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ABSTRACT

A regional eddy-permitting ocean model of the sub-polar North Atlantic under 

flux forcing, with a weak restoring term on salinity (to parameterize non-represented 

sea ice processes), has been developed based on a previous version using restoring 

boundary conditions. The flux forcing is based upon two different climatologies, from 

the Southampton Oceanography Center and the NCEP-NCAR reanalysis. With ad

dition of a crude parameterization of the effect of high-frequency variability resulting 

from the passages of synoptic scale events on the heat flux over the convective region 

of the Labrador Sea during winter months, the model remains stable and all major 

features of the sub-polar gyre are represented, although temperature and salinity are 

still higher than observations, as seen in most high-resolution models of the sub-polar 

gyre, which appears to be dominated by internal advection processes rather than 

surface forcing.

The model is then utilized to examine the response of the sub-polar North At

lantic to distinct surface forcings corresponding to extreme North Atlantic Oscillation 

(NAO) phases and the Last Glacial Maximum (LGM). A potentially multi-decadal 

variability in Labrador Sea Water (LSW) formation and heat transport is observed in 

a high NAO experiment in contrast to a low NAO experiment. The results therefore 

suggest that LSW formation and heat transport processes are less stable under the 

high NAO phase and this feature appears to be brought about by internal oceanic 

processes, primarily attributable to changes in the strength and pathway of the North
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Atlantic Current (NAC). During the LGM, the inclusion of sea ice effects in the at

mospheric forcing shuts down Labrador Sea deep convection, as well as steers the 

NAC from its present northeastward path to a zonal path with an apparent south

ward shift. The meridional transport also reduces significantly. The results therefore 

emphasize the importance of the insulating effects of sea ice, in contrast to previous 

work. With such discrepant responses, this study stresses the importance of under

standing how ocean circulation will evolve in some extreme circumstances, especially 

with the possibility for enhanced variability of the climate system under the high 

NAO phase which, as suggested by some model simulations, is more likely to occur 

in a wanner world.
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1

Chapter 1 

Introduction

1.1 Significance of the subject

The earth receives more net radiation near the equator than near the poles. In

stead of heating the tropics and cooling high latitudes all the time, this heat budget 

is balanced by poleward heat transport by the ocean and atmosphere. Although the 

relative importance of these two media in the transport is still a matter of debate 

(Trenberth and Caron, 2001), it has long been recognized that the transport and large 

heat capacity of the ocean have significant effect on the earth’s climate. Oceanic heat 

transport is mainly carried out by the thermohaline circulation (THC), a complex 

global system of surface and subsurface ocean currents, described schematically by 

warm, salty surface waters transported poleward, replacing the equatorward flowing 

deep waters. Stability and variations in the THC have therefore attracted intensive 

attentions in term of its potential impact on the future stability of the climate system. 

An alternative term of the THC is the meridional overturning circulation (MOC) in
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a sense that the flow is integrated zonaUy in the ocean (Wunsch, 2002), which implies 

a buoyancy flux for the major power source (Munk and Wunsch, 1998). Sometimes 

the MOC is even referred to as the THC owing to its dominance in the oceanic heat 

transport.

The sub-polar North Atlantic resides in the northern limit of the Atlantic Ocean, 

open to the south and mostly encompassed by land on its other sides but connecting 

to the Arctic through Baffin Bay, with the Labrador Sea situated in the western

most portion of this region (Figure 1.1). The crucial role of this region in climate 

change and thus in socioeconomic implications is connected to its role in the MOC, 

and hence in poleward heat transport. This is linked to the North Atlantic Current, 

a branch of a large-scale cyclonic gyre prevailing in the upper layers of the ocean 

(from surface to 700 m or so), being further made a loop by other boundary currents 

along the shelves and over the shelf breaks, including the Irminger Current (IC), 

the East Greenland Current (EGC), the West Greenland Current (WGC) and the 

Labrador Current (LC) (Figure 1.1). The NAC, an extension of the Gulf Stream (a 

most swift and warm current) (Clarke et al., 1980), is unique in transporting warm 

waters to high latitudes (Rossby, 1996) as part of upper layer branch of the MOC. 

The NAC separates warm, saline waters of tropical-subtropical origin and the cold, 

relatively fresh waters from the Labrador Sea (Rossby, 1996). Its pathway is thus 

associated with the position of the Subarctic Front (SAF). In addition, the North 

Atlantic Deep Water (NADW - below 2000 m) - the major deep water component

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



3

of the MOC - passes through the Labrador Sea at the bottom, composed of the 

Island-Scotland Overflow Water (ISOW) and underlying Denmark Strait Overflow 

Water (DSOW) inflowing from the Nordic seas. Furthermore, at intermediate depths 

(500 ~  2000 m), the intense air-sea exchange during winter leads to deep convection 

and the formation of the Labrador Sea Water (LSW), mostly offshore of the LC, 

around 56 ~  58°JV, 52 ~  55°W  (Clarke and Gascard, 1983; Wallace and Lazier, 1988; 

Lilly et al., 1999), under the preconditioning of local cyclonic oceanic circulation (up

lifting the isopycnal surface) and weak stratification (Clarke and Gascard, 1983; Mar

shall and Schott, 1999). The LSW is a large volume of homogeneous water, character

istically cold (2.75 ~  3.65 °C) and fresh (34.83 ~  34.91 psu) (http://www.mar.dfo - 

mpo.gc.ca/science/ocean/woce/labsea/labsea_poster.html), with a weak vertical den

sity gradient (Talley and McCartney, 1982). After its formation, the LSW spreads 

through the North Atlantic, northeastward to the Irminger Sea, eastward and south

ward. The southward-flowing portion of the LSW constitutes a component of the 

NADW, contributing to the MOC as part of the deep water flow (Figure 1.1). At 

intermediate layers also exist the sub-polar mode waters (SPMWs), which are large 

volumes of low stability water at a depth of a few hundred meters, formed locally 

by vertical mixing due to intensive wintertime cooling in the eastern sub-polar North 

Atlantic basin (Talley, 1999). These SPMWs circulate along the cyclonic gyre, eventu

ally feeding the Labrador Sea through the IC where they help precondition the water 

column for LSW formation (Clarke, 1984; McCartney and Talley, 1982). Within the
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Labrador Sea flows a counter-current (Lavender et al., 2000), extending through the 

whole water column, that is responsible for part of the LSW dispersal.

70 N

S r

I
50M

K: Emmimmcmf C: : Chmrbr  GiMm f w r tw r  MAM: MuUlrM U *iir  Mnlfe

IXHttT: Dr*p gtmwrian CnurefX SAC: S t/n k M h tr tk  Ctrtremf

/ .< W . i^ w a r f i t r  .< «  H'«m t  t i f t l t ' :  A'mmt lA fc W : O w —

Figure 1.1: Schematic diagram of surface and deep circulation in the
subpolar North Atlantic (http://www.ifm.uni-ldel.de/allgemein/research/projects- 
/sfb460/sfb460-e.htm)

LSW formation and the NAC are the foci of this thesis. Observationally, they 

have displayed significant variability on interannual and interdecadal scales over the 

last five decades. Deep convection weakened and LSW layer thinned from the 1950s 

to 1970 with the convection effectively switched off in the late 1960s/early 1970s;
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subsequent strengthening and thickening during 1971 ~  76 was followed by thin 

conditions in the late 1970s/early 1980s; then deep convection resumed since 1984 

with a record extreme strength and thick layer appeared in the 1990s (1990 ~  1993), 

exceeding the normal 2000 m limit in depth (into the underlying ISOW layer); a 

drastic thinning ensued afterwards (since 1995) (Lazier, 1980; Talley and McCartney, 

1982; Clarke and Gascard, 1983; Wallace and Lazier, 1988; Curry et a l, 1998; Lazier, 

1995; Lazier et al., 2002). These signals can be tracked to the subtropical large 

scale deep water with a lag of 6 yrs (Curry et al., 1998). The above variations 

are coincident to some extent with the variability in the North Atlantic Oscillation 

(NAO), a dominant mode of the atmospheric variability over the North Atlantic 

(Figure 1.2). The strong convection was accompanied by exceptionally cold and fresh 

LSW, and vice versa, thereby the variations of temperature and salinity of the LSW 

mutually compensated along the isopycnal (Dickson et al., 1996). This compensation 

was broken with a density increase due to extreme cooling and relative increase in 

salinity during 1990 ~  1993 (that remained until 1995) (extreme high NAO phase) 

(Dickson et al., 1996; Lazier et al., 2002), indicating an invading of the LSW to the 

underlying cold but salty ISOW. The spreading of the LSW during the early 1990s 

showed surprisingly fast speeds: 6 months into the Irminger Sea (4.5 cms-1) although 

Pickart et al. (2003) suggested a possibility that the deep convection occurred within 

the Irminger Basin; 4 ~  5.5 years to Rockall Though (mean speed 1.5 ~  2 cms-1) and 

6 years into the subtropics (Sy et al., 1997; Curry et al., 1998). The speed from the
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Labrador Sea to Rockall Trough is about three to four times faster than the previous 

estimate 0.47 cms-1, hence a circulation time of 18 ~  19 years before 1991 (Read and 

Gould, 1992). All the evidence seems to indicate a far greater impact of the LSW 

during 1990s. Dickson et al. (1996) noticed that the variability of convection intensity 

in the Labrador Sea is roughly out of phase with those in the Greenland and Sargasso 

Seas. The link of these water mass properties to the NAO further suggests the non

local effect of the LSW. From this link, Dickson (1997) conjectured the connection 

between water mass formations and the sea surface temperature (SST) anomalies 

(e.g. Hansen and Bezdek, 1996), and hence a possible feedback of the ocean on the 

atmosphere that sets the NAO timescale.

Labrador Basin

1920 1930 1940 1950 1960 1970 1980 1990 2000
Year

Figure 1.2: Thickness (m) of the LSW layer from historical observations in 
the central Labrador Sea. The shaded is the NAO index (http://www.ifm.uni- 
ldel.de /  allgemein /  research/topics/fbl .select /fbl _s2.htm)

There is also evidence that the NAC variability is linked to the NAO. Curry 

and McCartney (2001) suggest a gradual weakening of the Gulf Stream/NAC system 

during the low NAO interval and an intensification during persistently high NAO 

phase. Bersch (2002) proposes a subpolar gyre contraction with the SAF shifting
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westward in the Iceland Basin and eastward in the Newfoundland when the NAO 

turned from high to low phase. Levitus (1989a,b) also found a redistribution of 

warm, saline subtropical waters and cold, fresh subarctic waters with the NAO.

