulations (blue and orange respectively). The lower
panels show figures taken from (Arthun et al., 2025). They present the same 1993 to 2020
mean density-space overturning stream functions calculated from GLORYS12 reanalysis
data for the GSR and ARC transects. The 2005 to 2009 mean stream function calculated
using observational mooring data is also shown for the ARC transect (lower right panel).
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circulation, with a shallow inflow cell of lighter water (~ 27.3 kg m™®) and a deeper
return cell of denser water (~ 27.8 - 28.1 kg m~3). The maximum overturning in the
model is approximately consistent in magnitude with that calculated by Arthun et al.
(2025), suggesting the model captures the overall strength of the Nordic Seas overturning
accurately and has a realistic representation of the formation of dense overflow waters
feeding the GSR overflows. Note, the magnitude of the overturning circulation at the

ARC transect is smaller than at GSR, with a narrower, more defined maximum peak.

At the GSR transect, the HadGEM3-HH simulations show a slightly lighter density
in the upper cell and a slightly weaker overturning strength in the lower cell, suggesting
some underestimation of dense water export or lighter deep water production. The time-
mean maximum density-space overturning for both the transient and control is 4.42 Sv,
while Arthun et al. (2025) calculate it to be 5.2 Sv on average between 1993 and 2020.
The density associated with this maximum from Arthun et al. (2025), is 27.80 kg m~3.
We calculate the density at the maximum overturning to be 27.71 kg m~3 for the control

simulation and 27.69 kg m~® for the transient simulation.

At the ARC transect, the model reproduces the profile of the overturning stream
function but with a more distinct deep return flow and a lighter upper inflow, consistent
with stronger Arctic-Atlantic exchange in the model. The maximum overturning here is
3.51 Sv in the transient simulation and 3.04 Sv in the control. These are seen at density
values of 27.99 kg m~> and 28.03 kg m~ respectively. By comparison, Arthun et al.
(2025) find a lower value of 2.1 Sv at a density of 27.9 kg m™3.

Although focussing on the North Atlantic region, while comparing mean depth profiles
of the AMOC stream function at 26.5°N for the period between 2004 and 2014, Roberts
et al. (2020) show that many HighResMIP models underestimate the depth of the return
flow such that the overturning cell is too shallow, but the notable exception is the high-
resolution HadGEM3 model, which has an overturning stream function that is very close to
the observed profile calculated from RAPID-MOCHA data over the 2004 to 2017 period.
The values of maximum overturning at this latitude are higher than those for the Nordic
Seas region and have been measured to be in the range of approximately 16 Sv to 18 Sv
(e.g. Lee et al., 2024; McCarthy et al., 2015; Kanzow et al., 2010).

To consider the response in the overturning circulation with climate change we show
the decadal mean overturning stream functions between 1950 and 2050 from the HadGEM3-
HH model. These results are presented for both the transient and control runs in Figure
5.20. The two cell structure is consistently well represented in both the transient and con-
trol simulations with the stronger positive overturning cell associated with dense water
formation and outflow, and the weaker negative upper cell representing the inflow of lighter
Arctic water (at the ARC transect) or lighter Atlantic water (at the GSR transect). In
the transient run, at both transects, the overturning strengthens in magnitude but shifts
towards lighter densities. In contrast, the control run shows minimal change through the

decades, implying that the transient evolution reflects a forced climate response rather
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Figure 5.20: The decadal mean density-space overturning stream functions for the GSR
(left) and ARC (right) transects between 1950 and 2050 are shown for both the HadGEM3-
HH transient (upper panels) and control simulations (lower panels).
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than model drift.

The GSR section shows stronger overturning than the ARC section, consistent with
GSR being the main exchange gateway between the Nordic Seas and the North Atlantic.
However the transient projections show significant strengthening in the ARC overturning,
indicating that it is projected to be a more important exchange gateway with increased
deep water outflow through Fram Strait and (perhaps to a lesser extent) the Barents Sea
Opening in the future. The shift towards lighter densities in the transient run is indicative
of a freshening/warming of source waters which suppresses deep convection and weakens
the formation of dense overflow waters. This is consistent with the time series shown in
Figure 5.2 in Section 5.2.1 which show a reducing ocean potential density in the Nordic
Seas under a future climate change scenario.

The weakening of the dense water cell in the transient simulation relative to the control
(at ~ 27.8 kg m~3) aligns with the fact that there is reduced deep water formation under
a climate change scenario. This reduction at both GSR and ARC suggests a basin-wide
slowdown of the overturning circulation driven by lighter surface waters and reduced
convection.

