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Abstract

The heat content and convergence of the heat flux transport (CHFT) in the ocean

region 65oW-40oW, 45oN-65oN is studied based on in-situ observations of ocean tem-

perature and the reanalaysis of surface flux for the period from 1993 to 2018. This

region includes the Labrador Sea, the area of North Atlantic Current and Newfound-

land Basin. The CHFT is computed from the equations of the tendency of heat

contents for the surface (0-150 m depth), intermediate (150-2000 m depth), and deep

(below 2000 m) layers and the whole ocean column. The highest interannual variabil-

ity of CHFT is observed in the regions of the Newfoundland Basin and North Atlantic

Current. The CHFT in the first region is influenced by the influx of sea-ice from the

Northern Labrador Sea. The interannual variability of the CHFT in the second re-

gion represents the year-to-year change in the contribution of the ocean transport

to the heat budget by the extension of Gulf Stream in the Subpolar North Atlantic.

The CHFT in the central, eastern, northwestern, and northeastern sub-regions of

the Labrador Sea were found to be highly correlated (r>0.7). There is a very weak

correlation between the CHFT in these regions and the CHFT in the Newfoundland

Basin and North Atlantic Current.
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Continents are shaded dark grey, and ocean depth is shown in contours.

Red arrows indicate warm and saline surface currents, while deep cur-

rents are shown in blue arrows. Green indicates cold and fresh surface

currents. Deep convection sites are marked as grey dots, and the spread

of new deep water is presented in grey arrows. LSW = Labrador Sea

Water formation site; DSOW = Denmark Strait Overflow Water re-

gion; ISOW/I = Iceland Scotland Overflow Water region. NAC =

North Atlantic Current; EGIC = East Greenland Irminger Current;

IC = Irminger Current; LC = Labrador Current; MW = Mediter-

ranean Water; NEADW = North East Atlantic Deep Water; CGFZ

= Charlie-Gibbs Fracture Zone; BFZ = Bight Fracture Zone; MAR =

Mid-Atlantic Ridge; IAP = Iberian Abyssal Plain. . . . . . . . . . . . 3

1.2 Map of the Subpolar North Atlantic Ocean showing the main bathy-

metric features and the geographical location of the studied subregions

(1-6) (Bathymetry from USGS Global Baselayer). . . . . . . . . . . . 10

viii



1.3 Time series for (a) Synthetic (blue), (b) Low-pass filtered (Butter-

worth) (red), and (c) Low-pass filtered (Moving Average) (green) sea-

ice conentration data. . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

1.4 Time difference of the (a) Synthetic and (b) Low-pass filtered (Butter-

worth) data shown in blue and red, respectively. . . . . . . . . . . . . 16

2.1 Time progression of Potential temperature (oC) from (a) surface to 500

m and (b) 500 m to bottom in the Northeastern Labrador Sea for the

period 1993-2018. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.2 Time progression of Potential temperature (oC) from (a) surface to 500

m and (b) 500 m to bottom in the Central Labrador Sea for the period

1993-2018. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.3 Time progression of Potential temperature (oC) from (a) surface to

500 m and (b) 500 m to bottom in the Northwest Labrador Sea for the

period 1993-2018. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.4 Time progression of Potential temperature (oC) from (a) surface to 500

m and (b) 500 m to bottom in the East Labrador Sea for the period

1993-2018. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.5 Time progression of Potential temperature (oC) from (a) surface to 500

m and (b) 500 m to bottom in the South Labrador Sea for the period

1993-2018. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.6 Time progression of Potential temperature (oC) from (a) surface to 500

m and (b) 500 m to bottom in the North Atlantic Current region for

the period 1993-2018. . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

ix



2.7 Average monthly Argo float observations available in each grid cell

globally for the year 2019. There are 22,530 Argo floats deployed as of

January 2020 used for monthly analysis (by https://www.metoffice.gov.uk/hadobs/en4/). 29

2.8 Flow of processing performed on the Metoffice EN4 data (Good, et.

al., 2013). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.9 The mean θ − S (potential temperature and salinity) curve for all the

subregions for the period 1993-2018. . . . . . . . . . . . . . . . . . . . 31

3.1 Mean Sea Surface Temperature for the period 1993-2018. . . . . . . . 39

3.2 Mean Seasonal Cycle of Sea Surface Temperature for all the subregions

1-6 calculated for the period 1993-2018. . . . . . . . . . . . . . . . . . 40

3.3 Mean Net Surface Heat Flux for the period 1993-2018. . . . . . . . . 40

3.4 Mean Radiative Heat Flux for the period 1993-2018. . . . . . . . . . . 41

3.5 Mean Seasonal Cycle of Radiative Flux for all the subregions 1-6 for

the period 1993-2018. . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.6 Mean Turbulent Heat Flux for the period 1993-2018. . . . . . . . . . 44

3.7 Mean Seasonal Turbulent Heat Flux for all the subregions in the period

1993-2018. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.8 Correlation between Sea Surface Temperature and (a) Radiative Heat

and (b) Turbulent Heat Flux respectively for the period 1993-2018. . 46

3.9 Mean sea ice concentration for March 1993-2018 . . . . . . . . . . . . 47

3.10 (a) Mean Seasonal Sea Ice Concentration, and its (b) Interannual vari-

ability for all the subregions 1-6 for the period 1993-2018. . . . . . . . 48

x



4.1 Annual Mean Ocean Heat Content in (a) surface, (b) intermediate, (c)

bottom, and (d) total ocean column in the Western Subpolar North

Atlantic Ocean from the year 1993-2018 (KJ/m2). . . . . . . . . . . . 52

4.2 The components of the heat budget in the subregion one. (a) Inter-

annual anomalies of the heat content (H150) (black) and rate of heat

storage (∂Htot/∂t) (orange) for the surface layer, (b) interannual net

surface heat flux (Qs), (c) estimated convergence of ocean heat trans-

port (C150) for the surface layer, and (d) the convergence of heat trans-

port in intermediate (150-2000 m) in blue and bottom layers (below

2000 m) in orange. The map above, which shows the mean total heat

content for the period 1993-2018, highlights the region of interest. . . 57

4.3 Same as Figure 4.2, but for the subregion two. . . . . . . . . . . . . . 58

4.4 Same as Figure 4.2, but for the subregion three. . . . . . . . . . . . . 59

4.5 Same as Figure 4.2, but for the subregion four. . . . . . . . . . . . . . 60

4.6 Same as Figure 4.2, but for the subregion five. . . . . . . . . . . . . . 61

4.7 Same as Figure 4.2, but for the subregion six. . . . . . . . . . . . . . 62

4.8 Interannual anomalies of Total Ocean Heat Content (Htot) (black) and

heat content tendency (∂Htot/∂t) (orange) for the total ocean column

for subregion 1-6 in (a)-(f) respectively for the period 1995-2017. . . . 64

4.9 Estimated heat transport convergence (Ctot) for the total ocean column

for subregion 1-6 in (a)-(f) respectively for the period 1995-2017. . . . 65

xi



4.10 Variance of each component of the interannual heat budget in (a) Net

surface heat flux, (b) heat content tendencies for surface layer, (c) heat

transport convergence in the surface layer, (d) heat content tendencies

for total ocean column and (e) heat transport convergence in total

ocean column for the period 1993-2018 (W 2/m4). . . . . . . . . . . . 67

4.11 Correlations between different components of the interannual heat bud-

get (a) surface heat content tendency and net surface heat flux, (b) heat

content tendency for total ocean column and net surface heat flux, (c)

surface heat content tendency and heat transport convergence in the

surface layer, and (d) heat content tendency for total ocean column

and total heat transport convergence for the period of 1993-2018. The

map above, which shows the mean total heat content for the period

1993-2018, highlights the regions of interest. . . . . . . . . . . . . . . 70

4.12 Cross-correlation of total ocean column heat transport convergence

term between the regions with (r > 0.7) with 95% confidence. The

lags are in months. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.13 Correlations between estimates of deseasonalized and 12-month low-

pass filter smoothed Heat Content in the surface layer and total ocean

column with the deseasonalized and smoothed net surface heat flux and

turbulent flux components (latent heat flux and sensible heat flux) for

the period of 1993-2018. . . . . . . . . . . . . . . . . . . . . . . . . . 74

xii
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Chapter 1

Introduction

The global ocean covers 71% of the Earth’s surface and contains 97% of all the water

(Costello et al., 2010). It supports 90% of the biosphere. The ocean surface fresh-

water flux accounts for 85% of surface evaporation and 77% of precipitation. The

sea-water has high heat capacity and plays an essential role in the planetary heat

budget. Our understanding of the role of the ocean in establishing the Earth’s energy

and fresh water budgets has considerably improved in recent years due to the devel-

opment of technologies for in-situ and remote ocean observations. In particular, it

was established that the ocean meridional heat transport in the Northern Hemisphere

is between 1500 and 2000 TW (1TW = 1012W ) (Johns et al. 2011). An essential

part of it occurs in the Atlantic Ocean (Trenberth et al., 2001).

The Atlantic Meridional Overturning Circulation (AMOC) plays a critical role in

transporting heat across latitudes. The AMOC brings the warm subtropical North

Atlantic waters poleward. The cold and dense waters formed in the subarctic are

transported by AMOC equatorward in the intermediate and deep layers. The AMOC
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variability on time scales from interannual to centennial affects the ocean heat content

and has an essential impact on the global and regional climate dynamics (Bryden et

al., 2005).

One of the physical factors which drive the variability of AMOC is deep convection

which occurs in several ocean regions, including the Nordic Seas, Irminger Sea and

the Labrador Sea (Dickson et al., 1996; Marshall et al., 2001; Marsh et al., 2005;

Cunningham and Marsh, 2010). The deep convection is driven by surface cooling

when the ocean releases heat to the atmosphere, and the surface waters become

denser and sink due to the convective instability (Kuhlbrodt et al. 2007). In the

Labrador Sea, the deep convection reaches depths of up to 2000 m and forms the

Labrador Sea Water (LSW), which feeds the lower limb of the AMOC (Marshall et

al., 1998; Lazier et al., 2002; Rhein et al., 2002).

1.1 The major water masses of the North Atlantic

Based on their potential density, water masses of the North Atlantic are divided into

the surface, intermediate, deep and bottom waters. The surface layer is dominated by

Central Atlantic Water (CAW). The CAW is subdivided into the East North Atlantic

Central Water (ENACW), West North Atlantic Central Water (WNACW). These

water masses have a potential density of less than 27 kg/m3.

The ENACW occupies the surface 500 m layer east of the Mid-Atlantic Ridge.

The temperature range in the ENACW is 8.0-18.0 oC, and salinity varies between

35.0 to 36.7 psu. ENACW forms during the winter season and is subducted west

of Iberian Peninsula. A major part of this water moves along the southern branch
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Figure 1.1: Map of the North Atlantic Subpolar Gyre from Garćia −

Ibáñez et al., 2018. Continents are shaded dark grey, and ocean depth is shown in

contours. Red arrows indicate warm and saline surface currents, while deep currents

are shown in blue arrows. Green indicates cold and fresh surface currents. Deep con-

vection sites are marked as grey dots, and the spread of new deep water is presented

in grey arrows. LSW = Labrador Sea Water formation site; DSOW = Denmark

Strait Overflow Water region; ISOW/I = Iceland Scotland Overflow Water region.