The NAO index is defined as the surface pressure difference between the subpolar 

low (Stykkisholmur, Iceland) and the subtropical high (Lisbon, Portugal) and hence 

through geostrophy represents the strength of the westerly winds blowing over the 

North Atlantic Ocean between 40 ~  60°N  (Hurrell, 1995). A high (low) or positive 

(negative) phase of the NAO indicates strengthening (weakening) of the meridional 

pressure gradient and thus westerly wind. The NAO’s connection to the oceanic 

circulation is associated with its modulation to the surface fluxes (e.g. Cayan, 1992; 

Hurrell, 1996; Visbeck et al., 1998). For example, the Labrador Sea experiences 

considerably high heat loss during the high NAO phase, accompanied by enhanced 

westerly wind in the southern part of the basin (Pickart et al., 2002), and vice versa.

The impact of the NAO on the North Atlantic ocean dynamics has been investi

gated by a number of atmosphere-ocean coupled models. Delworth and Greatbatch 

(2000), using the Geophysical Fluid Dynamics Laboratory (GFDL) coupled model, re

veal that the interdecadal variability in the intensity of the MOC can be viewed as an 

oceanic response to the NAO-related atmospheric forcing. Their further experiments 

with the oceanic component of the coupled model driven by surface fluxes suggests the 

dominant role of heat fluxes over the freshwater and momentum fluxes. Timmermann 

et al. (1998) however, employing ECHAM3/LSG coupled model of the Max Planck
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Institute, emphasize the importance of evaporation and Ekman transport. Hakki- 

nen (1999) analyzed a 43-year simulation of an ice-ocean (sigma-coordinate) coupled 

model forced by Comprehensive Ocean-Atmosphere Data Set (COADS) surface flux 

anomalies. Her results show the response of meridional heat transport (MHT) and the 

MOC to the NAO-related surface heat flux on interannual and decadal timescales. 

Eden and Willebrand (2001), using a North Atlantic ocean model driven by both 

NCEP-NCAR reanalysis anomalies for the years 1958 ~  97 and idealized, stable 

forcing associated with the NAO, reveal that interannual oceanic variability is a fast 

barotropic response (involving a topographic Sverdrup balance) and a delayed (3 yrs 

and 6 ~  8 yrs) baroclinic response to the NAO, stressing the importance of wind 

stress and heat flux. During a high NAO phase, the former forms a barotropic anti- 

cyclonic circulation anomaly near the sub-polar front with a diminished (enhanced) 

poleward heat transport in the sub-polar region (subtropics) due to changes in Ek

man transport. The latter produces an increased sub-polar heat transport due to 

enhanced meridional overturning and a strengthening of the subpolar gyre. Using 

the same model, Eden and Jung (2001) found the lagged response of the North At

lantic circulation (Atlantic MOC - AMOC and the sub-polar gyre strength) to the 

NAO on the interdecadal timescale plays an important role in the development of 

interdecadal SST anomalies. Gulev et al. (2003), in a sigma-coordinate ocean model 

forced by NCEP-NCAR reanalysis anomalies for the years 1958 ~  97 but with heat 

and freshwater fluxes being expressed as density flux linked to the NAO, identify
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decadal-scale variability linked to the transformation of the LSW and sub-tropical 

Mode Waters (STMWs). A similar fast response as in Eden and Willebrand (2001) 

and delayed baroclinic response to the surface heat forcing are identified at time lags 

of 3 and 7 yrs. The authors stress the role of changes in stratification driven by forma

tion processes of the LSW and the STMW in the 3 yr lag. While studies from Ocean 

General Circulation Models (OGCMs) have linked interannual or interdecadal vari

ability in atmospheric forcing associated with the NAO to low-frequency variations 

in the horizontal and meridional circulations and heat transport, the internal oceanic 

fluctuations were revealed by a series of idealized models forced by idealized fluxes, 

independent of varying surface forcing (e.g. Weaver and Sarachik, 1991; Weaver et al., 

1993; Greatbatch and Zhang, 1995; te Raa et al., 2004). Weaver and Sarachik (1991) 

revealed significant decadal oscillation in the THC with an alternation of deep wa

ter formation and collapse in a set of experiments using a course-resolution OGCM 

driven by steady forcing, with an advective mechanism involved. Weaver et al. (1993) 

observed a number of different states of the same model with respect to the relative 

importance of freshwater versus thermal fluxes, with self-sustained oscillations in the 

deep water formation rate existing in a case with sufficiently strong freshwater forc

ing case. Greatbatch and Zhang (1995), using a geostrophic ocean model with a 

box geometry of the North Atlantic driven by a constant, zonally uniform, surface 

heat forcing, show a fluctuation with a period of 50 years produced by the balance 

between the strength of the poleward heat transport and local heat storage, te Raa
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et al. (2004) identified the internal interdecadal modes and the mechanism by using 

a hierarchy of increasingly complex model configurations. In light of the non-eddy- 

resolving feature of the above ocean models, it is of interest to examine the potential 

internal oceanic mode in a more realistic and high resolution regime.

The LSW formation and the NAC also experienced major fluctuations between the 

last glacial and the present interglacial. The Last Glacial Maximum (LGM - about 

22 to 14 kyr BP) represents an extreme climate condition with large areas covered by 

great ice sheets and sea ice in the northern latitudes (Crowley and North, 1991). Paleo 

proxy data have provided us with some evidence that there was a weakening and shal

lowing of the NADW compared to today (e.g. Curry and Lohmann, 1983; Oppo and 

Fairbanks, 1987; Boyle and Keigwin, 1987) which was located in relatively southern 

latitudes (Alley and Clark, 1999) and was accompanied by a southward shifted and 

more zonally-orientated Gulf Stream/NAC system (Ruddiman and McIntyre, 1977, 

1984; CLIMAP, 1981). Combined, these data suggest that the poleward ocean heat 

transport in the North Atlantic at the LGM was reduced (Miller and Russell, 1989), 

yet the mechanisms still need to be further clarified.

The goal of this study is therefore to inspect the sensitivity of water mass (the 

LSW) formation and circulation (the NAC) in the sub-polar North Atlantic to anoma

lous surface forcing (heat, freshwater and momentum fluxes and their sea ice modula

tion) and its mechanisms in a regional high resolution ocean model under flux forcing. 

These anomalies reflect the different phases of the NAO (both positive and negatives
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phases), as well as potential changes associated with past climates (the LGM). The

ocean, and the potential of oceanic feedback upon the atmosphere as recent evidence 

suggests that the variability in SST plays an important role in setting the NAO’s 

timescale (Kushnir and Held, 1996; Dickson, 1997; McCartney, 1997; Curry et al., 

1998; Sutton and Allen, 1997).

The model used in this study is the Sub-Polar Ocean Model (SPOM), a regional 

configuration of the Modular Ocean Model - Array (MOMA) (Myers, 2002). The 

original model formulation is based on a Bryan-Cox-Semtner type ocean general cir

culation model (Pacanowski et al., 1990) incorporating the inviscid version of the 

Killworth et al. (1991) free surface scheme. The governing equations are the primitive 

equations with incompressible, hydrostatic, Boussinesq and turbulent assumptions, 

listed below:

goal is to determine how possible future atmospheric states will affect the underlying

1.2 Methodology

(i .i )

Po
(1.2)

9t + v ■ V0 +  w9z =  D6 +  Fe (1.3)

St + v -V S  + wSz = Ds + FS (1.4)

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



12

V • v +  w2 =  0 (1.5)

P* = ~9P (1-6)

p =  p(0,S,Po) (1.7)

h° =  (h°u°)x + (h°v°)y (1.8)

The free surface equation (1.8) is closed by the following four equations:

u° =  p ° + /u° + T“ (1.9)

=  P° — fu°  +  T® (1.10)

P° = gh°x ( l .n )

P; = 9h°y (1-12)

where u, v, w, 9, S, p, P, h°, u°, v° and P° are three components of velocity, 

potential temperature, salinity, density, pressure, free surface height, two components 

of the barotropic velocity and the barotropic pressure, respectively. Dv and DT (T

denotes tracer) are diffusion terms. F ” and FT are surface forcing terms resulted

from wind stress and bouyancy fluxes respectively. T* and T® are the vertical-means 

of the baroclinic velocity tendencies (excluding the Coriolis term); /  =  2Qsm0 is the
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Coriolis parameter; p0 the reference density of sea water (1 gcm~3) and Pq reference 

pressure field; g: gravitational acceleration.

Dv and DT are expressed as

D* = -A hV 4v +  Avvzz (1.13)

and

DT = - K hV 4T  + KvTzz (1-14)

The biharmonic horizontal viscosity coefficient Ah =  7.5 x 1018 cro4s-1 and the diffu

sion coefficient Kh =  7.5 x 1018 cm4s-1, the vertical diffusion is Kv =  0.3 cm2s_1 and

the momentum diffusion is Av =  1.5 cm2s_1. The constant viscosity and diffusion 

coefficients are not the best choice, but they represent an option of the model. Con

vective adjustment utilizes the complete convection scheme of Rahmstorf (1993). The 

model has a resolution of 1/3°, hence allowing eddies to be partially resolved. The 

Gent and McWilliams eddy parameterization is applied to deal with along-isopycnal 

mixing, with a constant of 2.0 x 10s cm2s_1 used for the thickness diffusion parameter.

The model domain (Figure 1.3) covers the sub-polar North Atlantic (68°W ~  

0°, 38 ~  70°N). The southern boundary is open and connects to the rest of the North 

Atlantic. The baroclinic velocities along the boundary are calculated using the linear 

form of the equations (1.1) and (1.2) (Stevens, 1990). This choice keeps the velocities 

in agreement with the density field. The tracers are allowed to be advected or diffused 

out of the domain if the velocities (perpendicular to the boundary) at some level are
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directed out of the domain and axe restored smoothly to the Lozier et al. (1995) 

climatology (filled-in version of Grey and Haines (1999)) if the velocities are directed 

into the domain. The sea surface height is relaxed toward a diagnostic reference field 

(Myers, 2000). The open boundary condition produces a better representation of the 

inflowing Gulf Stream, outflowing NADW and the northward flowing Mediterranean 

Water. The northern boundary is closed and inlaid with restoring buffers in Hudson 

Strait, Baffin Bay and the region to the north of the Iceland. Myers (2005) has 

shown that increased freshwater export of the Canadian Arctic Archipelago through 

Davis Strait has negligible effect on freshwater content in both Labrador Sea interior 

and Labrador Sea. A partial cell finite-volume technique (Adcroft et al., 1997) is 

applied to better represent the topography. Restoring boundary conditions are used 

on the top surface layer, parameterizing as =  ^(T5 — T40*5), where T s is monthly 

climatology, taken from NODC (1994), and T4̂  the model top layer tracer values. 

R is the relaxation timescale, a 2-hour given by Myers (2002) means the mixed layer 

properties are essentially fixed. Wind stress climatology (Trenberth et al., 1990) is 

substituted for F 3 directly.