The changing strength of the maximum overturning for the GSR and ARC transects
in the high-resolution HadGEM3 transient and control simulations is also demonstrated

by the decadal mean values shown in Table 5.2.
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Figure 5.21: Time series of the overturning circulation strength at a density of 1027.80 kg
m 2 for GSR (upper panel) and 1028.00 kg m ™2 for ARC (lower panel) between 1950 and
2050. Note that these density values where chosen as they represent the mean density of
maximum overturning circulation strength in the model at each transect.

As dense water formation in the Nordic Seas is projected to decrease, the density of
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the maximum overturning circulation is also projected to decrease. However, the strength
of the overturning circulation is projected to increase, especially at higher latitudes (closer
to the Arctic). This is clearly demonstrated in Figure 5.21 which shows the time series of
the maximum overturning circulation at the GSR and ARC transects between 1950 and
2050 for both the control and transient simulations. The positive trends in the transient
time series (0.019 Sv/year for GSR and 0.029 Sv/year for ARC) illustrate the significant
increase in overturning circulation in the Nordic Seas between 1950 and 2050, while the
reduced rate of change in the control run (trends of around -0.004 Sv/year for GSR and
0.005 Sv/year for ARC) confirms this response is climate-forced. Note that the transient
simulated time series of maximum overturning circulation for the GSR transect shows a
steady increase from around the year 1990, whereas for the ARC transect the time series

has an initial increasing trend until the mid-2020s, after which there is a small decline.

Arthun et al. (2025) also calculate positive linear trends (of approximately 0.004
Sv/year and 0.08 Sv/year for the GSR and ARC transects respectively) from GLORYS12
reanalysis data between 1993 and 2020, indicating a significant increase in the Arctic
overturning circulation. The calculated trends for the same period (1993 to 2020) for the
transient HadGEM3-HH simulation are slightly elevated by comparison at 0.07 Sv/year
and 0.11 Sv/year for the GSR and ARC transects respectively. Given the high climate
sensitivity of the model, it is understandable that it exhibits a more extreme portrait of
the future, resulting in larger trends in response to increasing greenhouse gas emissions

than those measured by present-day observations.

The shift towards less dense overturning in the transient simulation is further demon-
strated by the decadal mean values of the density of the maximum overturning circulation
for the GSR and ARC transects shown in Table 5.3. At GSR there is a clear response,
with a change in the density of maximum overturning from 27.70 kg m~2 in the 1950s to
27.67 kg m~3 in the 2040s. Meanwhile, at the ARC transect, the density of maximum
overturning is 27.97 kg m~2 and 27.87 kg m 2 for the 1950s and 2040s respectively. The
values for the control simulation are also presented. They show little variability over the
course of the model run, with a mean value of 27.74 kg m~3 for GSR and 28.02 kg m ™
for ARC.

The combination of stronger overturning but at lighter densities suggests that, while
deep convection in the densest classes weakens, shallower convection and intermediate
overturning intensify in some areas. That is, the overturning depth shoals (becomes
shallower) but the overturning circulation itself strengthens in the upper layers. This is
most likely due to surface buoyancy forcing which must still drive vigorous overturning,
despite the fact that the ocean has warmed, preventing very dense water formation. Hence,
overturning becomes more active but less deep, centred in lighter density classes. This
complex response points to an intricate reorganisation of the Nordic Seas overturning
circulation with climate change, rather than a straightforward shift towards weakened

convection.
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The density of the Nordic Seas overturning circulation largely controls the depth
and strength of the overflow waters that feed into the deep limb of the AMOC before
it flows southward towards the North Atlantic. If the overturning circulation becomes
stronger locally, but the waters formed by this mechanism are less dense, we might expect
a reduced contribution to the deep, dense overflow feeding the AMOC here, although
this is dependent on whether the lighter water crossing the GSR transect can contribute
to the deep AMOC water. In work by Dickson and Brown (1994) and Huang et al.
(2020), overflow water is defined as having a density of more than 27.8 kg m~3, which
approximately coincides with our calculated model streamfuntion maximum for the lower
cells, suggesting it is possible. If so, this could eventually contribute to a weakening of the
AMOC, or a change in the AMOC water properties, even as local overturning intensifies
in the upper layers. That being said, a partial compensation is possible, with some of our
findings suggesting there may be an enhanced contribution of dense waters from higher
latitude source regions (e.g. the Arctic Ocean) as suggested by other studies in literature
(Thomas and Fedorov, 2019; van den Berk et al., 2021; Arthun et al., 2023a, 2025; Moore
et al., 2022; Bretones et al., 2022). Further research is required to fully explore this