NAC = North Atlantic Current; EGIC = East Greenland Irminger Current; IC =

Irminger Current; LC = Labrador Current; MW = Mediterranean Water; NEADW

= North East Atlantic Deep Water; CGFZ = Charlie-Gibbs Fracture Zone; BFZ =

Bight Fracture Zone; MAR = Mid-Atlantic Ridge; IAP = Iberian Abyssal Plain.
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of the North Atlantic Current and then southward off the coast of northwest Africa.

The WNACW forms at the south flank of the Gulf Stream. It spreads in between

latitudes of ∼10 oN and 40 oN with temperature and salinity range of 7.0-20.0 oC

and 35.0-36.7 psu, respectively.

The water masses in the intermediate layer of the Atlantic Ocean are character-

ized by a potential density between 27-27.7 kg/m3. They include Antarctic Interme-

diate Water (AAIW) in the south, Subarctic Intermediate Water (SAIW) and dense

Mediterranean Overflow Water (MOW) in the north. The cold AAIW (temperature

2.6-11.0 oC and salinity 33.8-34.8 psu) originates from the surface (upper 200 m) in

the region north of the Antarctic Circumpolar Current (ACC). The SAIW is a low

temperature and salinity water mass ((3.0-9.0 oC, 34.0-35.3 psu) located north of

40 oN , mostly in the Western North Atlantic. MOW enters the North Atlantic at

intermediate depths through the Strait of Gibraltar. It spreads to the east of the

Mid-Atlantic Ridge and has relatively high temperature and salinity (T=2.6-11.0 oC,

S=35.0-36.2 psu). AAIW spreads northward after leaving the formation area, across

the equator and further north until ∼40 oN , where it meets MOW and SAIW.

The North Atlantic Deep Water (NADW) occupies the deep layer of the North

Atlantic and has a potential density between 27.7 and 27.88 kg/m3. Formed in the

high latitudes of North Atlantic, cold NADW (T=1.5-4.0 oC, S=34.8-35.0 psu) is

subdivided into upper and lower portions based on their different potential densities

and origins. Upper NADW (uNADW) forms from the LSW, whereas lower NADW

(lNADW) forms from Iceland-Scotland Overflow Water (ISOW) and Denmark Strait

Overflow Water (DSOW).

The bottom layer of the North Atlantic is occupied by the Antarctic BottomWater
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(AABW) with a potential density of greater than 27.88 kg/m3. AABW is a mixed

product of Weddell Sea Bottom (WSBW) and Circumpolar Deep Water (CDW) in

the South Atlantic Ocean and has a relatively cold temperature of -0.9-1.7 oC and

low salinity in the range of 34.6-34.7 psu.

1.2 The water masses and circulation of the Sub-

polar North Atlantic Ocean

The warm and salty subtropical North Atlantic waters enter the upper layer of the

North Atlantic Subpolar Ocean along the multiple branches of the North Atlantic

Current - NAC (Figure 1.1). The NAC flows into the eastern part of the subpolar

gyre in the Bay of Biscay, the Rockall Trough, the Iceland Basin, and the Irminger

Sea. A portion of the NAC flows then into the Norwegian Sea, while its remaining

part recirculates in the subpolar gyre. The Western Boundary Current (WBC) ex-

ports dense and cold intermediate and deep waters equatorward. These two means

of transport, the NAC and the WBC determine the upper and lower branches of

the AMOC in the Subpolar North Atlantic (SPNA). The circulation of the SPNA

is characterized by a largescale cyclonic system of boundary currents and interior

recirculations (Figure 1.1).

The surface Atlantic waters which enter the SPNA along the NAC are gradually

modified as they spread through the Subpolar Gyre. The surface cooling and vertical

mixing in the SPNA transforms them into the Subpolar Mode Waters (SPMW).

The SPMW is a near-surface thick layer of waters with nearly uniform properties
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(temperature, salinity, density). It is a reservoir of heat that is slowly released back

to the atmosphere in the Subpolar Gyre. In observations, the SPMW is identified

by the minimum in the vertical distribution of isopycnic potential vorticity (IPV).

For small Rossby numbers, ζ << f , where ζ is the relative vorticity, and f is the

planetary vorticity, the IPV is determined as

IPV =
f

ρ

∂ρ

∂z

In the absence of turbulent mixing, IPV is conserved along the isopycnal surfaces.

The minimum IPV corresponds to high vertical homogeneity of the water mass and

acts as a tracer for SPMW.

The SPMW is not a separate water mass. Still, it is an indicator for waters

formed by surface cooling and contributes to other water masses like the Central

Water, Irminger Water in the Labrador Sea, Atlantic Water in the Nordic Seas, etc.

The SPMWs enter the SPNA along the Rockall Trough branch and the Iceland Basin

branch (Central Iceland Basin branch and Subarctic Front) of the North Atlantic

Current (NAC). In the Irminger Sea, where mixing can reach up to 800-1300 m, a

remnant of the SPMW forms the Irminger Water (IW). The IW enters the Labrador

Sea around the southern tip of Greenland.

The Irminger Current (IC) on the west flank of the Reykjanes Ridge is mainly re-

circulating the East Reykjanes Ridge Current (ERRC) that turns north after crossing

the Ridge. The IC is also fed in part by a minor northern branch of the NAC. The

surface transport in the west Irminger Sea is dominated by the East Greenland Cur-

rent (EGC). It flows parallel to the offshore Irminger Current. The two currents are

commonly referred to as the East Greenland/Irminger Current (EGIC). The EGIC
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follows the bathymetry around Cape Farewell and becomes the West Greenland Cur-

rent (WGC), in the Labrador Sea (Figure 1.1). In the Northern Labrador Sea, one

branch of the WGC propagates north and enters Baffin Bay. The remaining part of

the WGC joins the Labrador Current along the west coast of the Labrador Sea.

The densest and coldest water mass of the Subpolar North Atlantic is the Den-

mark Strait Overflow Water (DSOW), which flows between Greenland and Iceland

through the Denmark Strait over the sill down into the deep ocean on the western

side of the Ridge. Likewise, Iceland Scotland Overflow Water (ISOW) flows through

the southern gap between Iceland and Scotland. This water mass mixes with other

water masses forming the so-called North-East Atlantic Deep Water (NEADW). It

ultimately merges with the DSOW to form the Deep Western Boundary Current,

which transports these dense water masses in the Subpolar Gyre.

1.3 Circulation, mixing and water mass formation

in the Labrador Sea

The Labrador Sea, which is the coldest and freshest region of the subpolar North

Atlantic, serves as one of the final junction points for the upper modified surface

Atlantic Waters. The presence of these waters creates significant horizontal and

vertical temperature and salinity contrasts in the surface layer of the Labrador Sea.

Two boundary currents dominate the advective transport in the upper layer of the

Labrador Sea: Labrador and West Greenland Currents.

The WGC brings northward waters from the Irminger Sea, entering the Labrador
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Sea along the southern tip of Greenland. The relatively shallow surface layer in the

WGC transports cold and fresh modified waters of the Eastern Greenland Current

and sea-ice. The waters of the WGC below the thermocline consist of warm and salty

Irminger Water (IW). The subsurface part of the boundary WGC transporting the

IW in the Labrador Sea is often referred to as the Irminger Current. The IW plays

an essential role in the restratification of the ocean after the winter convection.

The Labrador Current is a cold, boundary current along the coasts of Labrador

and Newfoundland. It has two branches: the inshore branch and the offshore branch.

The inshore branch flows over the shelf of the west Labrador Sea. The offshore branch

is a barotropic current over the shelf-slope. The Labrador current has a number of

recirculations, especially evident at mid-depths.

The intermediate layer of the SPNA is filled with Labrador Sea Water (LSW),

formed mainly in the Labrador Sea and in the Irminger Sea (see Figure 1.1). The

Labrador Sea Water (LSW) is also often referred to as the Upper North Atlantic Deep

Water (UNADW). The strong vertical density gradient in the thermocline inhibits

the vertical exchange between the surface ocean layer and the abyss, insulating deep

water from surface variations. The ocean dynamics in the central part of the basin

facilitate intense and deep-reaching convection and mixing.

The events of deep convection are subdivided into three stages (Marshall and

Schott 1999). The first stage is called preconditioning when the gyre-scale cyclonic

circulation and an accompanying (upward) doming of isopycnals are intensified. This

process brings the abyssal weakly stratified water closer to the surface. During late

autumn and early winter, the thin layer of strongly stratified water is eroded by the

increasingly large buoyancy loss to the atmosphere. This exposes the weakly stratified
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water underneath to the cold atmosphere.

During the second stage called violent mixing, the large heat and buoyancy loss

to the atmosphere drives deep convection in localized ‘plumes’ about 1 km in diam-

eter. In these plumes, vertical velocities reach up to 10 cm/s (Marshall and Schott

1999). The vertical motion homogenizes water characteristics in the plumes. Dur-

ing and after the violent mixing, rapid lateral mixing with the surrounding water

creates an area of dense water, known as a ’chimney’ or a ’mixed patch’ (Marshall

and Schott 1999). A rim current develops around this chimney, between the dense

water in the convected area and the stratified, lighter water surrounding which is in

geostrophic balance with the lateral density gradient. This rim current then becomes

baroclinically unstable and generates small eddies, called Convective Eddies (CE).

The typical scale of the CE is the order of the internal Rossby radius of deformation.

The mesoscale eddies forming on the rim current, their motion and decay induce

horizontal mixing of the waters in the convection site and restratifies the ocean.

The boundary current acts as a major source of buoyancy for the replenishment

of the dense water mass in the convected area (LabSeaGroup 1998; Lilly et al. 2003).

The buoyant water is brought into the interior by lateral eddy-induced fluxes, while

the dense convected water is exported out of the Labrador Sea in the boundary

current. A major role in this lateral exchange is played by the Irminger Eddies,

which form along the WGC in the northeastern part of the Labrador Sea. They have

a typical radius of about 50 km and a lifetime between several months to years. Their

vertical structure is determined by the presence of a cold and fresh surface layer and a

core of warm and salty Irminger Waters between 50 and 1000 m depth. The Irmniger

Rings motion has a predominantly negative zonal velocity component towards the
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central part of the basin.

The depth of convection varies on interannual to decadal time scales (Lazier,

1980). The corresponding changes in the thickness, temperature and salinity of the

LSW have large-scale consequences as the newly formed LSW spreads and affects

the potential vorticity structure of the subtropical Atlantic gyre. The major driver

of interannual to decadal variations in the LSW rate of formation is the long-term

variability in the winter air-sea fluxes.

Figure 1.2: Map of the Subpolar North Atlantic Ocean showing the main bathymetric

features and the geographical location of the studied subregions (1-6) (Bathymetry

from USGS Global Baselayer).