The model is solved using finite difference method. The horizontal grids are ar

ranged as a staggered Arakawa B-grid (Arakawa and Lamb, 1977). This is a historical 

choice. Although it is widely believed that the B-grid gives better performance for 

course resolution (with respect to the Rossy deformation radius) (e.g. Mesinger and 

Arakawa, 1976), this fact holds only for inertia-gravity wave (Haidvogel and Beck-

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



1 5

70 N

 , ^

V iceland J  \  (

GREENLAND
:FIN BAY

AN

65 N

60 N

LABRADOR SEA

55 N

50 N

V  O j45 N

40 N

10W30 W 20 W40 W60 W 50 W

Figure 1.3: Major geographical and topographical features of the model domain. 
The legend for the numbered features is: 1)Flemish Cap; 2) Avalon Channel; 3)Mid- 
Atlantic Ridge; 4)Hudson Strait; 5)Denmark Strait; 6)Faeroe Island; 7)Cape Farewell; 
8) Hamilton Bank; 9) Gulf of St. Lawrence. The contour interval is 1000 m, and the 
500-m isobath is also indicated (Myers, 2002).
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mann, 1999). The model has 36 z-levels, unevenly spaced, with finer resolution in 

the upper water column so as to better resolve the thermocline and mixed layer. 

The barotropic velocity fields and the free surface height are calculated using a small 

timestep (30 seconds) to resolve the fast external gravity waves whereas a larger 

timestep (1800 seconds) is used for the baroclinic velocity, as well as density and 

tracers, of the model.

The model reproduces the major features of the oceanic circulation and hydrog

raphy. The inclusion of the more realistic topography and sub-grid scale eddy pa

rameterization improved large scale gyre structure (tighter and sharper), SPMW 

formation sites and LSW properties. However, limitations exist. For example, the 

relaxation of surface tracer values toward the prescribed climatology constrains the 

atmosphere-ocean exchange from freely penetrating the deep ocean. Like other high 

resolution models of this region, the LSW is still warmer and saltier in comparison 

with observations (see Chapter 2 for details).

1.3 Proposed research

This thesis is concerned with four themes, which converge to contribute to the 

above subject, including the establishment of a high resolution ocean model of the 

sub-polar North Atlantic, examination of the sensitivity of LSW formation to the high 

frequency fraction of atmospheric heat forcing, inspection of the effects of extreme 

high and low NAO phase - related surface forcing on the sub-polar North Atlantic and
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investigation of the potential impact of atmospheric forcing and its sea ice modulation 

during the LGM.

Anomalous atmospheric signatures are delivered into the ocean through the ocean- 

atmosphere interface. This is implemented in ocean modelling by surface boundary 

conditions, which attempt to properly represent the ocean-atmosphere energy and 

mass exchanges. The parameterization of buoyancy fluxes is, however, a challenge 

owing to the inaccuracy of flux measurements over the ocean. This parameterization 

becomes particularly important when addressing the questions of climate variability 

and changes in the response of the subsurface oceanic circulation to anomalous atmo

spheric forcing. It is therefore a crucial process which needs to be represented in the 

model solution as accurately as possible. Basically, there are two types of boundary 

conditions in ocean modelling. Commonly used restoring boundary conditions restore 

the model tracer values towards climatology and hence keeps the model from drifting 

too far from the observations. However, these boundary conditions fix the surface 

conditions such that anomalous atmospheric forcing cannot be properly reflected in 

the model solution. Flux boundary conditions specify the fluxes either independent 

of (Rosati and Miyakoda, 1988) or with evolving temperature (Bamier et al., 1995) or 

salinity, and hence is more realistic and frees the surface conditions. However, some 

studies (e.g. Rosati and Miyakoda, 1988) show that they often lead to model insta

bility or drifting problems. The first step of this study therefore aims at developing a 

flux-forced version of a regional eddy-permitting ocean model of the sub-polar North
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Atlantic, based on its previous restoring version (Myers, 2002), while insuring model 

stability and minimizing the model drift.

Observations support the contention that convection in the Labrador Sea is forced 

by the high frequency portion of the heat flux, associated with synoptic events (e.g. 

Sathiyamoorthy and Moore, 2002). Yet, many oceans models are forced with monthly 

heat flux climatologies. This effect has therefore been crudely parameterized in the 

algorithm of surface forcing of the model mentioned above, where the monthly heat 

flux is simply multiplied by an ad hoc coefficient over a limited region within the 

Labrador Sea during the convective season (Nov.-Mar.). This parameterization im

proves significantly the properties of water mass formation and model hydrography 

and prevents the model tracer fields from drifting too far from the initial conditions 

(observations). However, are the model responses biased by increasing the heat fluxes 

over the entire winter instead of just during high frequency synoptic events? The sec

ond part of this thesis examines this issue with a series of experiments designed to 

represent different scenarios for synoptic events.

As discussed previously, the internal oceanic variability constitutes an important 

aspect of oceanic variation, in addition to external forcing. The third theme of this 

thesis therefore is to reexamine this issue in a more realistic (in terms of geometry, 

topography and NAO-related surface forcing) high resolution regional ocean model 

configuration. Eden and Willebrand (2001) also performed experiments with stable 

NAO-related surface forcing, which they called response to “idealized” forcing. Their

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



19

forcing is produced by the monthly regression patterns of the NCEP-NCAR fluxes to 

the NAO multiplied by three standard deviations of the NAO index for both high and 

low NAO phases. The differences of this study from theirs are that high resolution is 

used to better resolve eddy and frontal processes, there is a longer length of integration 

(allowing the development of a decadal internal mode), the sub-polar North Atlantic 

domain is chosen (consistent with the focus of this study), and hence different results 

are anticipated (they suggested a symmetric response of the model to the high and 

low NAO, i.e. same responses but with opposite sign).

There have been intensive efforts toward research about the discrepancy in the 

NADW (LSW) and its impact on the MOC and meridional heat transport at the 

LGM, with emphasis on the potential mechanism. The recent paleo reconstructions 

(de Vernal and Hillaire-Marcel, 2000, 2002) infer a low salinity surface layer and a 

strong stratification between the surface and the underlying waters attributable to 

the seasonal spreading of sea ice, implying a diminished LSW formation. Keffer et al. 

(1988) ascribe the southward migration in the Gulf/NAC system to the prevailing 

wind field modified by the great ice sheets (Manabe and Broccoli, 1985). This study 

instead inspects the impact of atmospheric forcing and its modulation of sea ice on 

LSW mass formation and circulation and hence emphasizes the significance of sea-ice 

insulation, which is difficult to clarify from paleo proxy data.

Following this Introduction, Chapter 2 describes the regional eddy-permitting 

ocean model of the sub-polar North Atlantic under flux forcing, which highlights re
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suits from three key experiments out of an extensive set of 34 experiments. Chapter 3 

further explores sensitivity of water mass formation to different frequency and evolv

ing patterns of synoptic events. Chapter 4 reexamines the issue of a low frequency 

internal oceanic mode by inspecting the effects of extreme NAO phase-related surface 

forcing in a more realistic and high-resolution regime. Chapter 5 examines the po

tential impact of atmospheric forcing and its sea ice modulation on LSW formation, 

the NAC pathway and hence poleward heat transport during the LGM. Finally, a 

summary and a discussion of future work are given in Chapter 6.
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Chapter 2 

A regional eddy-perm itting ocean 
model of the sub-polar North  
Atlantic under flux forcing

2.1 Introduction

The dependence of water mass formation and properties on atmospheric forcing 

requires accurate representation of surface flux fields in ocean modelling. Specified 

climatological wind stress is usually employed for momentum forcing (McWilliams, 

1996), whereas proper parameterization of heat and freshwater fluxes remains a chal

lenge for ocean modelling due to inaccuracy of flux measurements over the ocean. 

This deficiency becomes larger as questions of climate variability and change are to 

be considered, as the surface boundary conditions are the link to convey anomalous

atmospheric signatures to the ocean.
°A version of this chapter has been submitted for publication. Duo Yang and Paul G. Myers 

2005. Journal of Geophysical Research.
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Restoring boundary conditions, an expression of heat and freshwater fluxes as 

terms proportional to the differences between model surface (or upper layer) and 

climatological tracer values, have commonly been utilized in oceanic simulations. 

This approach is simple to implement and keeps the model from drifting too far from 

the observations. However, it is the approach of the tracer values to the observations 

that fixes the surface conditions and constrains the model from addressing variability 

questions. Furthermore, the formulation of restoring boundary conditions implies 

false fluxes, i.e. non-zero fluxes are produced by incorrect model temperature or 

salinity fields (Weaver and Hughes, 1992; Kiflworth et al., 2000).

Restoring boundary conditions on temperature can be traced back to Haney’s 

pioneering work (1971), where a model’s temperature is relaxed toward an effective air 

temperature. Haney’s work, as well as others since (e.g. Han, 1984; Large et al., 1997; 

Bamier et al., 1995), stresses the importance of the interactivity between ocean and 

atmosphere in understanding ocean physics and the resulting model stability. These 

authors therefore formulate flux-like thermal boundary conditions, which impel an 

ocean model toward an equilibrium state with a prescribed atmosphere. For example, 

Bamier et al. (1995) expressed the heat flux as a sum of an estimated climatological 

flux and a relaxation of the model surface temperature toward the climatological sea 

surface temperature (SST). This formulation has been recently applied in a number 

of ocean modelling efforts (e.g. Smith et al., 2000; Willebrand et al., 2001; Treguier 

et al., 2005).
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The thermal boundary conditions mentioned above are plausible owing to the 

fact that long-wave radiation and turbulent fluxes strongly rely on the temperature. 

The lack of a direct feedback from surface salinity to the freshwater flux (evapora

tion minus precipitation) however means a restoring boundary condition on salinity 

is physically unjustified (e.g. Weaver and Sarachik, 1991; Huang, 1993; Tziperman 

et al., 1994). Mixed boundary conditions (restoring on temperature and a specified 

freshwater flux on salinity) avoid this (Bryan et al., 1986) and have been widely 

applied to force ocean models to examine the role of anomalous salt fluxes in the 

thermohaline circulation (e.g. Weaver and Sarachik, 1991; Tziperman et al., 1994). 

Greatbatch and Zhang (1995) suggest that the most robust results are obtained by 

using flux boundary conditions on both temperature and salinity, in comparison to 

restoring surface temperature and salinity, “mixed” or “reversed mixed” boundary 

conditions.