possibility.
Transect | 1950s | 1960s | 1970s | 1980s | 1990s | 2000s | 2010s | 2020s | 2030s | 2040s
§ GSR 4.40 | 4.08 | 4.16 | 4.17 | 4.30 | 4.17 | 4.67 | 536 | 4.68 | 5.33
é 281 | 235 | 266 | 2.89 | 291 | 3.36 | 4.44 | 4.57 | 429 | 4.42
s GSR 442 | 444 | 461 | 443 | 428 | 465 | 446 | 4.20 | 4.85 | 4.14
Qg) 281 | 235 | 263 | 3.08 | 3.51 | 295 | 292 | 279 | 3.01 | 347

Table 5.2: Decadal mean values for the strength of the maximum overturning at the GSR
and ARC transects in both the transient and control simulations. Units are Sv. For each
case, the strongest maximum overturning decadal mean value is highlighted with bold
text.
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Transect | 1950s | 1960s | 1970s | 1980s | 1990s | 2000s | 2010s | 2020s | 2030s | 2040s
E GSR 27.70 | 27.72 | 27.79 | 27.76 | 27.72 | 27.78 | 27.73 | 27.65 | 27.76 | 27.67
4
E 27.97 | 28.01 | 28.03 | 28.03 | 28.01 | 28.01 | 27.99 | 2797 | 27.95 | 27.87
ch GSR 27.75 | 27.73 | 27.68 | 27.71 | 27.78 | 27.70 | 27.74 | 27.77 | 27.69 | 27.81
g
oo 27.97 | 28.01 | 28.03 | 28.03 | 28.01 | 28.03 | 28.03 | 28.05 | 28.05 | 28.03

Table 5.3: Decadal mean values for the density of maximum overturning strength at the
GSR and ARC transects in both the transient and control HadGEM3-HH simulations.
Units are kg m™3. For each case, the least dense decadal mean value is highlighted with
bold text.

5.3 Conclusions

Our analysis of the HadGEM3-HH global coupled climate model has allowed us to explore
the possible future projections in dense water formation and overturning circulation in
the Nordic Seas. In our research, we find that the transient simulations show a decreasing
volume of dense water in the Nordic Seas, driven by rising ocean potential temperatures
under a climate change scenario. We also see that reduced densification is concentrated at
the surface, along boundary current pathways of Atlantic Water inflow and at depth in the
Greenland Sea basin, likely, at least in part, due to significant trends in increasing upper-

ocean potential temperature and increasing stratification in the water column respectively.

Ocean volume transports show small responses in the upper ocean of decreasing inflow
of light water and increasing export of intermediate density water. The ocean volume
transports also show a notable reorganisation in the exchange of the denser water classes
with the Arctic Ocean and North Atlantic. Although freshwater fluxes show a response
to climate change, the net effect remains steady so there is no overall trend in freshwater
flux into the Nordic Seas (including ocean freshwater transport and fluxes from external
sources). In addition, the poleward retreat of the sea-ice edge drives a northwards shift in
regions of strong ocean-to-atmosphere heat flux, resulting in sites of surface-forced water
mass transformation driven by this cooling process being relocated to higher-latitudes and
away from the Nordic Seas. Reduced brine rejection during the sea-ice formation process
over the freezing season also plays a part by decreasing rates of near-surface salinity-driven

densification.

Analysis of the overturning circulation in the Nordic Seas shows that, although dense
water formation is projected to decrease, the maximum strength of the overturning cir-
culation is in fact projected to increase (particularly closer to the Arctic). However, the

density of this maximum overturning is projected to decline which may result in shoaling
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of the overturning circulation system. This points towards some compensation of the
wider-scale weakening of the AMOC by an increasing overturning circulation strength
at higher latitudes, although the extent of this compensation remains unclear and the
deep overflow water feeding into the AMOC here is projected to get less dense with cli-
mate forcing. Finally, we illustrate that the HadGEM3-HH simulations show some model
drift towards enhanced dense water formation in the Nordic Seas, such that trends are

magnified when removing this trend from the transient results.
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Concluding Remarks

The work presented in this thesis comprises the results of extensive scientific research on
the Nordic Seas region. We explore the climatological variability and atmospheric forcing
of sea-ice features, the changing processes associated with complex ocean dynamics and
the important interactive feedback mechanisms within the coupled ocean-ice-atmosphere
system. Using both observational data and climate model output, we analyse historical
records and investigate future projections to better understand the response of the Nordic
Seas to climate change. We place our novel findings in context of the current scientific
literature and discuss the limitations of our present-day knowledge. We hope this work
contributes to the current understanding in both the scientific and the broader community.