The AMOC makes the climate of the Arctic and subarctic milder and brings
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cold polar deep and intermediate waters equatorward. The currents of the Labrador

Sea (see Figure 1.1) are an important component of the AMOC. The dynamics of

these currents and their contribution to the AMOC are related in a complex way

to processes like air-sea interaction, deep convection, mesoscale and sub-mesoscale

eddies, LSW formation, and LSW spreading. In addition to this, sea-ice covers large

areas of the Labrador Sea, affecting its heat budget. Many of these processes are the

focus of intense studies and observations but are still not fully understood. The focus

of this thesis is to understand the advective heat transport in an integral way. The

heat budget is averaged over six regions in the Labrador Sea (see Figure 1.2).

Region 1 is over the Northeast Labrador Sea. This is the region where the Irminger

Rings form and propagate towards the Central Labrador Sea, triggering an essential

later eddy-induced heat transport. Region 2 in the Central Labrador Sea is the area

of intense deep convection and deep water formation. Region 3 in the Northwest

Labrador Sea is the area influenced by the inflow from the Hudson Channel and the

Baffin Bay and where the Labrador Current forms. Region 4 in the East Labrador

Sea, where the inflow from the Irminger Sea enters into the Labrador Sea. Region 5

in the South Labrador Sea is over the Newfoundland Basin, where the Deep Western

Boundary Current exports the LSW out of the Labrador Sea. Region 6 is over the

North Atlantic Current.

1.4 The ocean heat transport

The advection-diffusion equation for the ocean temperature (T) is:
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∂T

∂t
+∇huhT +

∂wT

∂z
= ∇ · νh∇T +

∂

∂z
νv
∂T

∂z
(1.1)

The second and third terms in the left define the horizontal and vertical advection

correspondingly. The terms on the right are the horizontal turbulent diffusion with

coefficients νh in horizontal and νv in vertical. The tendency of ocean heat content

of the layer between depths of D1 and D2 is

∂H

∂t
= −ρocp

[

∇ ·

∫ D2

D1

(uhT − νh∇T )dz

]

+ ρocp

[

wT − νv
∂T

∂z

]D2

D1

(1.2)

where

H =
∫ D2

D1

ρocpTdz (1.3)

is the heat content of the ocean layer. The equation of heat budget (equation

1.2) represents a balance between the tendency of heat content in the left-hand side

and the convergence of ocean heat transport, both advective and turbulent, in the

right-hand side. When the upper boundary of the layer is at the surface (D2 = 0),

one needs to account for the surface fluxes and the presence of sea-ice. The boundary

condition at the surface is

νv
∂T

∂z
= Qsw − Σw

and w = 0 at z = 0 where Qsw is the net atmospheric heat flux into the ocean, and

Σw is the heat exchange with the surface sea-ice. Using the boundary condition we

can write:

∂H

∂t
−Qsw + Σw = −ρocp

[

∇ ·

∫ D2

D1

(uhT − νh∇T )dz

]

− ρocp

[

wT − νv
∂T

∂z

]D2

D1

(1.4)
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Therefore, the heat budget of the water column is a balance between the tendency

of heat content and surface heat flux input and the convergence of ocean heat trans-

port. The surface of the Labrador Sea is partly covered by sea-ice. The contribution

of sea-ice to the ocean heat content is determined by latent heat Σw due to ice for-

mation and melt. To account for this contribution, we consider the equation of the

tendency of enthalpy of sea-ice at the ocean surface:

∂Hi

∂t
−Qsi − Σw = −ρc[∇ · uHi − qi] (1.5)

where

Hi =
∫

0

−h
αρcTidz (1.6)

is the ocean enthalpy, Qsi is the surface heat flux to the sea-ice, α is the percentage

of area covered by sea-ice, ρ is the ice density, h is sea-ice thickness, and Ti is the ice

temperature. Here qi represent all transports of enthalpy, which are not advective.

The sum of the two equations (1.4 and 1.5) provides the equation for the total

heat budget, including the contributions of both the ocean and sea-ice:

∂H

∂t
−Qs = −ρocp

[

∇·

∫ D2

D1

(uhT−νh∇T )dz

]

−ρocp

[

wT−νv
∂T

∂z

]D2

D1

−

[

ρc(∇ · uHi − qi)−
∂Hi

∂t

]

(1.7)

where Qs = Qsi +Qsw is the net surface heat flux into the ocean.

The right-hand side of the equation accounts for the contributions to the conver-

gence of heat transport: (a) horizontal advective and diffusive heat flux in the ocean

(first term); (b) vertical advective and diffusive heat flux at the bottom of the ocean
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layer (second term); and (c) surface heat flux due to the lateral transport of sea-ice,

ice formation and ice melt (third term). The second term vanishes when D2 is the

bottom depth. In the following, we will refer to the right-hand side as the convergence

of heat transport.

The tendency of the sea-ice heat enthalpy is normally difficult to find from obser-

vations. The estimation of Hi requires observations for the ice concentration (α), the

vertical profile of temperature in the ice Ti, and ice-thickness h. At the same time,

the observations for ice-concentration suggest that the studied ocean region is ice-free

for two to three months every year. The sea-ice enthalpy also varies seasonally and

becomes zero (since α = 0) in the summer. Therefore, the annual average of the

tendency of sea-ice enthalpy calculated as an average between months of August of

each year :
〈

∂Hi

∂t

〉

=
1

Tyear

∫

Tyear

∂Hi

∂t
dt = 0 (1.8)

The focus of this study is on the interannual variability of the heat flux conver-

gence. It is estimated based on ocean observations which are low-pass filtered, and

the seasonal cycle is removed. To show the impact of low-pass filtering on the ice

characteristics, here we use synthetic data of sea-ice concentration (α). α is one of

the ice parameters in equation (1.6) which along with the ice-thickness (hi) and ice

temperature Ti determines the time variability of the enthalpy. The synthetic (αs)

monthly mean data of sea-ice concentration each year are simulated as:

αs(i) = α(i)(1 + A(year)× 0.25), i = 1, 12 (1.9)

where the α(i) is the observed climatological monthly mean sea-ice concentration

14



Figure 1.3: Time series for (a) Synthetic (blue), (b) Low-pass filtered (Butterworth)

(red), and (c) Low-pass filtered (Moving Average) (green) sea-ice conentration data.

data for each of the regions, 0.25 × A(year) determines the interannual changes in

seasonal amplitude in sea-ice variations. Here A(t) is defined as a normally distributed

random number with zero mean and standard deviation equal to one. The synthetic

and filtered data of sea-ice concentration are shown on Figure 1.3

The time difference of the synthetic data

∆αs = αs(n + 1)− αs(n) (1.10)

have strong seasonal cycle with positive tendency of sea-ice concentration in the

fall and early winter and negative in the spring. This seasonal cycle is removed from

the filtered estimates of the the tendency of ice concentration (Figure 1.4).

The filtered sea-ice concentration time difference still changes at interannual time

scales. These changes result from the variations in the amplitude of the seasonal

cycle of sea-ice concentration. While equation (1.8) ensures the annual mean value
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Figure 1.4: Time difference of the (a) Synthetic and (b) Low-pass filtered (Butter-

worth) data shown in blue and red, respectively.

of the ∂Hi/∂t to be zero if calculated between the summer months of two subsequent

years, the contribution of this term will be not exactly equal to zero in the heat

budget calculated by using low-pass filtered temperatures. We used 2500 randomly

generated realizations of 25 years series of ∆αs computed by using (1.9) and (1.10). In

region three the standard deviation of the filtered ∆αs = 0.92± 0.16. The unfiltered

values of ∆αs = 14.8 ± 0.7. In region five the values of ∆αs estimated form filtered

and unfiltered data are 0.15± 0.02 and 4.4± 0.2 correspondingly. The uncertainty is

defined as two standard deviations.

The contribution of the tendency of ice enthalpy in the surface heat budget is

reduced by the low-pass filtering by about 93-97%. Therefore in our analysis, we

assume that the third term in the right-hand side of equation(1.7), the contribution

of the tendency of ice enthalpy, is negligibly small and this term is dominated by the

convergence of the horizontal transport of sea-ice. This result means that the impact
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of the sea-ice to the ocean heat budget is through the ice-ocean heat exchange and

export of heat by the ice exported from areas with freezing surface during the winter

towards the ice-free areas. The final expression to the convergence of heat transport

due to ocean and sea-ice advection and diffusion used in this study is:

−ρocp

[

∇·

∫ D2

D1

(uhT−νh∇T )dz

]

−ρocp

[

wT−νv
∂T

∂z

]D2

D1

−ρc[∇·uHi−qi]−
∂(Hi)

∂t
=

∂H

∂t
−Qs

(1.11)

1.5 Objectives of the study

The general objective of the thesis is to understand the contribution of the ocean

transport of heat to the interannual variability of the Labrador Sea.

The specific objectives are:

1. To assess the surface heat fluxes and variations in the ocean heat content for

the period 1993-2018.

2. To assess the convergence of ocean transport of heat and its interannual vari-

ability.

3. To explore the physical causes of long-term variability in the heat content in

the Labrador Sea.
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Chapter 2

Data and Methods

This chapter describes the data and methodology used in this thesis to study changes

in the heat budget of the subpolar North Atlantic region. Surface fluxes of heat

and lateral transports drive the variations in the heat budget of the basin. These

driving factors have strong seasonal variability causing intense surface cooling, sea-ice

formation, and intensified wind-driven circulation in the winter, and restratification

of deep convection area, ice melting, and spreading of the LSW in spring and summer.

This study focuses on the interannual variability of the heat content and heat flux

convergence and addresses the question about the possible long-term changes in the

heat budget of the Labrador Sea and their links to the surface forcing and ocean

dynamics in the region. All data sets used in the study are low-pass filtered with a

frequency cutoff of fc = 1year−1.
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2.1 Region of the study

This study is focused on heat transport in the Northwestern Subpolar North Atlantic

and especially the basin of the Labrador Sea and surrounding area. The study area

is (see Section 1.5) further divided into six regions.

2.1.1 Northeast Labrador Sea

Northeastern Labrador Sea (subregion 1) is the area of Western Greenland Current

(WGC) and the formation of Irminger rings. The WGC is a part of the cyclonic

circulation of North Atlantic Oceans subpolar gyre and flows along the west coast of

Greenland and northward in the eastern Labrador Sea. It is composed of two compo-

nents —a cold and fresh stream on the shelf with a warmer and saltier Irminger Water

offshore. Originated in the East Greenland/Irminger Current system, it transports as

much as 15 Sv of sea water that is a mix of between 0.5 and 2.0 Sv of cold and fresh

water on the shelf with the Irminger Water subducting under the low-salinity polar

water. Some of this inflow recirculates back to the Irminger Sea, and about 11.7 Sv

enters the Labrador Sea. The mean temperature in subregion 1 in Figure 2.1 shows

strong seasonality in the surface layer temperatures. Frequent cold temperatures can

be seen in the year 1994-1998 for most the year and warming between 2000 and 2015

when high temperatures penetrate deep as 500 m. The seasonal cycle is relatively

small below 2000 m.
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Figure 2.1: Time progression of Potential temperature (oC) from (a) surface to 500 m

and (b) 500 m to bottom in the Northeastern Labrador Sea for the period 1993-2018.