Flux boundary conditions specify heat and freshwater fluxes. Some studies show 

that these boundary conditions can often lead to significant drifts in temperature 

and salinity (e.g. Rosati and Miyakoda, 1988). Surface flux fields currently used by 

general circulation models are based on either observational derivations or output 

of reanalysis systems. In either case, the fields are based on climatological monthly 

averages, such that extreme cooling events associated with the passage of synop

tic scale events are removed (Killworth, 1996). A comparison of the results under 

monthly mean versus 12-hourly averaged forcing highlights the role of high frequency
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variability unrepresented in monthly means in producing more realistic mixing-layer 

structure (Rosati and Miyakoda, 1988). Philander and Seigel (1985) showed that 

parameterizing high-frequency wind fluctuations in monthly mean winds could avoid 

overly high surface temperatures (discussed by Rosati and Miyakoda, 1988).

The significance of the sub-polar North Atlantic in the global thermohaline cir

culation (THC) depends on the Labrador Sea, which provides a relay for deep water 

export from Nordic Seas to the rest of world oceans and a site for Labrador Sea Water 

(LSW) formation. Air-sea exchange thus plays a crucial role. The variability in water 

mass formation and circulation in this region, in response to anomalous atmospheric 

conditions, has been documented by a number of authors (e.g. Dickson et al., 1996; 

Curry et al., 1998; Eden and Willebrand, 2001; Eden and Jung, 2001; Bersch, 2002). 

LSW formation is triggered by intensive atmospheric forcing, combined with the local 

cyclonic circulation and weak stratification (Clarke and Gascard, 1983). This strong 

atmospheric forcing is most likely related to its high frequency component (Moore 

et al., 1996; Rassmussen et al., 1996; Sathiyamoorthy and Moore, 2002). An inclu

sion of the effect of high frequency variability in the monthly flux forcing fields may 

be favorable to the representation of major properties for the large-scale sub-polar 

circulation.

A growing number of modeling studies have focused on the sub-polar North At

lantic. Results from the mid-nineties showed that transport in this region is domi

nated by higher order dynamics (Bryan et al., 1995) and that the representation of
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topography, especially as it related to the northern overflows, was crucial (Doscher 

et al., 1994; Boning et al., 1995; Roberts et al., 1996; Roberts and Wood, 1997; Redler 

and Boning, 1997; Myers, 2002). The sensitivity of model results to mixing and other 

sub-grid scale processes was also emphasized by a number of authors (e.g. McWilliams, 

1996; Large et al., 1997; Willebrand et al., 2001; Deacu and Myers, 2005). For regional 

process studies, a new trend is towards limited domain models with open boundary 

conditions permitting exchanges with the surrounding oceans (Redler and Boning, 

1997; Myers, 2002). Regional models of the eastern North Atlantic, North Atlantic, 

as well as the South Atlantic have recently been developed and shown to reproduce 

the main features of the circulation (Penduff et al., 2000, 2001; Treguier et al., 2001; 

Willebrand et al., 2001).

Myers (2002) developed a regional eddy-permitting sub-polar ocean model con

figuration (SPOM) with an open southern boundary and restoring surface boundary 

conditions. Extensive experiments (Myers and Deacu, 2003; Deacu and Myers, 2005) 

suggested that with improved representation of topographic and sub-grid scale eddy 

parameterizations, the model is capable of accurately simulating many aspects of the 

circulation and hydrography in the sub-polar gyre, although limitations remain (see 

Myers, 2002; Myers and Deacu, 2003). It is therefore expected that the model will 

provide a good base for simulations using flux forcing. The focus in this chapter is to 

show that a regional ocean general circulation model (OGCM) can be stably run un

der flux forcing for many decades, while highlighting some relevant issues. Following
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a brief description of the model in section 2.2, section 2.3 introduces the parameteri

zation of surface fluxes and the associated experiment design. The model behavior is 

examined in section 2.4. Finally, a summary and discussion sire given in section 2.5.

2.2 A brief description of the model

SPOM is a regional configuration of the Modular Ocean Model-Array (MOMA) 

set up specifically for process and sensitivity studies of ocean variability questions 

in the sub-polar North Atlantic. The original model formulation is based on a 

Bryan-Cox-Semtner type ocean general circulation model using the inviscid version 

of the Killworth et al. (1991) free surface scheme. The biharmonic horizontal vis

cosity coefficient is Ah = 7.5 x 1018 cm4s-1 and the horizontal diffusion coefficient is 

Kh = 7.5 x 1018 cm4s ' 1. The vertical viscosity is A*, =  1.5 cra2s-1 and the vertical 

diffusion is Kv = 0.3 cm2s-1. Convective adjustment is performed using the com

plete convection scheme of Rahmstorf (1993). The effect of eddies not resolved by 

the model’s 1/3° resolution is parameterized by the Gent and McWilliams eddy pa

rameterization scheme (Gent and McWilliams, 1990), using a constant eddy transfer 

coefficient 2.0 x 105 cm2s_1.

Zonal boundaries are set at 68° W and Greenwich, 0°. The open southern boundary 

is set at 38°IV, while the closed northern boundary is set at 70°IV with restoring buffers 

in Hudson Strait, Baffin Bay and the region to the north of the Iceland. The model 

z-coordinate has 36 vertical layers, unevenly spaced, with finer resolution in the upper
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water column. A partial cell finite-volume technique (Adcroft et al., 1997) is applied 

to better represent the topography, which is taken from the 1/12° ET0P05 (NOAA, 

1988) dataset, linearly interpolated to the model’s 1/3° resolution. The interpolated 

depths are used other than ensuring no partially filled level has less than 10 m of 

water in it. Further details about the model can be found in Myers (2002).

2.3 Surface boundary conditions and experiment 
design

2.3.1 Restoring control experiment

Our restoring control experiment is taken from Myers (2002). As discussed in that 

paper, the surface temperature and salinity are relaxed towards the monthly data, 

taken from the NODC (1994) dataset, with the forcing repeating each year. The 

relaxation timescale is essentially clamped, with a 2-hour timescale, acting on the top 

surface layer. The reasoning for such a short restoring timescale is given in Myers 

(2002).

2.3.2 Forcing Data

The buoyancy (heat and freshwater) forcing is taken from two different monthly 

climatologies. The first of these originates from ship/buoy measurements of the 

Southampton Oceanography Center (Josey et al., 1998) - which we refer to as the 

original SOC climatology. The 1° x 1° climatology has been calculated using ship
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meteorological reports contained in the COADSla dataset (Woodruff et al., 1993), 

which covers the period 1980 ~  1993, blended with additional metadata describing 

observational procedure (height of observing platforms etc.) from the WM047 list 

of ships (WMO, 1994), which allows corrections to be made for various observational 

biases. One deficiency of the original SOC climatology is a global heat flux bias of 

30 Wm~2 (Josey et al., 1999). To deal with this issue, Grist and Josey (2003) use a 

linear inverse analysis based upon 10 hydrographic ocean heat transport constraints 

to reduce the heat flux bias to —2 Wm~2. We will refer to this version as the adjusted 

SOC climatology. We also use the reanalysis data of the National Centers for Envi

ronmental Prediction (NCEP)-National Center for Atmospheric Research (NCAR). 

This reanalysis data (2.5° x 2.5°), stems from the numerical atmospheric modelling 

and data assimilation systems (Kalnay et al., 1996), and are based on a long time 

series (1958 ~  1998). We will refer to this data as the NCEP climatology.

In both cases, we use the climatological monthly means, repeated as a perpetual 

year. The net heat flux is a sum of the climatological long wave radiation, net solar 

radiation, latent and sensible heat fluxes. Precipitation is taken directly from the 

climatologies while evaporation is calculated by dividing the latent heat flux by the 

latent heat of vaporization L. To ensure consistency, the SOC formula 

L = 106[2.501 -  0.00237(TS -  273.16)] (Josey et al., 1998) is used for the NCEP data 

as well, where Ts is SST and coefficients 2.501, 0.00237 and 273.16 are obtained from 

Stull (1988). We also note that we apply the E-P (evaporation E minus precipitation
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P) as a virtual salt flux, whereby the amount of salt in the model upper layer is 

changed rather than actually adding or removing freshwater, i.e. a volume change of 

the model’s free surface.

Two wind stress climatologies are used. One, based on NCEP data, is consistent 

with the buoyancy fluxes described above. The other is from the European Center for 

Medium Range Weather Forecast (ECMWF). Assembled by Trenberth et al. (1990) 

for the period 1980 ~  1986, it has been shown to give a good representation of LSW 

formation and dispersal in SPOM (Myers, 2003). Note that we do not use SOC wind 

stress since there is no data over the area with sea ice cover.

2.3.3 Sub-polar North Atlantic SOC-NCEP flux comparison

The wintertime (DJF) heat fluxes from the two climatologies (original SOC, 

NCEP) and the differences between them are shown in Figure 2.1. Both show strong 

wintertime heat loss throughout the sub-polar gyre, with the strongest losses along 

the pathway of the North Atlantic Current (NAC), in the Labrador Sea and off Ice

land. The overall model domain heat loss is larger in NCEP, with the wintertime 

mean (DJF) being —173 Wm~2 and the annual mean —30 Wm~2, as compared to 

—150 Wm~2 and —24 Wm~2 in original SOC. The overestimation of heat loss in 

NCEP data has been documented by a number of studies (Smith et al., 2001; Zeng 

et al., 1998), focused on the areas with large air-sea temperature difference and high 

wind speed, such as the Labrador Sea, the Norwegian Sea and the Gulf Stream (Ren
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frew et al., 2002; Moore and Renfrew, 2002). The adjusted SOC climatology provides 

enhanced heat loss over our domain, —201 W m~2 and —57 Wm~2 for wintertime and 

annual means respectively, even stronger them the NCEP climatology. Differences be

tween this field and the original SOC field can be seen in Figure 3c of Grist and Josey 

(2003).

SOC Heat Flux NCEP Heat Flux

NCEP E-P

Heat Flux difference E-P difference

Figure 2.1: Heat fluxes averaged over Dec.-Feb. (unit: Wm~2) for a) original SOC 
and b) NCEP; annual mean E minus P (unit: cmt/r-1) for c) original SOC and d) 
NCEP and the difference of NCEP minus original SOC for e) heat flux (unit: W m  ) 
and f) E minus P (unit: cmyr~l). Some blank regions along Greenland and Labrador 
coasts indicate missing data in original SOC climatology due to sea ice.
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The annual E-P fields from the climatologies and their difference are also given in 

Figure 2.1. Both give net excess precipitation with annual means of —30.8 cmyr~l 

for original SOC and —2.7 cmyr~l for NCEP over model domain. Josey and Marsh 

(2005) noted a large area of net evaporation south of about 45 ~  50°1V, as well as 

localized regions of net evaporation north of 50°N  in NCEP, with the most notable 

one appearing over the Irminger Sea (similar to Figure 2.1d). In contrast, the border 

between net precipitation and net evaporation is shifted farther south in original 

SOC, effectively out of our model domain (Figure 2.1c). The discrepancy between 

NCEP and original SOC likely ascribes to E being much stronger in NCEP than 

SOC owing to the use of a stronger transfer coefficient for the latent heat. Despite 

the different time periods the two climatologies are built over, we note the differences 

are not temporal. If we compute the net excess precipitation over our domain in 

NCEP based on 1980 ~  1993, the years considered by the original SOC climatology, 

we calculate —2.5 cmyr-1.