The following section provides a brief synopsis of the thesis.

6.1 Thesis Overview

Introductory material is provided in Chapter 1. This introduces the concepts covered in
the research and explains what is already known from published studies. We also highlight
what currently remains unknown and provide some open questions which we then aim to
answer in our work.

In Chapter 2 we present our published study on the Northeast Water Polynya. This
body of work uses more than 40 years of reanalysis data to provide a novel and detailed
climatology of the polynya and surrounding area. Our results highlight the high spa-
tiotemporal variability of sea-ice in the region and indicates that atmospheric processes
mainly determine the location, size and structure of the polynya, all of which vary signifi-
cantly interannually. The upper-ocean also exhibits a large seasonal cycle of variability in
response to surface forcing. The extent of the Northeast Water Polynya, along with the
annual timing of its opening and closing, is tightly coupled to the near-surface atmospheric
flow regime. The direction of the low-level winds is controlled by the relative locations
of high and low sea-level pressure centres over the region and this dynamic wind forcing
largely controls the opening of the polynya, while thermodynamic forcing dominates its
closure. With the changing climate, the polynya is opening earlier and closing later in the
year, approaching a state of reduced annual variability and moving towards more closely
resembling a broad marginal ice zone. As ocean and atmospheric warming continues and
the sea-ice edge retreats northwards, the future of the NEW Polynya becomes more un-
certain and it is possible that this important feature of the high-latitude Nordic Seas will
no longer form as it has in the past. Analysis of other observational-based data validates

our results.
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In Chapter 3 we expand our research of the Nordic Seas, implementing climate model
output from the CMIP6 HadGEM3 simulations. In this chapter, the global coupled model
is evaluated against observational sea-ice and oceanographic data and differences between
the low, medium and high-resolution simulations are highlighted. Overall the model
captures sea-ice distribution and variability in the Nordic Seas accurately, although the
response to climate change tends to be enhanced compared to current in-situ measure-
ments. Smaller features such as the NEW Polynya are poorly resolved, particularly at
lower resolutions. In a similar manner, the ocean properties and dynamics in the Nordic
Seas are generally well represented in the higher-resolution HadGMES3 simulations but the
velocities of the boundary currents tend to be elevated compared to observational records.
It should be noted that the low-resolution model run does not fully resolve the ocean cir-
culations in the Nordic Seas, suggesting a horizontal grid of at least 1/4° is necessary for

accurate oceanographic research in this region.

We go on to explore the response of the Nordic Seas to a high-emissions climate change
scenario in Chapter 4. By considering the changes over the period of the HadGEM3 simu-
lations (1950 - 2050) we show the dramatic evolution of upper-ocean diagnostics and near-
surface coupled interactions from pre-industrial conditions to a projected anthropogenically-
forced future regime. We find strong warming trends throughout the domain and show
that increasing Atlantic Water inflow dominates the spatial distribution of changes in
ocean temperature, as well as the salinity response in the EGC, despite significant in-
creases in freshwater flux from ice melt. Opposing salinity trends in different locations
leads to large horizontal density gradients and a generally more energetic Nordic Seas,
with stronger boundary current velocities and enhanced atmosphere-ocean coupling that
drives a dynamical ocean response with important implications for regional water mass
transformation processes. Additionally, the analysis of low, medium and high horizontal
grid resolutions demonstrates that, overall, the higher-resolution simulation is best for

precise analysis of this complex highly-coupled sub-polar environment.

Finally, in Chapter 5 we use the high-resolution HadGEM3 model to conduct a de-
tailed study of water mass volume changes in the Nordic Seas. Projections of reduced
dense water are driven by multiple interacting mechanisms (such as rising ocean poten-
tial temperatures and increasing stratification) and result in a reorganisation of dense
water transport. We see a limited response overall in freshwater fluxes. Our calculations
point towards a stronger but lighter overturning circulation in the future, along with a
northward shift of key sites of surface-forced water mass transformation towards higher
latitudes and the Arctic Ocean. These anthropogenically driven changes in the Nordic

Seas have important implications for the AMOC and global climate system.
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6.2 Ideas for Future Work

Although the research presented in this thesis has improved our understanding of the
Nordic Seas coupled system, there remain many unanswered questions and there is always
the possibility to learn more. As human activity in the region expands and intensifies,
and as the climate continues to change, the need for detailed and accurate knowledge

regarding this important environment will only increase with time.