2.1.2 Central Labrador Sea

In the winter season, the waters in subregion two in the Central Labrador Sea (see

Figure 1.2) are relatively cold, fresh, and well homogenized down to depths of about

500 m (Figure 2.2). The Upper North Atlantic Deep Water (uNADW), which is

also called the Labrador Sea Water (LSW) is formed here by deep convection in the
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late winter (February/March). The wintertime buoyancy loss increases the density

of the surface water in the Central Labrador Sea sufficiently to overcome the density

stratification in the upper 1000-2000 m. LSW is an important component of the

AMOC.
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Figure 2.2: Time progression of Potential temperature (oC) from (a) surface to 500

m and (b) 500 m to bottom in the Central Labrador Sea for the period 1993-2018.
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The rate of formation of new LSW in subregion two (see Figure 2.2) was rela-

tively low in the period 1995-1997. These were relatively warm years with weak deep

convection. The cold LSW observed at depths 500-2000 m in 1995-1997 was an old

water mass formed in the period from 1985 to 1994 (Yashayaev, 2007). The gradual

increase of the temperature in this old LSW was caused by the relatively weak winter

cooling in these years. The formation of new LSW intensified again since 2014, but

this new LSW had temperature relatively higher than in 1995-1997.

2.1.3 Northwest Labrador Sea

The subregion three is an area influenced by water inflow from the Hudson Strait

and the Davis Strait. The surface waters in this region are fresh and cold. The

flow in the Hudson Strait is bidirectional along the two coasts, i.e., into the Hudson

Bay along the Baffin Island and out of the bay along with the Northern Quebec

(LeBlond1981;Drinkwater 1988). The outflow combines with that from the Davis

Strait and with the retroflexion of the West Greenland Current (subregion one) to

eventually form the Labrador Current (Mertz et al., 1993; Loderet al., 1998).

In Figure 2.3, the seasonal cycle is visible in the surface layer with extremely cold

temperature in winter (low as -3 oC) through the spring and mild temperatures in

the summer going only high 4-5 oC. While the surface temperature warms in the

summer, the intermediate layer between 50 m and 100 m remains cold during most

of the period of study. A warming trend in the first ten years of the 2000s similar to

the one in subregion two is seen at depths between 500 m and 2000 m.
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Figure 2.3: Time progression of Potential temperature (oC) from (a) surface to 500

m and (b) 500 m to bottom in the Northwest Labrador Sea for the period 1993-2018.

2.1.4 Eastern Labrador Sea

The subregion 4 in the Eastern Labrador Sea is the region of inflow from the Irminger

Sea into shallow, cyclonic, boundary circulation of the Labrador Sea, that flows south-

ward above the Newfoundland shelf and upper slope. There is a seasonal variation

in flow in this region that flows along Western Greenland Current along Greenland
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Figure 2.4: Time progression of Potential temperature (oC) from (a) surface to 500

m and (b) 500 m to bottom in the East Labrador Sea for the period 1993-2018.
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shelf with maximum transport in October and minimum in MarchApril owing to the

variations in freshwater influx from Baffin Bay (Lazier and Wright, 1993). The mod-

ified Irminger Water travels around the basin below the surface cold water along the

upper Labrador slope. Offshore of the main boundary currents, a series of cyclonic

recirculation cells form a weak anticyclonic flow in the interior (Lavender et al. 2000).

The deep circulation that consists of the deep western boundary current along the

3000 m isobath carries NADW, NEADW and the denser DSOW through the cyclonic

flow in the basin.

A much stronger seasonal cycle is seen (Figure 2.4) in the whole of upper 500 m.

The transports in the subpolar gyre are stronger in January-February and weaker

in July (Greatbach and Goulding, 1989) that brings warm ISW as the heat source

and keeps the Labrador Sea ice-free in the winter (Lilly et al. 1999; Lazier 1973).

As a result, we do not see cold temperature in the surface layer in the winter when

compared to subregions one, two and three. We observe a warming trend from 1996

to 2010 in the intermediate layer that stabilized in the following years. No interannual

trend is observed in the deeper layer below 2000 m.

2.1.5 Southern Labrador Sea

The Labrador Current transports the cold and relatively fresh waters in the surface

layer and modified warmer and saline Irminger Water at intermediate depths. The

current, when it approaches Newfoundland shelf, appears as two branches, the inshore

Labrador Current and a stronger offshore branch. Newfoundland shelf is dominated

by the inshore Labrador Current that flows near the coast, which eventually merges
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Figure 2.5: Time progression of Potential temperature (oC) from (a) surface to 500

m and (b) 500 m to bottom in the South Labrador Sea for the period 1993-2018.

with offshore Labrador Current to the south of 48 oN . The current undergoes signif-

icant changes due to a deep-rugged section in the north and shallower Newfoundland

Shelf around Grand Banks.

The surface layer of the Southern Labrador Sea (Figure 2.5) shows strong sea-

sonality with variation as much as 12 oC. Warm temperatures are observed during
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summer, and the coldest temperature is observed during winter and spring because of

the presence of seasonal sea ice. This shows that atmospheric conditions and surface

fluxes could have a strong role.
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Figure 2.6: Time progression of Potential temperature (oC) from (a) surface to 500

m and (b) 500 m to bottom in the North Atlantic Current region for the period

1993-2018.
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2.1.6 The North Atlantic Current

Subregion six is the region where the North Atlantic Current (NAC) enters the Sub-

polar North Atlantic. The NAC is an extension of the Gulf stream which brings warm

and salty subtropical waters. The NAC forms three distinct branches at Grand Banks

(see in Figure 1.1) which play essential role for the transport of these waters into the

subarctic and Arctic. The subregion six (Figure 2.6) exhibits strong seasonality in

the surface layer. Most of the seasonal changes take place in the top 400 m or so with

surface temperature varying from 14 oC to 7-8 oC. The seasonal cycle is relatively in

intermediate and deep layers.

2.2 The Data

2.2.1 MetOffice EN4 Argo Data

EN4 is a quality controlled database of global subsurface ocean temperature and salin-

ity profiles, objective analyzed and gridded onto a regular grid. The methodology of

EN4 is developed by two European Union projects: ENACT (Enhanced Ocean Data

Assimilation and Climate Prediction) and ENSEMBLES. It is based on a collection

of observations for ocean temperature and salinity profiles (see Figure 2.7) over the

period 1900 to the present. A series of quality control checks are applied to these

observations. A method for objective analysis is used to obtained grided data of

temperature and salinity profiles and estimate the data uncertainty.

EN4 is available in NetCDF format from the Met Office Hadley Centre observa-

tions website, http://www.metoffice.gov.uk/hadobs.
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Figure 2.7: Average monthly Argo float observations available in each grid cell glob-

ally for the year 2019. There are 22,530 Argo floats deployed as of January 2020 used

for monthly analysis (by https://www.metoffice.gov.uk/hadobs/en4/).

The method of objective analysis undergoes continuous validation, adjustment and

improvements (e.g., Wijffels et al., 2008; Ishii and Kimoto, 2009; Levitus et al., 2009;

Gouretski and Reseghetti, 2010; Good, 2011; Gouretski, 2012; Hamon et al., 2012).

One of the most recent developments focused on adjustment for time-varying biases

in expendable bathythermograph (XBT) and mechanical bathythermograph (MBT)

profiles. Temperature and salinity profile information from many data sources is

embedded into the EN4. One of the main data sets used in EN4 is the WOD09. Three

other data sets added to EN4 are Arctic Synoptic Basin Wide Oceanography (ASBO)

data, Global Temperature and Salinity Profile Program (GTSPP) [U.S. National
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Oceanographic Data Center, 2006] from 1990 onward and Argo data for 2000 onwards

(GDACs). The data processing of all data sets includes (see Figure 2.8) data control,

removal of duplicate observations, quality control and objective analysis.

The data output from this procedure is then processed and stored in a monthly

NetCDF format. The gridded data files containing the profiles and quality informa-

tion from two quality control checks.

Figure 2.8: Flow of processing performed on the Metoffice EN4 data (Good, et. al.,

2013).

Figure 2.9 shows the θ − S curve of the water masses in the six regions of the

studied area calculated from the Argo derived Metoffice EN4 gridded data sets. The
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Figure 2.9: The mean θ − S (potential temperature and salinity) curve for all the

subregions for the period 1993-2018.

North Atlantic Deepwater (σ > 27.7) has relatively homogeneous temperatures and

salinities in the six subregions. The intermediate waters (σ > 27.7) in the subregion

6 (the NAC) is much warmer than the intermediate waters in the other five regions.

The θ − S curves in the intermediate waters of regions 1 to 5 have similar vertical

structures with a relatively warm and salty core at σ = 27.6, which is the Irminger

Water (IW) in the Labrador Sea. The salinity rapidly decreases about the IW. This

change of salinity is related to the deep vertical mixing of intermediate waters with

the fresh waters at the ocean surface.
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The surface waters (σ < 27) in the subregion 6 (the NAC) and subregion 5

(South Labrador Sea, including the Newfoundland Basin) have remarkably different

characteristics. The waters in region 6 are the warm and salty waters of the North

Atlantic Current. The vertical structure of surface water in the subregion 5 includes a

fresh and warm surface layer and cold intermediate layer at about σ ∼ 26.5. The low

salinity in the surface is a result of the freshwater terrestrial input and the sea-ice,

which is advected into this area and melts there during the spring and summer. The

intermediate cold layer forms during the winter and exists throughout the year. The

vicinity of regions five and six and the large differences in the water characteristics

raises the question about if and how the heat and freshwater transports in these two

regions interact and what is the role of the convergence of heat transport (including

transport due to the mean current and eddies) for the dynamics of these two regions.

2.2.2 ERA5 Reanalysis of the European Center for Medium-

Range Weather Forecasts

This study uses ERA5 reanalysis of the European Center for Medium-Range Weather

Forecasts (ECMWF) for surface radiative and turbulent fluxes, sea ice concentration

and sea surface temperature. The spatial data resolution is 0.36 degrees in longitude

and latitude. The reanalysis is calculated based on ten member-ensembles with 12-

hours 4D-Var data assimilation. The output of the atmospheric model is saved hourly

on 137 levels. The ECMWF ERA5 reanalysis developed under Copernicus Climate

Change Services (C3S) covers the period from 1979 to 2019 and provides data for the

global atmosphere, land and ocean surfaces and ocean waves.
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ERA5 sea surface temperature and sea ice concentration are computed by using

the input of several available data products: MetOffice Hadley Centre HadISST2 for

SST and sea ice, the EUMETSAT OSI-SAF for sea ice, MetOffice OSTIA product for

SST and sea ice cover. These data sets include uncertainties estimates that depend on

flow-dependent uncertainties in the short-range forecasts dependent on observation

coverage. Ensemble standard deviation is referred to as the ensemble spread and

is calculated as the standard deviation of the 10-members in the ensemble, which is

called the uncertainty estimate. However, these uncertainty estimates mostly account

for random errors only. The exceptions are the applied perturbations for sea surface

temperature (SST) that do incorporate estimates of systematic error.