2.3.4 Modifications

A number of additional modifications were then made so that we could use these 

climatological fields to successfully force the ocean model. As the use of linearly 

interpolated monthly means underestimates the actual monthly buoyancy means, we 

follow Killworth (1996) to remove this bias by multiplying the buoyancy fluxes by 

1.4, making them closer to the observations.
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Deep convection in the Labrador Sea is a “plumes” scale event (Marshall and 

Schott, 1999), triggered by intensive heat loss. This strong surface forcing may be 

caused by the passing of meso- or synoptic scale systems, which contributes signifi

cant high-frequency variability in the buoyancy fluxes and is not resolved by monthly 

means (Moore et al., 1996; Rassmussen et al., 1996; Sathiyamoorthy and Moore, 

2002). For example, an instantaneous sensible heat flux of about 750 Wm~2 was 

deduced when a convective event was observed during March 1976. Heat fluxes ex

ceeding 650 Wm~2 were reported during the winter of 1997 (Renfrew et al., 2002). 

Extreme values in the wintertime heat flux, up to 1500 Wm~2, were seen during the 

1990s in the Labrador Sea (discussed by Sathiyamoorthy and Moore, 2002). How

ever, the monthly mean sensible heat flux during winter months found by Smith and 

Dobson (1984) is around 100 Wm~2 (discussed by Sathiyamoorthy and Moore, 2002).

We thus crudely parameterize the effect of this unresolved high frequency vari

ability in the heat flux by increasing the heat flux over the potential model convective 

region (55 ~  59°N  and 51 ~  56°W) during winter months (Nov.-Mar.). The heat 

fluxes axe increased 5-fold for the original SOC data and 3-fold for NCEP data. This 

reflects that the triggering mechanism for oceanic convection is probably related to 

the high frequency portion of heat loss, rather than the monthly means. Conse

quently, the maximum monthly heat losses axe 1074 Wm~2 for the original SOC 

data and 1170 W m ~2 for NCEP data, comparable to an observational maximum of 

1500 W m ~2 (discussed by Sathiyamoorthy and Moore, 2002). As such, winter (DJF)
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averaged heat loss is 968 W m ~2 for original SOC and 1099 W m ~2 for the NCEP. 

If this adjustment is not used, the model mixed layer depths are too shallow in the 

Labrador Sea and LSW formation is severely curtailed.

Formally, the surface freshwater flux term includes a runoff component not di

rectly present in the data we use to force the model. We parameterize this effect as 

an additional “precipitation” term in the coastal regions of Greenland and Canada 

based on observational data, modifying the original SOC fluxes. However, since the 

provision of additional runoff is small, equivalent to 5.7 mSv from the Labrador Coast 

and 1.4 mSv from the north coast of Newfoundland, which had negligible effect on 

our results, we did not use this simplified river parameterization in the NCEP exper

iments.

The model lacks a sea-ice component. Without an explicit representation of the 

freshwater processes associated with sea-ice drift and melt, it was found that the 

model salinities drifted unacceptably. Therefore, a 30-day restoring term is added to 

the surface salinity to reduce this drift.

Finally, both versions of the SOC dataset lack data for areas that are ice-covered 

in winter due to its origin in ship and buoy based observations. E-P was set to zero in 

these regions. However, this choice could not be made for the heat fluxes. Sea ice is 

not a perfect heat insulator and if no heat flux was applied in these regions (which are 

often not completely ice covered, especially considering the coarse resolution of the 

atmospheric data), an unacceptable model drift in temperature was observed. Thus,
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a flux equals to 0.67 of the domain averaged heat flux (for a given month) was applied 

in these areas since it produces the best water mass properties from our extensive 

experiments.

2.3.5 Experiment Design

A number of experiments were performed and those discussed in this chapter are 

summarized in Table 2.1. Our baseline for comparing the model results will be the 

experiment of Myers (2002) using restoring boundary conditions (which was run for 

40 years), here called RES. We then ran the model for 80 years under each of the 

two climatologies (original SOC, NCEP), as experiments SOCl and NCEPl. A third 

experiment, to attempt to disentangle the relative importance of the buoyancy and 

momentum forcing was run using NCEP buoyancy forcing and ECMWF momentum 

forcing. This experiment, NCEP2, was integrated for the base 80 years, and then for 

an additional 40 years to assist with its understanding. SOC2 is a similar experiment 

as SOCl but with the adjusted SOC, integrated for 40 years.

Table 2.1: Summary of experiments reported in this chapter
Names Buoyancy fluxes Labrador Sea convection Momentum forcing

region heat flux increase
RES Relaxation to climatology ECMWF
SOCl Original SOC x5 ECMWF
SOC2 Adjusted SOC x5 ECMWF

NCEPl NCEP x3 NCEP
NCEP2 NCEP x3 ECMWF
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2.4 Model results

2.4.1 Model stability

Basin averaged temperatures and salinities axe shown in Figure 2.2 for the first 

40 years of integration for several experiments. After an adjustment from the initial 

conditions, a quasi-equilibrium is approached by year 23. Over the last 10 years of 

integration (years 71 ~  80), the basin averaged temperature and salinity only change 

by —0.0015 °C and —0.0004 psu for SOCl, 0.0184 °C and 0.0008 psu for NCEPl. The 

adjustment to equilibrium is slower under flux forcing. Although the model properties 

have drifted away from the observationally based initial conditions, they are in line 

with many other models of the sub-polar gyre. Treguier et al. (2005) reported the 

LSW with unrealistic high salinity in a series of high resolution ocean models they 

assessed.

The amplitudes of the annual cycles in basin- and top 200 m- averaged temper

atures have increased by 42% and 55% for SOCl, and 62% and 76% for NCEPl 

respectively compared to RES. This is produced by the flux surface boundary condi

tions. The annual salinity amplitudes (top 200 m) in SOCl (0.026 psu) and NCEPl 

(0.018 psu) are only a 1/3 of that from Levitus climatology (0.068 psu) while the an

nual temperature amplitudes (2.00 °C in SOCl and 2.26 °C in NCEPl) are relatively 

close to the observation (1.59 °C).
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Figure 2.2: Time series of a) temperature (°C) and b) salinity {psu) for experiments 
SOCl, NCEPl and RES, averaged over the entire model domain

2.4.2 Experiment SOCl

The large-scale structure of the sub-polar gyre in SOCl is very similar to that 

in RES, but with a few significant differences (Figure 2.3). The unrealistic anti- 

cyclonic inflow to the interior of the Labrador Sea found in RES is stronger and 

more energetic despite the eastward branch of the NAC also being intensified. The 

Labrador Sea counter-current is intensified, with significant flow into the Irminger 

Basin, weakening the IC, as well as the flow along the Reykjanes Ridges.

The depth-integrated freshwater content in the central Labrador Sea region (boxed 

area in Figure 2.4a) averaged over years 37 ~  40, relative to a salinity of 35.0, is 

—2.84 x 1012 m3, much less than 5.13 x 1012 m3 in RES averaged over last 4 years
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Figure 2.3: Annual current fields (arrows) and EKE fields (cro2s-2) (gray scale) at 
52.5 m (3rd model level) averaged over years 37 ~  40 for (a) SOCl; (b) RES; (c) 
NCEPl. Every second vector is plotted.
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of integration. Both are a significant drop from an initial value of 1.30 x 1013 m3 

(NODC climatology). Although a reduced freshwater import through a too salty 

East Greenland Current (EGC) plays a role in the salinification, the main component 

of the drift is driven by a strong salt import from the south, with the unrealistic 

NAC inflow to the Labrador Sea. Myers and Deacu (2003) examined the NAC inflow 

to the Labrador Sea in RES. They suggested that this current was accelerated by a 

strong rectification process with the conversion of eddy kinetic energy (EKE) to mean 

kinetic energy (MKE). Our results suggest this process is occurring here, with the 

enhanced amplitude of the inflow in this experiment related to a significant increase 

in the conversion of EKE to MKE (1.6531 x 10-4  cm2s~2 in SOCl versus 5.7688 x 

10-5  cm2s~2 in RES, averaged over our central Labrador Sea box). Moreover, the 

higher EKEs around the “Northwest Comer” (near 51°iV 43°W  where the NAC takes 

a 90° turn to the right - first defined by Worthington (1976); it scatters a bit far to 

the east in the model) (300 ~  400 cm2s~2 in SOCl) are closer to the satellite-tracked 

surface drifter observations (500 ~  1000 cm2s~2) (Fratantoni, 2001; Cuny et al., 

2002), in comparison with RES (100 ~  200 cm2s~2).

Another change compared to RES is seen in the sub-polar mode waters (SPMWs), 

a series of thick layers of low stability waters (McCartney and Talley, 1982) formed 

locally (associated with topography) by vertically deep mixing due to intensive heat 

loss to the atmosphere in the sub-polar gyre (Talley, 1999), with a density scope of 

26.9 to 27.75 (Hanawa and Talley, 2001). Figure 2.4a illustrates the annual mean
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potential vortidty (PV) field, given by q =  ± |§ f  (relative vorticity ignored), mapped 

on ao =  27.6 averaged over years 37 ~  40, which effectively signals the formation sites 

of this density of the SPMW. Comparing with RES (Figure 9 in Myers, 2002), SOCl 

gives us a better representation of the water formation on the above isopycnal, with 

formation along the outcropping edge of the isopycnals (Irminger Basin, the Reykjanes 

Ridge and Iceland-Scotland Ridge), following the cyclonic circulation around the 

northern edge of the gyre (Talley, 1999).

60W 50W 40W 30W 20W 10W

Figure 2.4: Annually-averaged PV over years 37 ~  40 on <tq =  27.6 for a) SOCl 
and b) NCEPl. Contour intervals are in 0.2 x 10~10m- 1s-1  but no value larger than 
2.0 x 10- 10m- 1s-1  is contoured. The small box indicates the central Labrador Sea 
region discussed in our analysis.

The LSW formed in the Labrador Sea by winter deep convection is characterized 

by cold, fresh properties (Table 2 .2) and a weak vertical density gradient. Deep 

convection has mainly been observed in the western interior of the basin, with an
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average depth of 1500 m (Table 2.2). SOCl produces the LSW with reasonable 

density, convective depth and location, but with high temperature and salinity (Table 

2 .2 ) due to the entrainment of excess warm and saline water advected into this region 

through the NAC, as mentioned previously in this section. Potentially unrealistic 

deep convection nevertheless appeared in the Irminger Sea (not shown) due to a local 

surface flux maximum. In contrast, RES produces unrealistic deep convection to the 

southwest of Greenland, attributable to unrealistically warm model EGC water and 

the subsequent heat loss derived from the restoring boundary conditions, although the 

properties of the model LSW are otherwise good (Table 2.2, see also Myers (2002)).