One major finding of this thesis is that, in the Nordic Seas, near-surface responses to
anthropogenic forcing, such as sea-ice decline and rising temperatures, have significant
impacts on dynamic ocean processes, such as water mass transformation and overturning
circulation. As discussed, these mechanisms play an important role in the AMOC and
thus the global climate system, but the extent and details of these impacts could be
further investigated. How might the projected reductions in dense water formation in
the Nordic Seas influence the overflow waters feeding into the AMOC? In the future, will
lighter waters exit the domain through Denmark Strait at depth? Could this trigger a
response further downstream in the Labrador Seas (another important site of dense water
formation in the global thermohaline circulation)? Could these localised responses be

traced to larger-scale reductions in the overall strength of the AMOC?

Furthermore, how could the increasing strength of the overturning circulation in the
Nordic Seas influence the AMOC? Might the northwards shift of densification sites com-
pensate somewhat for the predicted future weakening trend? How might the structure of

the Arctic Ocean evolve in the future if sea-ice decline and “Atlantification” continues?

Although we show that the change in freshwater fluxes in the Nordic Seas remains
limited overall, there is a response in this diagnostic. A closer look at how freshwater
anomalies propagate through the region and explicitly influence ocean stratification, con-
vection or overflow properties, would be valuable. It would also be interesting to assess
the predictability of associated mechanisms, for example, are there early-warning signals
for suppressed convection or regime shifts? What components of the coupled system

dominate predictability?

Future work considering the decoupling of the Nordic Seas overturning strength from
ventilation effectiveness could also be impactful. How relevant are the changes in the
overturning circulation for deep ocean ventilation rates and tracer uptake? Crucially, the
efficacy of deep water renewal has implications for ocean heat uptake and carbon storage,

both currently important processes in regions such as the Greenland Sea Gyre.

These questions are currently the topic of much scientific research. In further work, it
would be interesting to analyse modelled future projections from various climate simula-
tions to consider changes in the AMOC and the Arctic Ocean and ideally, comparisons to
in-situ observations could provide validation of modelling results where possible. While we
provide some evaluation of the HadGEM3 model in the Nordic Seas against observation-

based products, further comparison would be necessary for reliable comprehensive studies
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of the AMOC, particularly at higher latitudes and in the Arctic Ocean (although this is
difficult as in-situ measurements of the atmosphere and ocean are sparse).

Overall, the HadGEM3 simulations comprise a very valuable source of data for climate
research and the model is of high quality. However, as with any model, we acknowledge
that there are some limitations. The relatively short spin-up time of the simulations,
for example, leads to some model drift over the initial period. Additionally, the model
output is only available to the year 2050, which is not particularly far into the future
when it comes to timescales of climate change. Furthermore, the HadGEM3 simulations
are of relatively high climate sensitivity and are forced by a high greenhouse gas emissions
scenario. Comparing our results from the analysis of the HadGEMS3 simulations to those
from other climate models would provide a more balanced perceptive and give us insight
into the robustness and uncertainty of our results. Further analysis of different emissions
scenarios and longer future timescales could also help to determine more precisely the
extent to which anthropogenic forcing drives the responses seen in the Nordic Seas.

While we have looked at atmospheric forcing of the surface, research focussed more
specifically on coupled feedback mechanisms (especially radiative ones) could prove useful.
For example, how are local cloud regimes and evaporation-precipitation processes chang-
ing as sea-ice declines in the Nordic Seas? How might the response of Arctic polynyas
influence cloud formation and persistence in future scenarios? Does this affect long-wave
radiation at the surface and, in turn, ocean heat loss/gain? This could be linked to our
study on the Northeast Water Polynya (Chapter 2) and, having analysed the historical
record, it would be interesting to consider the future of the polynya in climate model
projections.

One highlight of our research on the Nordic Seas is that human-driven climate change
is linked to a wide range of atmospheric, oceanic and cryospheric physical processes and
that many of these mechanisms are tightly interconnected. For future work, it should be
noted that a holistic research approach is important in such a highly coupled environment.

These are some brief ideas for possible future study in this field. When it comes to the
Nordic Seas there is still a vast amount of scientific work to be done and many aspects

the climate system in this region remain to be fully understood.
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