2.3 Method of the study

This study focuses on the interannual variability of the heat content and the con-

vergence of heat transport. The data used in these calculations include surface net

heat flux and gridded in-situ ocean temperature. Both data sets have strong seasonal

variations with amplitudes that exceed the interannual changes in many parts of the

studied area. A low-pass Butterworth filter with a frequency cutoff of fcut = 1year−1

is applied to remove the seasonal cycle. As discussed in section 1.5, the filter also

removes the seasonal variations in the ice enthalpy, which is, in general, difficult to

estimate from observational data sets.

The heat flux content of a layer between depths D1 and D2 is calculated as

HD1−D2
=

∫ D2

D1

ρwcpTdz (2.1)
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where ρw is the ocean density, and cp is the ocean heat capacity. In this study,

the heat flux convergence is estimated in four cases:

(i) The total ocean column: In this case, the convergence of heat flux is (see

Roberts et al. 2017)

Ctotal = −ρwcp

[

∇ ·

∫

0

−D
(uhT − νh∇T )dz

]

− ρc[∇ · uiHi − qi] (2.2)

Ctotal is a sum of the convergence of horizontal advective and diffusive heat fluxes

in the ocean and convergence of sea-ice enthalpy. In this case, D1 = −D is the depth

of the ocean bottom, and D2 = 0 is the ocean surface. The convergence of heat flux

is estimated as

Ctotal =
∂Htotal

∂t
−Qs (2.3)

, and

Htotal =
∫

0

−D
ρwcpTdz (2.4)

(ii) The surface layer of depth D1 = −150m. The convergence of ocean heat

transport in the surface 150m layer

C150 = −ρwcp

[

∇ ·

∫

0

−150

(uhT − νh∇T )dz

]

− ρwcp

[

wT − νv
∂T

∂z

]

−150

− ρc[∇ ·uiHi − qi]

(2.5)

C150 is a sum of the convergence of horizontal advective and diffusive heat fluxes in

the ocean, vertical advective and turbulent heat fluxes at z = −150m and convergence

of sea-ice enthalpy. The convergence of heat flux is estimated as
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C150 =
∂H150

∂t
−Qs (2.6)

, and

H150 =
∫

0

−150

ρwcpTdz (2.7)

(iii) The intermediate layer D1 = −2000m and D2 = −150m. The convergence

of ocean heat transport in the intermediate 150-2000 m layer

Cint = −ρwcp

[

∇ ·

∫

−150

−2000

(uhT − νh∇T )dz

]

− ρwcp

[

wT − νv
∂T

∂z

]

−150

−2000

(2.8)

Cint is a sum of the convergence of horizontal advective and diffusive heat fluxes in

the ocean and the convergence of vertical advective and turbulent heat fluxes in the

layer between -2000 m and -150 m depth. The convergence of heat flux is estimated

as

Cint =
∂Hint

∂t
(2.9)

, and

Hint =
∫

−150

−2000

ρwcpTdz (2.10)

(iv) The Deep layer between the bottom and the convergence of ocean heat

transport in the surface 150m layer

Cbot = −ρwcp

[

∇ ·

∫

−2000

−D
(uhT − νh∇T )dz

]

− ρwcp

[

wT − νv
∂T

∂z

]

−2000

−D

(2.11)
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Cbot is a sum of the convergence of horizontal advective and diffusive heat fluxes

in the ocean, the convergence of vertical advective and turbulent heat fluxes between

z=-2000m and bottom of the ocean. The convergence of heat flux is estimated as

Cbot =
∂Hbot

∂t
(2.12)

, and

Hbot =
∫

−2000

−D
ρwcpTdz (2.13)

The computation of the heat flux separately for the surface (ii), intermediate (iii),

and deep (iv) layers aims to identify the heat flux convergence in these three layers,

which play an important role in the surface air-sea exchange, LSW formation, and

transport of deep waters. Within the approach used in this study, we need to consider

that hear flux convergence includes the contributions of the vertical component of heat

transport to the convergence of heat transport. This transport may be significant,

especially in subregion 2 of deep convection. The heat budget for the total water

column in (i) includes only the horizontal convergence of heat transport.

Met Office Gridded Argo data, following rigorous data controls, quality checks

and objective analysis (Figure 2.8), also releases uncertainty estimates for potential

temperature and salinity for each depth. The associated uncertainties for heat content

are quantified using equation 2.1.
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Chapter 3

Surface Heat Fluxes and Sea Ice

Interaction between the ocean and the overlying atmosphere is a key dynamical pro-

cess that influences the global climate and its variability. Oceans have a large heat

capacity and display an inherently longer time scale for variations (interannual to

decadal and interdecadal). The heat fluxes at the ocean-atmosphere interface, which

have shorter dominant time scales from intraseasonal to seasonal, are believed to gen-

erate large-scale and long-lasting anomalies in sea surface temperature (SST) anoma-

lies and Ocean Heat Content. In the North Atlantic, most of the heat gained in

tropical regions is transported northward through Gulf Stream and impacts the SST,

atmospheric heat gain, precipitation, fresh water influx, river runoff, and melting of

sea ice in subarctic and Arctic.

Air-sea heat exchange in the North Atlantic Ocean, which depends on local near-

surface characteristics of the atmosphere and ocean, influences both the atmosphere

and ocean. Short-term variations of air-sea fluxes affect the SST and ocean heat

content, which are additionally modified by longer-term variations in ocean dynamics.
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Previous studies indicated that the surface mixed layer in subpolar North Atlantic and

the atmosphere can be considered as a fast dynamical system driven by short-term

variations in the air-sea heat flux regulated by long-term variations in the meridional

heat transport (Cayan, 1992).

3.1 The Sea Surface Temperature

The variations in the SST are associated with variability in the near-surface air tem-

perature, humidity, and winds, the sea-ice extent, and advection by the main current

systems. The ECMWF Reanalysis (ERA5) of the climatological annual mean sea

surface temperature (SST) in the Western Subpolar North Atlantic is shown in Fig-

ure 3.1. This dataset is averaged over the period from 1993 to 2018 from 10 ensemble

members of ERA5 data. In the part of the ocean north of 50 oN , which is covered

with sea-ice during much of winter, the annual mean temperature estimate is close to

0 oC. The lowest SST is observed in the Baffin Bay and off the coasts of Greenland,

Labrador and Newfoundland. An area of high SST gradients separates the area of

low temperature to the north from the waters of Gulf Stream. Another area of high

SST gradient is observed between the waters of Eastern Greenland Current (EGC)

and waters of the Irminger Sea.

Figure 3.2 shows monthly mean sea surface temperature averaged over each of

the six regions from 1993 to 2018. The surface temperature in the regions one, two,

three, four, and six show a meridional variability with the highest temperatures in

the Gulf Stream region (six) and lowest in northern region three. The amplitude

of the seasonal cycle in these regions is close and varies between 6 and 7 oC. The
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Figure 3.1: Mean Sea Surface Temperature for the period 1993-2018.

amplitude of the seasonal cycle of SST in region five is almost twice higher than in the

other five regions and is about 11.5 oC. A major contribution to this high seasonal

variability has the low SST in this region during the winter and early spring. During

this period, region five is partly covered by ice. In the spring, sea-ice is also advected

into this region from the northern Labrador Sea. The ice melt in spring produces low

surface temperatures in March-April. Region one, three and four are also completely

or partly covered in the sea ice during winter and experience the melt during spring;

however, the anomalies in SST are not intense as that sea ice is formed there, unlike

region five, where the sea-ice is advected from the north.
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Figure 3.2: Mean Seasonal Cycle of Sea Surface Temperature for all the subregions

1-6 calculated for the period 1993-2018.

Figure 3.3: Mean Net Surface Heat Flux for the period 1993-2018.
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3.2 Surface Heat Flux

Air-sea heat flux plays a fundamental role in the dynamics of the North Atlantic

Ocean. This study focuses on the variations in ocean heat content, which are driven

by the dynamics of ocean currents and transport, and air-sea fluxes. In order to

quantify the heat content variations forced by the atmospheric heat flux and ocean

circulation, it is important to investigate the surface heat flux, its components, their

seasonality and their interannual trend.

Figure 3.4: Mean Radiative Heat Flux for the period 1993-2018.

Figure 3.3 shows the spatial distribution of mean net surface heat flux, which

calculated as a sum of its radiative and turbulent components.
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Qnet = Qradiative +Qturbulent

3.2.1 Radiative Heat Flux

The Earths radiative budget is between absorbed solar radiation and the emission

of the terrestrial radiation back to space. At the surface of the plane, the radiation

balance is comprised of two components —net shortwave and net longwave heat flux.

Each of these two components is separated into a part that is emitted up from the

ocean surface and a second downward part into the ocean.

Qradiative = (SW )down − (SW )up + (LW )down − (LW )up

The SW is the shortwave(wavelength 0.3-4.0 µm), and LW is the longwave (wave-

length 4.0-100.0 µm) components of the radiative heat flux Qradiative. There are

uncertainties in the estimates from reanalysis models of the radiative fluxes due to

limitations in the cloud-resolving schemes, which still underrepresent the temporal

and spatial resolutions of governing physical processes. Figure 3.4 shows the surface

mean net radiative flux averaged from 1993 to 2018. The mean radiative heat fluxes

vary zonally and decrease from about 90 W/m2 in the south to about 10 W/m2 in

the northwest. The incoming radiative heat fluxes depend on the incident solar en-

ergy and sea surface temperatures. These two factors cause radiative heat fluxes to

decrease with an increase in latitude as higher latitudes.

The area mean radiative fluxes (Figure 3.5) vary seasonally with a minimum in

January, which in most of the regions is between -50 - 60 W/m2 and maximum in
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Figure 3.5: Mean Seasonal Cycle of Radiative Flux for all the subregions 1-6 for the

period 1993-2018.

June of about 150 W/m2. The major differences occur in region three, which is partly

covered by sea-ice in the spring. The southern regions of Gulf Stream (region six)

and Newfoundland basin (region five) get more radiative heat than the other regions.

While the magnitude of radiative heat is different for all regions for the magnitude of

seasonal variations is very similar in the whole area of the study.

3.2.2 Turbulent Heat Flux

Turbulent heat flux(Qturbulent) comprises of two components - sensible (SH) and latent

heat flux (LH). They are commonly estimated using bulk transfer relations

LH = −LρCEW10(Qa10 −Qs)

SH = −CpρCHW10(Ta10 − Ts)
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Qturbulent = LS + SH

where W10, Qa10 and Ta10 are the surface winds, specific humidity and air temper-

ature at 10 m height, Qs is saturation specific humidity at sea surface temperature

Ts. L is the latent heat of evaporation (2.45X10−6J/Kg), and Cp = 1005J/Kg is

the specific heat of the air, and ρ is the air density. The bulk transfer coefficients for

latent heat (CE) and sensible heat flux (CH).