Table 2.2: Properties of the LSW in March of 40th year (1: Averaged over years 
37 ~  40; 2: Clarke and Gascaxd (1983); Wallace and Lazier (1988); Lilly et al. (1999); 
http : / / www.mar.df o — mpo.gc.ca/sdence/ocean/woce/labsea/labsea-poster.html; 
3: Levitus climatology)

Location Depth erg T(°C) S{psu) Annual mean1 over
of convection (m) central Labrador Sea box

T(°C) S(psu)
SOCl 58.5 °N 

52 ~  53°W
1500 27.78 3.8 35.02 4.3 35.03

NCEPl 57.8 °N  
52 ~  53°W

1650 27.82 3.9 35.03 4.4 35.06

RES 58.3 ~  59°JV 1500, 27.77 2.8 34.88 3.7 34.93
57°W, 48°W 1700 ~  27.78

OBSERVATION 56 ~  58°N 1500 27.74 2.75 34.83 3.2s 34.86s
(winter)2 52 ~  55°W ~  27.81~  3.65~  34.91

2.4.3 Experiment N C E Pl

Several major differences stand out between SOCl and NCEPl (Figure 2.3). In 

NCEPl, the offshore and shelf branches of the Labrador Current do not merge, as in
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SOCl (and in reality), and the shelf branch is purely fed by the Baffin Island Current. 

This is related to NCEP wind stresses, which are weaker, and more zonal than the 

ECMWF stresses in winter (Figure 3 in Myers, 2003).

The NAC is generally thought to follow the steep topography of the western 

boundary in NNE direction from the Southeast Newfoundland Ridge (around 40°N, 

Ah°W) to Flemish Cap (47°N, 45°W), turn northwest into the “Northwest Corner”, 

then shift sharply towards the east around 50 ~  52°N, and finally become a weaker, 

more diffusive eastward flow (discussed by Luo et al., 2003). In NCEPl, the NAC 

is more meridional entering the model domain east of 50°W and then anomalously 

penetrates northwest into the Labrador Sea, not turning eastward after reaching the 

“Northwest Comer”. This northward current then winds northeast toward Irminger 

Sea. The NAC portion east of 36°W is fed instead by southward flow west of Reyk- 

janes Ridge (Figure 2.3c). The connection between the “Northwest Comer” and the 

NAC in the eastern basin basically breaks (indicated by a pair of arrows in Figure 

2.3c). The response to this anomalous NAC path is a greater inflow of salinity into 

the Labrador Sea and a further reduction in freshwater content (—5.36 x 1012 m3). 

The anomalous NAC path is accompanied by enhanced eddy activities (with EKEs 

of 300 400 cm2s~2 between 52 to 57°N, higher than the 100 ~  300 cm2s~2 from

observations - Fratantoni (2001); Cuny et al. (2002)).

Higher surface salinities lead to enhanced deep convection in the Labrador Sea 

(Table 2.2). We also note deep-reaching, potentially unrealistic vertical mixing (up
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to 1300 m) occurring west of the Bay of Biscay and south of Rockall Plateau/Trough 

(Figure 2.4). The salinity distributions (not shown) on the oq — 27.6 surface demon

strate that this newly-formed water mass then disperses southeastward. More inten

sive wintertime heat losses in the NCEP fluxes in this region are responsible. Once 

initiated, this water mass formation remains a stable feature of the model integration.

Renfrew et al. (2002) suggested that NCEP surface fluxes would be inappropriate 

in driving ocean models due to an overestimation of the turbulent fluxes in high 

wind regions, such as the Labrador Sea. Our results seem to show more extensive 

drawbacks of using the NCEP fluxes to drive an ocean model of the sub-polar gyre.

2.4.4 A diagnosis of two modes of circulation in NCEP2

NCEP2 has same buoyancy forcing as NCEPl and the same momentum forcing 

as SOCl. This experiment might be more suitable to be thought as an idealized 

experiment in a sense that buoyancy and momentum forcings axe produced from 

different time periods and sources with a possibility of being inconsistent with each 

other. This is however a common option with the availability of the flux data. An 

analysis of the basin averaged quantities unexpectedly revealed an abrupt increase in 

both the temperature and salinity around year 34 (following a quasi-equilibrium that 

developed after the initial spin-up). That the new equilibrium was stable was verified 

by extending the integration to 120 years (Figure 2.5). These two states correspond 

to two modes of circulation.
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Figure 2.5: Time series of temperature (°C) and salinity (psu) averaged over the 
entire model domain in NCEP2

As in NCEPl (Figure 2.4b), we note deep SPMW formation west of the Bay of 

Biscay, reaching up to 1350 m by the 34th year (Figure 2.6a), 50 m deeper than in 

NCEPl due to probably stronger Ekman pumping from the ECMWF wind stress 

during winter (see Myers, 2003, Fig3a, b for wind stress comparison). As in NCEPl, 

the depth of this feature increases through the initial phase of the model integration 

and is related to the “strong” NCEP heat loss in this region. Following the 34th year 

of integration, the depth of convection in the eastern region rapidly decreases. By year 

80, intermediate depth convection here has completely ceased (Figure 2.6b). Mixed 

layer depths in this region are now in the 800 ~  900 m  range. This pattern in mixed 

layer depth is consistent with the changes in heat content over the upper layer (0 ~  

915 m) in this region (Figure 2.7). Heat content is defined as H  =  CpPo fvC ^~Tr)dV,

temperature
salinity
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where Cp is the specific heat capacity of water, po the reference density, 1028 kgm~z, 

Tr a reference temperature (0°C), T  the model temperature and V  the volume. The 

initial decrease in heat content implies cumulative surface cooling and hence the 

deepening of the vertical mixing. The similar evolution pattern as for the time series 

of domain-averaged temperature after spin-up (Figure 2.5) suggests that the shift 

in domain-averaged temperature may be caused by the shift in heat content in the 

eastern basin. A corresponding shift in LSW volume on ctq = 27.74 ~  27.8 (Figure 

2.7) also shows the two circulation modes, with a positive response to the collapse in 

water mass formation in the eastern basin, with a lag of 2 yrs (albeit with significant 

interannual variability later in the integration).
70N

65N

60N

55N

50N

45N

40N 
70N

65N

60N

55N

50N

45N

40N
60W 50W 40W 30W 20W 10W

Figure 2.6: Annually-averaged PV on oo =  27.6 in NCEP2, a) for the 34th year and 
b) the 80th year. Contour intervals are in 0.2 x 10- 10m- 1s-1  but no value larger than 
2.0 x 10- 10m- 1s-1  is contoured.

The changes in heat content in this eastern water formation region (Figure 2.7)
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Figure 2.7: A time series of heat content over eastern basin convection region (43 ~  
52°N, 12 ~  24°W), from the surface to 915 m, and LSW volume (<To =  27.74 ~  27.8) 
over the central Labrador Sea region in NCEP2.

are closely linked to changes in the net inflow of heat to this region through its 

lateral boundaries. A calculation of total surface heat flux in this region shows an 

annual mean heat loss of 0.0173 PW . For an equilibrium to be reached, this must 

be balanced by the lateral heat fluxes. In NCEPl, a balance in this region is quickly 

reached (Figure 2.8a), with the main source of heat being a large positive component 

by the Ekman flux (Figure 2.8b). However in NCEP2, the net lateral heat influx 

(Figure 2.8a) is not enough to offset the surface heat loss since the different ECMWF 

wind stress leads to a situation where the net Ekman flux is negligible for this region 

(heat export almost offsets import) - Figure 2.8b, although non-Ekman component 

contributes a positive value. Thus, this region rapidly cools, which then drives deep

heat content 
LSW volume
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convection. This situation then excites a spike in positive net non-Ekman heat inflow 

(Figure 2.8c) around year 35, composed mostly of advective heat flux, leading to a 

sudden increase in temperature (or heat storage) in this eastern region and a capping 

of convection. With the cessation of eastern basin convection, the NAC pathway 

adjusts. No longer is the pathway “broken”, with basically the entire flow into the 

Labrador Sea, and then Irminger Sea. In year 35 (Figure 2.9a) an eastward branch 

of the NAC is formed through a bifurcation of the flow as it enters the Irminger 

Basin, and by year 80 (Figure 2.9b) an eastward branch of the NAC is reestablished 

in the “Northwest Comer” region (although too much flow is still advected into the 

Labrador Sea). This transition in NAC pathway is accompanied by temperature 

changes, with a reduction in the Labrador Sea at 80th year and an increase along the 

NAC pathway. The excess heat into our domain is provided by an increase in the 

import of heat through the southern open boundary. As a result, the deep-reaching 

convection driven by intensive heat loss and high net evaporation (high salinity) west 

of the Bay of Biscay is eroded by internal advective processes, triggered by the Ekman 

heat transport.

2.4.5 Adjusted SOC

The model was integrated for 40 years under the adjusted SOC Fluxes which we 

have further modified as described earlier (Table 2.1). The adjustments, based on 

the hydrographic constraints to balance the global budget, lead to increased annual
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Figure 2.8: Annual a) net heat influx b) net Ekman heat influx c) non-Ekman heat 
influx ( a)-b) ) through four lateral faces of eastern region (43 ~  52°IV, 12 ~  24° W) 
for whole water column in NCEPl and NCEP2 (units: PW ).
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Figure 2.9: Annually-averaged currents at a depth of 52.5 m for NCEP2 in a) the 
35th year and b) the 80th year. Every second vector is plotted
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mean heat losses everywhere in the model domain in the adjusted climatology. These 

increases range from 50 WrrT2 over the NAC pathway leading into the “Northwest 

Comer”, to 25 Wm~2 over the central Labrador Sea, to 20 ~  25 Wm~2 over most of 

the eastern basin.

As might be expected, the enhanced cooling leads to an increase in wintertime 

mixed layer depths and water formation throughout the model domain. The increased 

surface heat loss leads to an enhancement of convection in the Labrador Sea, with 

Labrador Sea water being formed with densities reaching 27.85 (although maximum 

mixed layer depth over the last 20 years of the simulation is only 1600 m).

The stronger wintertime surface fluxes over the eastern half of the basin lead to 

an almost complete turn over of the upper 1000 to 1500 m in the eastern part of 

the Irminger Basin, the Iceland Basin, Rockall Trough and the eastern basin north 

of 45°N. Densities reach up to 27.78 to the east of Reykjanes Ridge in the western 

Iceland Basin. These changes are consistent with the analysis of Grist and Josey 

(2003) who have already noted on the basis of buoy comparisons that the adjusted 

fluxes are likely to overestimate the heat loss in the eastern basin.

2.5 Summary and discussion

Experiments to examine oceanic variability and climate system change in ocean- 

only models are often more robust when surface flux forcing is used rather than 

restoring boundary conditions. We have therefore examined the use of surface flux
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forcing in a regional eddy-permitting ocean model of the sub-polar North Atlantic. 

Our flux forcings originate from original SOC and NCEP monthly climatologies with 

the addition of crude parameterization of the high frequency portion of heat forcing, 

so that the model produces sufficient LSW. With the existence of a weak restoring 

term on salinity, the model remains stable through long decadal integrations although 

a switch in circulation mode appears in one experiment.

Overall, SOCl is our most robust experiment with all major features of the sub

polar gyre being represented. Improvements are seen in SPMW formation and disper

sal, as well as model eddy kinetic energy fields, with respect to an equivalent run with 

restoring conditions. The structure of the surface fluxes however leads to potentially 

unrealistic deep convection in the Irminger Sea, with this situation exacerbated with 

the hydrographically adjusted SOC fluxes. The drifts in temperature and salinity, 

seen in most high-resolution models of the sub-polar gyre, appear in all experiments. 

They seem to be dominated by internal advective processes although surface forcing 

may indirectly play a role by triggering deep convection and lead to a compensation 

of surface advection.

Excess heat loss in winter and relative large net evaporation (hence high salin

ity) in the eastern Atlantic in the NCEP reanalysis lead to potentially unrealistic 

SPMW formation west of the Bay of Biscay although some mixed layer climatologies 

(e.g. Kara et al., 2000) suggest mixed layer depths upwards of 600 m in this region. 

With NCEP wind stress applied (NCEPl), an anomalous NAC penetrates into the
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Labrador Sea (does not turn eastward from “Northeast Comer”). This results in deep 

eastern basin SPMW formation. When replaced by ECMWF wind stress (NCEP2), 

the eastward NAC path gradually recovers and strengthens, accompanied by more 

eastward heat transport. As it does so, the deep SPMW formation in the eastern 

basin fades away, followed by a deepening of the LSW due to a reduction in heat 

content in the Labrador Sea. Thus a second mode of circulation is achieved in this 

experiment.

Hansen and Bezdek (1996) depict a preferred propagating pathway of an anoma

lous warm event in the North Atlantic, developed west of the sub-tropical gyre (Sutton 

and Allen, 1997). This SST anomaly moved north-westward from south of Newfound

land in 1951 and arrived at the Labrador Sea in 1953 before heading northeast and 

entering eastern basin (in their Figure 4). This propagation pathway is surprisingly 

coincident with the transition in our NAC path and heat transport in NCEP2. Bersch 

(2002) related this event to the shift of NAO phase from positive to negative value. 

Further work is needed to clarify this point.
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Chapter 3

Role of the high frequency portion  
of heat flux in Labrador Sea W ater 
formation in an eddy-perm itting  
ocean model

3.1 Introduction

Deep convection in the Labrador Sea region is a “plume” scale event, triggered 

by intensive heat loss to the atmosphere, under the preconditioning of cyclonic cir

culation and neutral stratification (Clarke and Gascard, 1983; Marshall and Schott, 

1999). This strong surface forcing might be brought about by the passing of mesoscale 

or synoptic scale cyclones, which contribute significant high-frequency variability to 

the surface heat flux. In ocean modelling, however, the surface flux forcing, either 

based on observation or atmospheric general circulation model output, is frequently 

averaged over some period ranging from annual to monthly, as well as spatially, such
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that the extreme surface cooling associated with the synoptic scale events is removed 

(Killworth, 1996). This can lead to significant drifts in temperature and salinity (e.g. 

Rosati and Miyakoda, 1988). Rosati and Miyakoda (1988) depicted the role of high 

frequency variability, unrepresented in monthly means, in producing more realistic 

mixing-layer structure by a comparison of the model results forced with monthly 

mean versus 12-hourly averaged surface fluxes. Philander and Seigel (1985) param

eterized the high-frequency wind fluctuations in monthly mean winds by stipulating 

wind speeds to be not less than 4.8 ms-1 and thus avoided the overly high surface 

temperature (discussed by Rosati and Miyakoda, 1988).

The role of the high frequency portion of heat loss in Labrador Sea Water (LSW) 

formation has been supported by a number of observations. For example, an instanta

neous sensible heat flux of about 750 Wm~2 was deduced when a convective event was 

observed during March 1976. However, the monthly mean sensible heat flux during 

winter months found by Smith and Dobson (1984) are around 100 Wm~2 (discussed 

by Sathiyamoorthy and Moore, 2002). Heat fluxes sometimes exceeding 650 Wm~2 

were reported during the winter of 1997 (Renfrew et al., 2002). The wintertime heat 

flux reached extremely high values of up to 1500 Wm~2, during the 1990s (discussed 

by Sathiyamoorthy and Moore, 2002).

A flux-forced version of an eddy-permitting regional ocean model of the sub-polar 

North Atlantic is developed in Chapter 2. Initially, the model was forced by monthly 

averaged fluxes provided either by Southampton Oceanography Center (SOC) or by
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the National Centers for Environmental Prediction - National Center for Atmospheric 

Research (NCEP-NCAR). Neither of them however could produce deep convection 

and the Labrador Sea Water (LSW). Moreover, model tracer fields drifted away from 

the initial conditions. To improve water mass formation and model hydrography, 

they roughly parameterized the effect of synoptic scale events in the model by simply 

enhancing heat fluxes (five-fold in SOC and three-fold in NCEP-NCAR) during the 

winter (Nov.- Mar.) over a limited region within the Labrador Sea (55 ~  59°N  and 

51 ~  56° W). The focus on this region is that the deep convection in the Labrador Sea 

is very localized and has mainly been observed in the western interior of the basin, 

around 56 ~  58°N  and 52 ~  55°W (Clarke and Gascard, 1983; Wallace and Lazier, 

1988; Lilly et al., 1999).

Are the results biased by increasing the heat fluxes over the entire winter in 

contrast to just during high frequency synoptic events? This chapter examines this 

issue with a series of experiments designed to represent different scenarios for synoptic 

events. The model is described briefly in section 3.2, followed by the configuration of 

surface forcing in section 3.3. The model results are analyzed in section 3.4, with a 

summary and discussion in section 3.5.

3.2 M odel description

The Sub-Polar Ocean Model (SPOM) is a regional configuration of the Modular 

Ocean Model-Array (MOMA) set up specifically for process and sensitivity studies of
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ocean variability questions in the sub-polar North Atlantic. The original model for

mulation is based on a Bryan-Cox-Semtner type ocean general circulation model using 

the inviscid version of the Killworth et al. (1991) free surface scheme. The biharmonic 

horizontal viscosity coefficient is Ah =  7.5 x 1018 cm4s-1 and the horizontal diffusion 

coefficient is Kh =  7.5 x 1018 cm4s_1. The vertical viscosity is Av = 1.5 cm2s_1 

and the vertical diffusion is Kv =  0.3 cm2s~l. Convective adjustment is performed 

using the complete convection scheme of Rahmstorf (1993). The effect of eddies not 

resolved by the model’s 1/3° resolution is mainly parameterized by the Gent and 

McWilliams eddy parameterization scheme (Gent and McWilliams, 1990), using a 

constant eddy transfer coefficient 2.0 x 105 cra2s_1.

The zonal boundaries are set at 68°W and Greenwich, 0°. The open southern 

boundary is set at 38°N, while the closed northern boundary is set at 70°iV with 

restoring buffers in Hudson Strait, Baffin Bay and the region to the north of the 

Iceland. The model z-coordinates have 36 vertical layers, unevenly spaced, with 

finer resolution in the upper water column. A partial cell finite-volume technique 

(Adcroft et al., 1997) is applied to better represent the topography, which is taken 

from the 1/12° ET0P05 NOAA (1988) dataset, linearly interpolated to the model’s 

1/3° resolution. The interpolated depths are used other than ensuring no partially 

filled level has less than 10 m  of water in it. Further details about the model can be 

found in Myers (2002).
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3.3 Surface forcing algorithms

The model formulation used is based upon the flux-forced configuration of the 

SPOM developed in Chapter 2. The surface momentum forcing is taken from the 

European Center for Medium Range Weather Forecast (ECMWF), assembled by 

Trenberth et al. (1990) for the period 1980 ~  1986. The base buoyancy fluxes are 

taken from monthly climatology, originating from the comprehensive set of ship/buoy 

measurements of SOC, with a resolution of 1° x 1° (Josey et al., 1998). This dataset 

provides heat fluxes and E-P (evaporation E minus precipitation P), the latter of 

which is used as a virtual salt flux. Some modifications are made over ice-covered 

areas where there is a lack of data. A 30-day weak restoring is added on salinity in 

order to account for lack of a sea-ice process in the SPOM (see Chapter 2 for details). 

We define the resulting monthly heat flux field with monthly bias removed as our 

base heat flux (BHF).

The intensive heat loss caused by the effect of synoptic-scale systems is then pa

rameterized by increasing the BHF over the Labrador Sea convection region (55 ~  

59°N  and 51 ~  56°W) during winter (Nov.-Mar.). We design three experiments 

HEAT1-HEAT3, based on different patterns for the high frequency heat loss asso

ciated with the synoptic-cale events. HEAT1 is the same experiment as SOCl in 

Chapter 2, with BHF multiplied by five (5 * BHF), i.e. a general enhancement of 

the heat flux during the winter months. To avoid a sudden transition in heat fluxes, 

the multiplier for the modified fluxes is smoothly ramped down at the boundary of
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the enhanced region. However, meso- or synoptic events are intermittent. In gen

eral their occurrences have a quasi-period of a week. For simplicity, we employ a 

period of ten days in two other experiments since there are 30 model days in each 

month. HEAT2 takes a form of 6 * BH F  * H FH F , employed repeatly in Novem

ber through March. H FH F  denotes the high frequency heat flux formulated as an 

absolute value of sinusoid, | sin37ra:j, where x  is a time variable (varying from 0 to 

1 within one month). This pattern implies that intense synoptic processes occur 3 

times each month (30 model days). The heat flux variability here is smooth and 

gradual. However, weather systems often rapidly spin-up or decay. They also may 

stall, implying significant durations. Experiment HEAT3 therefore utilizes a similar 

heat flux pattern 6 * B H F  * H F H F  but with HFHF  being expressed as a square 

wave, i.e. a piecewise function H FH F  =  1 when x  =  0 ~  0.2,0.4 ~  0.6 and 0.8 ~  1.0 

and H FH F  =  0 otherwise. This function is also applied repeatly over five winter 

months (November through March). This pattern similarly has a period of 10 days, 

but with the first event starting at the beginning and the third event lasting until 

the end of each month. This experiment undergoes longer periods of intense heat 

loss at the border of each month. Note that when the addition of the high frequency 

component calculates a heat flux less than B H F , BH F  is applied. The resulting 

idealized high frequency variability of heat fluxes at 57°iV, 54°W is shown in Figure 

3.1. Other locations have similar patterns although different amplitudes.

Table 3.1 lists the monthly heat flux means and the maxima of instantaneous
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Figure 3.1: Time series of wintertime heat fluxes at 57°N, 54°W  in the Labrador Sea

heat fluxes over the Labrador Sea convection region (55 ~  59°N and 51 ~  56°W) 

for all three experiments. The winter mean heat loss in HEAT1 differs by only 2.8% 

and 5.5% from those in HEAT2 and HEAT3 respectively. The maximum heat loss 

occurs in January. January mean/instantaneous maximum heat fluxes in HEAT1 

are 7.2%/22.7% and 10.3%/25.1% smaller than in HEAT2 and HEAT3, respectly. 