Figure 3.6: Mean Turbulent Heat Flux for the period 1993-2018.

Figure 3.6 shows the mean net turbulent heat flux components averaged from

1993 to 2018. The annual mean turbulent heat fluxes increases from about -200

W/m2 to about -20 W/m2 from Southeast to Northwest of subpolar North Atlantic.

The highest heat loss is over the Gulf Stream. Due to the warm SST, the winter
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Figure 3.7: Mean Seasonal Turbulent Heat Flux for all the subregions in the period

1993-2018.

air-sea temperature contrast, there is significantly higher. Intense air-sea turbulent

heat flux is present also over the areas of deep convection in Labrador and Irminger

Seas. The intense vertical turbulent exchange in the water column in these two

regions during the winter season mixes the surface water masses with intermediate

waters, maintaining in this way a high air-sea temperature contrast. Due to the small

depths, the water columns in the shallow coastal areas of Greenland and Labrador

have smaller heat capacity. They cool relatively fast in the winter and get partly

covered by sea-ice. This reduces the surface heat exchange, and the ocean turbulent

heat loss is low in these areas.

The seasonal variations (see Figure 3.7) in regions one, six and four have very

similar seasonal variations with a minimum of -200 W/m2 in winter and about -

50 W/m2 in summer. The winter heat lass in the coastal regions three and five

is relatively small. The highest turbulent heat loss in winter is found in the deep
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convection region two which is about 250 W/m2

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Figure 3.8: Correlation between Sea Surface Temperature and (a) Radiative Heat

and (b) Turbulent Heat Flux respectively for the period 1993-2018.

3.3 Sea Ice Concentration

Sea-ice forms at the surface when the ocean waters reach freezing temperatures. The

freezing sea water in winter forms ice crystals of pure water and ejects salt. This

process called brine rejection increases salinity and density of subsurface waters. The

brine rejection can initiate downward convection and promotes vertical ocean mixing.

The sea-ice modifies the ocean albedo and near-surface ocean characteristics and

effects the radiative and turbulent heat fluxes. It directly impacts the surface air-sea

fluxes by capping the upper layer of the ocean and preventing the exchange of heat
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Figure 3.9: Mean sea ice concentration for March 1993-2018

and moisture between the ocean and the atmosphere. Therefore, the formation and

melting of sea-ice have a significant impact on surface heat flux.

The sea ice concentration is a characteristic that determines the percentage of

the surface ocean area covered by ice. The monthly map of sea ice concentration

using data from ERA5 for March is shown in Figure 3.8. The climatological ice

concentration is close to 100% in the northern part of the Labrador Sea, Hudson

Strait and off the coast of Labrador. In the spring, this ice melts and is transported

downstream of the Labrador Current. Large parts of subregion one, three and five

remain covered in sea ice through the winter. Sea-ice forms only in the western

part of subregion two (central Labrador Sea) while its central part remains ice-free

throughout the year.
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Figure 3.10: (a) Mean Seasonal Sea Ice Concentration, and its (b) Interannual vari-

ability for all the subregions 1-6 for the period 1993-2018.

The seasonal time series of sea ice concentration is shown in Figure 3.10a for the

six subregions, and the interannual time series is shown in Figure 3.10(b). Ice forms

in the winter months December-March in mostly subregions one, three and five melts

in April-July. All regions are ice-free in summer from August to October, where

sea ice concentration is at minima. The interannual variations (Figure 3.10b), after
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removing seasonal cycle using low-pass butterworth filter (with a frequency cutoff of

fc = 1year−1), show a maximum in sea ice concentration for all subregions in 2008-

2009, following a steady decline in the period 2000-2007 in the subregion 3. All the

subregions exhibit a sharp decline in the warm year 2010-2011, followed by another

cooling period since 2012.
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Chapter 4

Ocean Heat Content

The ocean heat content variability in the six regions shown in Figure 1.2 is calculated

for (i) the surface 150 m layer, (ii) the intermediate layer from 150 m to the depth of

2000 m, (iii) the bottom layer that extends from 2000 m to the bottom of the ocean,

and (iv) for the whole water column. The surface layer directly communicates with

the atmosphere, and the variations in its heat content are influenced by surface net

heat flux. The tendency (∂H/∂t) of the heat content in the intermediate and bottom

layers equals to the convergence of ocean heat transport. This transport includes two

components — one due to the advection by ocean currents and a second due to the

turbulent mixing.

The area of this study includes the regions of (1) of formation of Irminger rings,

(2) of formation of the Labrador Sea Water (LSW) (Lazier et al. 2002), (3) of inflow

from the Buffin Bay and Hudson Strait, (4) of entrance of the Irminger waters in the

Labrador Sea, (5) export of the LSW from the area of deep water formation, (6) of

the North Atlantic Current. All six regions have unique and important roles in the
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formation of the heat budget of the Labrador Sea. Our goal is to estimate what is the

contribution to the heat budget of the advective and eddy-induced heat transport in

these regions.

Figure 4.1 shows the annual mean ocean heat content for (a) surface layer, (b)

intermediate, (c) bottom layer and (d) total ocean column. The surface 150 m layer

in the subpolar ocean is well-mixed for most of the time of the year, and the heat

content (Figure 4.1a) resembles the main pattern of SST distribution. The Gulf

Stream area (region 6) has the highest heat content in the top layer of about 1.8 ×

108KJ/m2. The heat content decreases in the northern part of the studied region

following the decrease of the temperature. The shallow regions off the coasts of

Greenland, Labrador, Newfoundland, and Gulf of St. Lawrence have low values of

heat content because of their small depth which is less than 150m. The dependence

of heat content on the bottom depth is well seen also in the distribution of the heat

content in the intermediate (Figure 4.1b) and deep (Figure 4.1c) layers.

The warm subtropical Atlantic waters enter the studied areas along the North

Atlantic Current in the subregion six. These waters, which have high content (Figure

4.1d), progress northward towards the eastern subpolar North Atlantic. Part of this

heat is released in the subregion six (see Figure 4.1) due to the type of processes —

surface heat flux and convergence of advective and eddy-driven heat transport. As

the North Atlantic Current (NAC) extends northeastward, its waters are gradually

cooled and mixed. The multiple branches of the NAC bring these waters in the

Eastern Subpolar North Atlantic, Nordic Seas, and around the Irminger Sea.

The Irminger Water (IW), which is a remnant of the highly modified North At-

lantic Current waters enter the Labrador Sea in its eastern part in the subregion four
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Figure 4.1: Annual Mean Ocean Heat Content in (a) surface, (b) intermediate, (c)

bottom, and (d) total ocean column in the Western Subpolar North Atlantic Ocean

from the year 1993-2018 (KJ/m2).

(Figure 4.1). The IW, which is relatively warm and salty, is transported mostly in

the intermediate layer by the narrow boundary current. The export of heat from

these waters towards the subregion two in the central part of the Labrador Sea is
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predominantly due to eddy-induced transport. Relatively large eddies form by the

instability of the boundary currents and move predominantly towards the central part

of the Labrador Sea, bringing cores of warm and salty IW offshore. The most intense

eddy-induced transport occurs in the area of the formation of Iminger Rings in the

subregion one. The Irminger Rings are large eddies with spatial scales of the order

of 50 to 100 km, which shedding from the boundary current mostly in the subregion

one and moving towards the central Labrador Sea.

The subregion three is near the mouths of Hudson and Davis Straits. The heat

content in this region is influenced by the waters of the Baffin Bay and Hudson Strait.

This is also the region of formation of the Labrador Current, which brings cold and

fresh waters along the coast of Labrador. The subregion two in the central Labrador

Sea is the key region for understanding the heat budget of the whole Labrador Sea.

This is the region of deep convection and formation of intermediate Labrador Sea

Water (LSW). The lateral eddy-driven heat exchange with subregions one, three and

four are essential for the heat budget of this region and restratification of the Labrador

Sea in the spring and summer. The export of LSW from the subregion two feeds the

lower limb of the Atlantic Meridional Overturning Circulation (AMOC) and spreads

into the subregions four, five and six.

The subregion five, where the Deep Western Boundary Current exports a major

portion of the LSW equatorward, is also a region of intense surface air-sea interac-

tion (see Figure 3.6). Understanding the physical processes governing the variability

of heat content (Figure 4.1) is important for the understanding of the dynamics of

the Labrador Sea and AMOC. Some of the elements of these processes, like narrow

boundary currents, deep convection, mesoscale eddy-driven heat transport, are un-
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resolved in the data set used in this study. This study focuses on their integrated

contribution to the heat budget of the six regions based on observations.

The heat flux content (H) in Figure 4.1 is an important characteristic for under-

standing the heat budget of the Labrador Sea. As a vertical integral over certain

depths range, H depend not only on the temperature but also in the bottom depth.

In Figure 4.1, the large heat content is observed in areas with great bottom depths.

Our approach is to use these characteristics to calculate the heat content tendency

together with surface net heat flux to provide information about the heat flux con-

vergence, which determines the rate of local heat gain and loss due to ocean heat

transport in the water column.

4.1 Heat flux convergence in the Surface Layer

Figures 4.2-4.7 show the heat content H , its tendency, surface heat flux and conver-

gence of heat advection for the six regions. The upper panels (Figures 4.2a-4.7a) in

these figures shows the heat content H150 in the surface 150 m layer and its tendency

∂H150/∂t. The second panels (Figures 4.2b-4.7b) show the net surface heat flux. The

third panel (Figures 4.2c-4.7c) presents the heat flux convergence in the surface layer,

and the bottom panels (Figures 4.2d-4.7d) show the heat flux convergence in the

intermediate and deep layers.

The types of temporal variabilities of the heat content, surface heat flux and

heat flux convergence fall into two groups when considering the magnitudes of these

characteristics. The magnitudes of these characteristics in the first group, including

the subregions one, two, three and four, are between two and three times smaller than
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in the second group, including the subregions five and six. Notice that in order to

represent this difference, the axes on figures 4.2-4.5 were chosen to have a different

range than the ones in Figures 4.6-4.7. The patterns of the variability of the main

components of the heat budget are also different in these two groups of regions.

The anomalies of heat content in the first group of regions (Figures 4.2a-4.5a)

are low and negative at the beginning of the period of the study. They all have high

positive values in the winters of 2003-2004 and 2010-2011 and low and negative values

in the winter of 2008-2009. The heat content anomaly in this group of regions was

also negative since 2012. This pattern of variability is seen with different magnitude

in all of the regions. In between these years, the heat content variability in these

regions is different depending on the local ocean dynamics. This variability of heat

content is related to the tendency shown with the red line in Figures 4.2a-4.5a. The

tendency in all of the regions in group one shows the presence of oscillations with a

period of two-to-three years.

There are major differences between the heat budgets in the surface layers in the

subregions five and six from the other four regions. Firstly, the heat content variations

in these two regions are significantly higher than in the subregions one, two, three and

four. The interval of variation of the heat tendency (orange line in the upper panels

of Figures 4.6 and 4.7) is between -10 TW to 10 TW. For comparison, the tendency

of heat content in the other four regions (Figure 4.2-4.5) changes approximately from

-5 TW to 5 TW. Both sources of heat, the surface net heat flux (second panels in

Figures 4.2-4.7) and heat flux convergence (third panel in Figures 4.2-4.7), equally

contribute to the high variability of heat tendency in the subregions five and six.

Secondly, the long-term positive trend in 1993-2004 and heat content decay between
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Figure 4.2 (previous page): The components of the heat budget in the subregion one.

(a) Interannual anomalies of the heat content (H150) (black) and rate of heat storage

(∂Htot/∂t) (orange) for the surface layer, (b) interannual net surface heat flux (Qs),

(c) estimated convergence of ocean heat transport (C150) for the surface layer, and (d)

the convergence of heat transport in intermediate (150-2000 m) in blue and bottom

layers (below 2000 m) in orange. The map above, which shows the mean total heat

content for the period 1993-2018, highlights the region of interest.

2004 and 2009 observed in the heat content of surface layers in the subregions one,

two, three and four are much weaker and almost not present in the subregions five

and six.

4.2 The convergence of heat transport in the inter-

mediate, deep layers, and whole water column.

The heat flux convergence in the intermediate (150-2000m) and deep layers (2000m-

bottom) are shown in the bottom panels of Figures 4.2-4.7. The heat flux convergence

in the intermediate layers in all six regions exceeds the convergence of heat transport

in the bottom layer. The temperature gradients and velocity magnitudes in the

deep layers are significantly smaller than at intermediate depths, which reduces the

heat flux convergence. The magnitude of variation of heat flux convergence in the

intermediate layers (blue curves in Figures 4.2d-4.7d) is, in general, higher than the

same characteristics for the surface layer (Figures 4.2c-4.7c).
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Figure 4.3: Same as Figure 4.2, but for the subregion two.
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Figure 4.4: Same as Figure 4.2, but for the subregion three.
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Figure 4.5: Same as Figure 4.2, but for the subregion four.
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Figure 4.6: Same as Figure 4.2, but for the subregion five.
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Figure 4.7: Same as Figure 4.2, but for the subregion six.
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The heat flux convergence in the intermediate layer does not show significant

trends in all six regions. The variability of heat flux convergence in these regions

shows oscillations instead of periods of about three years. In the subregions one,

two and three, these oscillations are sustained and persistent during the whole period

of study (Figures 4.2d-4.4d). In the other three regions, four, five and six, these

oscillations have variable amplitude and amplify during some of the periods while

decaying in others.

Figure 4.8 shows the total ocean heat content anomalies and its tendency calcu-

lated using equations 2.4 for all the six regions. All the six regions show an overall

increasing trend from the year 1995 to 2011, followed by cooling from 2011 to 2017.

On the other hand, total heat content tendency exhibit frequency of 2-3 years varying

between -10 TW to 10 TW for subregion 1-4, -26 TW to 26 TW for the subregion five

and -65 TW to 65 TW for the subregion six. Please note, just like figures 4.2-4.7, the

limits of the axes on Figure 4.8 were chosen to have a different range for the subregion

1-4 than 5-6.

The total ocean heat transport convergence for the entire ocean column (surface

to bottom) is calculated using equation 2.3. Vertical advection terms cancel out

when heat transport convergence is integrated for the whole water column. Thus, Ctot

provides estimates of net contribution of only horizontal advection. The values of Ctot

is a sum of the heat flux convergence in the surface (Figures 4.2c-4.7c), intermediate

(blue curves on Figures 4.2d-4.7d), and bottom (orange curves in Figures 4.2d-4.7d)

layers. As mentioned in the previous section, the values of heat flux convergence

in the bottom layer are normally an order of magnitude smaller than the heat flux

convergence in the other two layers. Therefore, the variability of total heat flux
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Figure 4.8: Interannual anomalies of Total Ocean Heat Content (Htot) (black) and

heat content tendency (∂Htot/∂t) (orange) for the total ocean column for subregion

1-6 in (a)-(f) respectively for the period 1995-2017.
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Figure 4.9: Estimated heat transport convergence (Ctot) for the total ocean column

for subregion 1-6 in (a)-(f) respectively for the period 1995-2017.

65



convergence in Figure 4.9 represents mostly the impact of heat transport in the surface

and intermediate layers on the heat budget of all the six subregions. For Central

Labrador Sea illustrated in the panel (b), similar to the surface layer, it shows an

increasing trend of heat advection from the year 1995 to 1998 and minima observed

in 2000, 2005, and 2012 with a frequency of every 5-6 years. Similar patterns are

observed in subregion one illustrated in panel (a), where instabilities of Western

Greenland Current and Irminger rings feed the Central Labrador Sea.

The subregions three, four and five show a decreasing trend from 2009 to 2014,

which is consistent with the observed weakening of Atlantic Ocean Overturning Cir-

culation by Caeser et al. (2018). North Atlantic Current in the subregion six shown

in panel (f) show decreasing trend from 1995 to 2000, which increases for the next two

years, but then oscillating negative anomalies are seen all the way to 2012 when it

recovers and shows an increased heat transport again which is consistent with findings

of Caeser et al. (2018).

4.3 Interannual variability of Heat Budget Com-

ponent

The magnitude of the interannual variability of the heat budget components for the

surface layer is calculated as the variance of low-pass Butterworth filtered monthly

estimates of the surface heat flux (Qs) with a frequency cutoff of fc = 1year−1,

heat content tendencies (∂H
∂t
) and heat transport convergence (C150). The strongest

heat flux is normally observed in the winter seasons when the temperature difference
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Figure 4.10: Variance of each component of the interannual heat budget in (a) Net

surface heat flux, (b) heat content tendencies for surface layer, (c) heat transport

convergence in the surface layer, (d) heat content tendencies for total ocean column

and (e) heat transport convergence in total ocean column for the period 1993-2018

(W 2/m4).
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and wind speed at the ocean surface have high magnitudes. The variations in the

surface heat flux are related mainly to the year-to-year changes in the near-surface

atmospheric characteristics in the winter season. These changes occur due to the

variability in the frequency, strength, and path of the major storms. The largest

magnitude of variations in net surface flux occurs in the central Labrador Sea region

(two) with values of 400 W 2/m4 and in the Gulf Stream region (six) with values

of 700 W 2/m4 (See figure 4.10a). Large quantities of heat are exchanged in both

the regions, through deep convection of the Labrador Sea and the warm nature of

Gulfstream. Comparison with Figure 3.3 demonstrates that the largest variability

in strong surface loss of heat occurs during the winter in the central Labrador Sea.

The related buoyancy flux drives the processes of deep convection and the formation

of the LSW. Therefore, one part of the heat flux at the surface is converted into

the mechanical energy of turbulence mixing, which drives the deep convection. The

second part of the surface heat loss in the central Labrador Sea contributes to the

tendency of heat content in the surface and intermediate layers. We observe that the

variance of surface air-sea heat flux has relatively low variance in the South Labrador

Sea (subregion five).

The contribution of the variance of the heat flux convergence (Figure 4.10c) ac-

counts for the interannual variability of the advective heat transport. The combined

effect of contributions of surface fluxes and heat transport convergence affects the

variability of heat content tendencies. The variance of the tendency of the heat con-

tent in the Davis Strait and Gulfstream region is about 300 W 2/m4. The variance

of surface layer heat content tendency in the rest of the Labrador Sea is below 200

W 2/m4. The magnitudes and the spatial patterns of the variance of surface net heat
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flux (Qs) and convergence of heat transport (C150) (see Figure 4.10) is similar. This

similarity suggests that the interannual variability of ocean transport approximately

balances the year-to-year changes in the surface heat flux.

4.4 Drivers of Interannual Heat Content Variabil-

ity

The correlations between the components of the heat budget are shown in Figure

4.11. The heat flux correlates well (r ≥ 0.5) in the central Labrador Sea and Irminger

Sea (Figure 4.11a). These are areas of intense surface heat exchange and deep con-

vection. Significantly higher is the correlation between the heat flux convergence

and the tendency of heat content in the Labrador Current. The intensified heat flux

convergence in this region has a dominant contribution to the variations of the heat

tendency (Figure 4b). The low and negative heat flux convergence causes a strong

cooling in these waters. The heat flux convergence in the central Labrador basin is

poorly correlated with the tendency of heat content.

Figures 4.11b,d show the correlation between heat content tendency in the to-

tal ocean column with net surface fluxes and heat transport convergence in the to-

tal ocean column. Other than the Central Labrador Sea, heat content tendency is

strongly correlated with heat transport convergence for the entire western subpolar

North Atlantic region. The convergence of heat transport is a dominant factor in

the total ocean heat content budget for most of the region. The heat budget in the

areas of intense convection in the central Labrador Sea and Irminger Sea depends
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Figure 4.11: Correlations between different components of the interannual heat bud-

get (a) surface heat content tendency and net surface heat flux, (b) heat content

tendency for total ocean column and net surface heat flux, (c) surface heat content

tendency and heat transport convergence in the surface layer, and (d) heat content

tendency for total ocean column and total heat transport convergence for the period

of 1993-2018. The map above, which shows the mean total heat content for the period

1993-2018, highlights the regions of interest.70



r Region 1 Region 2 Region 3 Region 4 Region 5 Region 6

Region 1 1 0.438 0.583 0.225 0.148 0.248

Region 2 0.438 1 0.317 0.828 0.710 0.600

Region 3 0.583 0.317 1 -0.014 0.272 0.258

Region 4 0.225 0.828 -0.014 1 0.694 0.614

Region 5 0.148 0.710 0.272 0.694 1 0.649

Region 6 0.248 0.600 0.258 0.614 0.649 1

Table 4.1: Pairwise cross-correlation for ocean heat transport convergence between

all the regions for the Surface Layer for the period 1993-2018.

significantly on surface heat flux. When separating the factors contributing to the

heat budget into surface flux and horizontal heat convergence, we need to consider

that the horizontal transport is not completely independent of the surface forcing.

In fact, the ocean currents and transport are partly driven by surface winds (Ekman

transport) and density gradients generated by the vertical mixing and convection in

Irminger and central Labrador Seas.

To investigate how the heat transport convergence in different regions are inter-

related, the cross-correlations between respective heat transport convergence values

were calculated and have been presented pairwise in Table 4.1 for the Surface Layer

and Table 4.2 for Total Ocean Column. On close examination, heat transport con-

vergence in the surface layer for the Central Labrador Sea (subregion 2) has good

positive correlations with the other subregions, viz., subregions 4, 5 and 6. It is

highly correlated with the subregion 4, with a correlation coefficient of 0.828 at 95%
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r Region 1 Region 2 Region 3 Region 4 Region 5 Region 6

Region 1 1 0.811 0.760 0.713 0.272 0.020

Region 2 0.811 1 0.676 0.876 0.440 0.234

Region 3 0.760 0.676 1 0.559 0.372 -0.050

Region 4 0.713 0.876 0.559 1 0.517 0.363

Region 5 0.272 0.440 0.372 0.517 1 0.262

Region 6 0.020 0.234 -0.050 0.363 0.262 1

Table 4.2: Pairwise cross-correlation for ocean heat transport convergence between

all the regions for the Total Ocean Column for the period 1993-2018.
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Figure 4.12: Cross-correlation of total ocean column heat transport convergence term

between the regions with (r > 0.7) with 95% confidence. The lags are in months.
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confidence, as seen in Table 4.1.

For the total ocean column, while heat transport in subregion one is strongly cor-

related with subregion 2,3 and 4 with correlation coefficient in excess of 0.7, subregion

five does not have a good correlation with other subregions signifying the dominance

of regional ocean dynamics. Since subregion 4 and 5 both receive water from spread-

ing of LSW, a correlation of 0.51 among them signify the importance of regional

dynamics.

Figure 4.12 shows the correlation coefficient changes with time lag for highly

correlated regions. There is a lag of two months between subregion 1-3 and subregion

2-3, and lag of up to three months between subregion 3 and 4. No lag is observed in

subregion 1-4 and 2-4

To understand the origin of the interannual variability, we look at the drivers

of ocean heat content in both surface layer and total ocean column by identifying

the regions where correlations are significant. Figure 4.13 (a) and (b) show the

correlation between surface ocean content and net surface heat flux and just turbulent

flux, respectively. The radiative flux has little impact on the Ocean Heat Content

variability. The most significant correlations between the surface heat flux and heat

flux convergence in the surface layer is observed over the Grand banks region off the

Newfoundland coast and Southwest of Greenland. These are the two regions where

turbulent fluxes play an essential role in driving the heat content variability.
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Figure 4.13: Correlations between estimates of deseasonalized and 12-month low-pass

filter smoothed Heat Content in the surface layer and total ocean column with the

deseasonalized and smoothed net surface heat flux and turbulent flux components

(latent heat flux and sensible heat flux) for the period of 1993-2018.
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Figure 4.14: Region-time (Hovmöller) diagram of monthly heat flux convergence

anomalies for total ocean column for the period 1994-2017. A wavelike pattern is

observed for the total ocean heat content tendency from subregion 6 to 5.

4.5 Ocean Heat Transport Convergence as a driver

Figure 4.14 shows the time variations (Hovmöller diagram) of total heat flux conver-

gence in the six regions. The regions are sorted along axis y of these figures in a way

that approximately follows the direction of the flow in the sub-polar gyre. On the top

of this axis is (i) region six over the North Atlantic Current, then (ii) region four over

the East Labrador Sea, (iii) region one over the Northeast Labrador Sea, (iv) region

three over the northwest Labrador Sea, (v) region two over the central Labrador Sea

and (vi) region five over the Newfoundland basin. The time variations of monthly

net surface heat flux and heat content tendency for total ocean column for all the six

regions are shown in figure 4.15 (a) and (b), respectively. The heat flux convergence

in the South Labrador Sea subregion five is negative during most of the time (see
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Figure 4.15: Region-time (Hovmöller) diagram of monthly (a) net surface heat flux

anomalies and (b) heat content tendency for total ocean column for the period 1994-

2017. A wavelike pattern is observed for the total ocean heat content tendency from

subregion 6 to 5.

figure 4.14); however, it is influenced in the years with very high positive anomalies

as seen for the years 1996-1998, 2004 and 2008. While net surface heat fluxes do

not show such wavelike patterns in Figure 4.15 (a), panel (b) clearly indicates this
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horizontal advection is the driving force of positive heat content tendencies.

To investigate how heat transport convergence in all the subregions appears at dif-

ferent layers, we look at figure 4.16 that shows monthly heat transport convergence

anomalies for (a) surface, (b) intermediate and (c) bottom layers for all regions using

a Hovmöller diagram. The intermediate layer, i.e., between 150 and 2000 m, shows

dominantly the same pattern as seen in Figure 4.15 (b), which indicates these similar

heat tendencies in all subregions could be a result of advection between the regions

that leads to heat content anomalies through interacting water masses of North At-

lantic Circulation. However, the high negative values for the heat advection in the

subregion five (Figure 4.14) are largely seem to be derived from the surface layer. It

must be noted that the Newfoundland shelf, which forms the most of subregion five,

is only 180-500 m deep. The grid points included in the selection for this region, in

the deeper layers, reflect north of Newfoundland shelf that is deep as 3500 m. We

cant discount the contribution of surface fluxes and air-sea exchange in this region.

Furthermore, we observe a distinct difference in frequency in heat advection be-

tween the regions for all the layers. The intermediate layer has a higher frequency

of such concurrent heat tendencies among all regions, which further increases for the

deep layer. The magnitude, however, is highest for the surface layer, and reduces by

an order of magnitude for deeper layers.
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Figure 4.16: Region-time (Hovmöller) diagram of monthly heat transport convergence

anomalies for (a) surface, (b) intermediate and (c) bottom layers for the total ocean

for the year 1994-2017.
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Chapter 5

Conclusions and Discussions

The main goal of this thesis is to understand the dominant patterns of interannual

variability of the ocean heat content in the Labrador Sea and the contribution of the

ocean transport of heat to the variability. This chapter summarizes the main results

of this dissertation and presents recommendations for future work.

5.1 Conclusions

The thesis presents results from an observation-based analysis of interannual and

decadal variability of the heat budget in the Labrador Sea. The data used in the

study include monthly mean gridded ARGO observations of the vertical temperature

profiles in the Labrador Sea. The surface fluxes of heat at the air-sea surface are

derived from the ERA5 ECMWF reanalysis. We studied the driving mechanism of

the interannual variations in ocean heat content, which include surface flux and ocean

advection of heat. The net surface heat fluxes are calculated as a sum of radiative

heat fluxes (net shortwave and net longwave heat flux) and turbulent heat fluxes
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(sensible heat flux and latent heat flux). The seasonal cycle was removed from the

temperature and surface heat flux data by using a low-pass Butterworth filter with

a cutoff frequency of fcutoff = 1

year
. We apply the method of Roberts et al., 2017

for estimation of heat content tendency and convergence of heat transport in six

subregions of the Western Subpolar North Atlantic.

Interannual variations in ocean heat content are explained by the contributions

of net surface heat flux and the advection of heat through ocean transport. The

ocean heat transport is a crucial component of the total ocean heat budget. The heat

flux convergence in the surface layer of all regions is positive, partly balancing the

annual mean surface heat flux. Negative heat advection was observed over the South

Labrador Sea region, which is largely over Newfoundland shelf partly balanced by the

high positive values for surface heat fluxes. During early spring, sea ice drifts along

the coast of Labrador and Newfoundland. This sea ice melts during the spring and

renders negative temperature anomalies and negative heat advection in the surface

layer.

The magnitude of heat flux convergence in the subregion five and also six (North

Atlantic Current region), was estimated to be about twice as high as the heat flux

convergence in the all of the regions. While total heat flux convergence in all the four

subregions, viz., one, two, three and four, were observed to be strongly correlated,

subregions five and six were not correlated with other regions or among each other

despite being on same latitudes.

The dynamics of the surface layer strongly influence the variability in the total heat

convergence. The heat advection in the Labrador Sea and its interannual variability

strongly depend on the dynamics of the boundary currents, which is responsible for
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heat redistribution in the entire subpolar North Atlantic region. Other than the

Central Labrador Sea, where deep convection dominates, the contribution of heat

transport convergence significantly dominates interannual variations in the ocean heat

content tendencies, which is largely controlled by the transport of heat within the

ocean rather than the loss or addition of heat at the surface.

The region of North Atlantic Current (subregion six) and South Labrador Sea over

Newfoundland shelf (subregion five) exhibit strong spatial and temporal variability.

This causes high uncertainty in the estimates of the area mean heat content and

demands the need for more observations to understand the heat budget.

Based on these results, we conclude that surface heat balance alone can not explain

the ocean heat content anomalies in both the surface layer and the total ocean column.

Ocean dynamics play a critical role in the generation of ocean heat content anomalies

through the transport by main currents and eddies.

5.2 Future Work

Our results highlight the importance of surface heat fluxes and regional ocean dynam-

ics, leading to heat transport convergence in the predictability of the state of ocean

heat content and its tendency on interannual time scales in the surface layer and total

ocean column. The observations by the ocean profiling moorings, Argo floats, ships

and CTD profilers, etc. are still limited to the upper 2000 m. They do not provide

sufficient information for the abyssal ocean. The limited observations available along

Newfoundland shelf and North Atlantic Current region using Argo floats were other

fundamental limitations we encountered. The gridded Met Office temperature data
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have high uncertainties in these regions. The results from this study demonstrate

that further improvement of the ocean observing system in these regions is of high

priority for a better understanding of the Labrador Sea climate.

In the context of this study, additional knowledge is needed about the atmosphere-

ocean-ice interaction in the presence of seasonal sea ice that melts in spring and

renders negative anomalies in surface heat and salt content of the ocean. The sea-ice

drifted along Labrador interacts with regional ocean dynamics, and these processes

happen at a much finer scale. Combining in-situ data with remote observations like

sea surface height altimetry, surface winds, sea-surface temperature, and ocean colour

is essential for understanding the underlying processes at meso- or submeso- spatial

scale. High resolution regional coupled ocean-atmosphere models can extend further

our knowledge about the heat transport in the Labrador Sea.
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Appendix A

Monthly Ocean Temperature

Vertical Profiles

Appendix A shows the area averaged monthly vertical temperature profiles from Argo

derived gridded Metoffice EN4 Data for the period 1993-2018 plotted in blue for all

six respective regions. The black line shows the area averaged seasonal mean for

vertical temperature profiles derived from the World Ocean Atlas 2018 (WOA18),

which is the analyses of subsurface ocean variables at standard depths extending

back to Climatological Atlas of the World Ocean (Levitus, 1982).
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Figure A.1: Monthly Vertical Temperature Profile for Region 1
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Figure A.2: Monthly Vertical Temperature Profile for Region 2
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Figure A.3: Monthly Vertical Temperature Profile for Region 3
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Figure A.4: Monthly Vertical Temperature Profile for Region 4
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Figure A.5: Monthly Vertical Temperature Profile for Region 5

95



Figure A.6: Monthly Vertical Temperature Profile for Region 6
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Appendix B

Cross-Correlations

B.1 Total Ocean Heat Transport Convergence

The monthly time-lag cross-correlation coefficients for ocean heat transport conver-

gence between respective subregions for Total Ocean Column.
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Figure B.1: Time-lag Total Ocean Heat Transport Convergence
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B.2 Surface Ocean Heat Transport Convergence

The monthly time-lag cross-correlation coefficients for ocean heat transport conver-

gence between respective subregions for the top 150 m surface layer.
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Figure B.2: Time-lag Surface Ocean Heat Transport Convergence
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