HEAT3 displays the largest amplitude between monthly minimum and maximum.

Table 3.1: Monthly heat flux means and maxima of instantaneous heat fluxes over 
the Labrador Sea convection region (55 ~  59°N  and 51 ~  56°W) (unit: WrrT2)

Exp. Types Nov. Dec. Jan. Feb. Mar. Winter Mean
HEAT1 Mean -520.51 -875.93 -1074.60 -954.84 -302.31 -745.64

Max -1312 -1645 -1657 -1657
HEAT2 Mean -403.15 -942.71 -1158.20 -1034.72 -296.97 -767.15

Max -1535 -1983 -2144 -1971
HEAT3 Mean -406.27 -971.90 -1198.07 -1076.27 -291.31 -788.76

Max -1648 -2096 -2211 -1971
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3.4 Model results

The model was initially spun up for 40 years under HEATl. This forcing gives a 

reasonable climatology for the Labrador Sea region, with the LSW being produced 

to a depth of ~  1500 m in the western interior of Labrador Sea, albeit with both 

temperature and salinity higher than observations (Chapter 2). Then the model is 

run for a further 35 years using the forcing from each HEAT pattern.

As it takes time for the model to adjust after the switch in surface forcing at 

year 40, we focus on the last 15 years of integration (model years 61 ~  75). Deep 

convection is observed to occur during winter months in the Labrador Sea, around 

58 ~  59°JV, 52 ~  54°W, in all experiments. There is significant interannual variability 

in convective depth, ranging from 1000 to 1500 m in HEATl and HEAT2. HEAT3 

shows sim ilar interannual variability but greater extremes (one year with basically 

no deep convection and one year reaching 1600 m in depth). A convective depth of 

1500 m has been documented by a number of observations (Clarke and Gascard, 1983; 

Clarke and Coote, 1988; Lilly et al., 1999). Observations also show significant interan- 

nual/interdecadal variability (Dickson et al., 1996; The Lab Sea Group, 1998; Lazier 

et al., 2001), from a potential switching off of convection during the late 1960s/early 

1970s (Dickson et al., 1996), to less than 1000 m in the winter of 1995 ~  1996, to 

2300 m in the winter of 1992 ~  1993 (The Lab Sea Group, 1998; Lazier et al., 2001). 

Although this variability is most likely thought to be associated with variability in an 

atmospheric mode (e.g. the North Atlantic Oscillation) and hence surface flux forc
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ing, stratification and stagnation of the previous year’s LSW may also play important 

roles (Clarke and Gascard, 1983; Dickson et al., 1996). At least in our experiments, 

the variability arises from internal processes, since our forcing is perpetual.

Although our three experiments give rise to somewhat different convection pat

terns, the LSW properties are very similar in all experiments. Wintertime convection 

is associated with temperatures of ~  4 °C and salinities of 35.1 psu. These values 

are warmer and saltier than observed (Clarke and Gascard, 1983; Wallace and Lazier, 

1988; Lilly et al., 1999) but consistent with the drift in properties (especially salinity) 

seen in most eddy-permitting models of the sub-polar gyre (Treguier et al., 2005; 

Myers and Deacu, 2004). This leads to formation of the LSW with densities ranging 

from 27.75 to 27.80 in most years in all experiments. If we integrate the volume of 

the LSW (in the above density range of 27.75 to 27.80) in the central Labrador Sea 

in each experiment, we also find few differences between experiments (Figure 3.2), 

albeit with significant interannual variability. Averaging over the last 15 years of each 

experiment, we determine the volume of the LSW to be 4.28 x 1014 m3 in HEATl, 

4.27 x 1014 m3 in HEAT2 and 4.23 x 1014 m3 in HEAT3. Thus, despite the net heat 

fluxes varying by up to 5 .5% between experiments (and the maximum instantaneous 

heat loss varying by up to 25%), the changes in time integrated LSW volume over this 

15 year period is only 1%. Although an examination of volumes means that we are 

considering storage as well as water mass formation, the small discrepancies between 

experiments suggest that a balance has been reached.
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Figure 3.2: Time series of LSW volume on a0 = 27.75 ~  27.8 over the central 
Labrador Sea Region

3.5 Summary and discussion

In a previous work (Chapter 2), a flux forced version of an eddy-permitting ocean 

model of the sub-polar North Atlantic has been developed. In order to obtain “right” 

LSW climatological properties and prevent the tracer fields from drifting from the 

observations, the effect of high frequency variability in heat flux is parameterized by 

simply increasing the heat loss over the Labrador Sea convection region for the entire 

winter (Nov.-Mar.). In this chapter we design two other parameterization schemes 

with more realistic time-evolving patterns represented by idealized functions. Despite 

significant differences in mean and instantaneous heat fluxes among the three exper

iments, all show very similar LSW properties and an improvment of LSW formation

xio
-  -  HEATl
  HEAT2
  HEAT3 .
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in comparison with using simple monthly mean. We conclude that this type of ideal

ization of synoptic events is hence appropriate to be used in an ocean model in terms 

of LSW formation (giving “right” LSW properties in comparison with monthly mean 

forcing). Advantages of such an approach include a way that permits the continued 

use of readily available monthly heat flux fields as well as a reduction in computation 

cost (1% of CPU).

Additionally, two other interesting results are highlighted in this chapter. First, 

there is the issue of internally driven convective variability. Although in no way dis

agreeing with the widely observed link between changes in atmospheric modes (such 

as the NAO) and LSW formation (Curry et al., 1998; Dickson et al., 1996), we show 

that variability in LSW volume can also be driven by internal oceanic processes. As 

the surface forcing does not include any interannual (or lower frequency) variability, 

volume changes must be driven by internal processes (such as changes to stratification 

or surface properties) that lead to differing amounts of convective water formation 

each year. Although LSW volumes will also be affected by changes in export, the 

variable increases seen in each winter do suggest that the volume changes are driven 

by variability in water mass formation.

A number of climate modelling studies using idealized models or configurations 

have suggested a link between the Meridional Overturning Circulation (MOC) and 

changes in the location, intensity and variability of convection (Delworth et al., 1993; 

Rahmstorf, 1995a,b; Delworth and Greatbatch, 2000). Yet as discussed by Rhein
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et al. (2002), there is as of yet no definite knowledge if convective variability can then 

be linked to variability in aspects of the MOC, such as meridional heat transport or 

the export of LSW from the subpolar gyre. Albeit very limited in extent, our results 

argue against such a link. We find significant interannual variability in convection 

and convective depth in all experiments. Yet, once integrated, we do not find any 

significant differences in LSW volume or export in these experiments. We would sug

gest that variability in LSW volumes, or potentially LSW export, may more likely be 

a relevant proxy to the MOC.
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Chapter 4

Response of the sub-polar North  
Atlantic to extreme NAO  
phase-related flux forcing in a 
regional eddy-perm itting ocean 
model

4.1 Introduction

Since Bjerknes (1964) and others since (e.g. Deser and Blackman, 1993; Knshnir, 

1994) introduced the notion of the timescale dependent nature of the North Atlantic 

air-sea interaction, there has been intensive interest toward understanding variability 

in ocean circulation and heat transport in the North Atlantic, concentrating on the 

North Atlantic Oscillation (NAO) - related atmospheric forcing. The NAO is a dom

inant mode of the atmospheric variability over the North Atlantic, expressed as the
°A version of this chapter has been submitted for publication. Duo Yang and Paul G. Myers 

2005. Geophysical Research Letters.
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surface pressure difference between subpolar and subtropical action centers and hence 

representing the strength of the westerly winds blowing over the North Atlantic Ocean 

between 40 ~  60°N  (Rogers, 1984; Hurrell, 1995). The rationale for the interest in 

the NAO is its intimate relationship with latent and sensible heat (Cayan, 1992), 

freshwater (Hurrell, 1996) and momentum fluxes (Visbeck et al., 1998) provided to 

high latitude North Atlantic on inter-annual and inter-decadal scales, which thus puts 

its signature on water mass formation, circulation and oceanic heat and freshwater 

transport (e.g. Dickson et al., 1996; Curry et al., 1998; Curry and McCartney, 2001).

The subpolar North Atlantic is our focus, where the formation of the Labrador 

Sea Water (LSW) is associated with the sinking branch of the meridional overturn

ing circulation (MOC), while the North Atlantic Current (NAC), an extension of the 

Gulf Stream (Clarke et al., 1980), is unique in transporting warm waters to much 

higher latitudes than currents in any other ocean (Rossby, 1996), and acts as part 

of the upper layer branch of the MOC. The NAC is associated with strong tempera

ture and salinity gradients, separating the warm, saline waters of tropical-subtropical 

origin from the cold, fresh waters of the Labrador Sea (Rossby, 1996). Observations 

show that LSW formation and the NAC have displayed significant interannual and 

interdecadal variability. Weak convection, thinning and warming LSW can be related 

to a low NAO index (weaker westerlies) and vice versa (Curry et al., 1998). The 

remote impact of the LSW on subtropical deep water also appears to be regulated 

by NAO variability (Curry et al., 1998). Curry and McCartney (2001) reveal the
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response of the Gulf Stream - NAC system intensity to the NAO forcing by con

structing an oceanic analogue of the NAO index. Bersch (2002) suggested a subpolar 

gyre contraction, as the NAO changed from its positive phase to the negative phase.

Studies from Ocean General Circulation Models (OGCMs) have linked NAO- 

related interannual or interdecadal atmospheric forcing to low-frequency variations 

in the horizontal and meridional circulation and heat transport (Hakkinen, 1999; 

Delworth and Greatbatch, 2000; Eden and Jung, 2001; Eden and Willebrand, 2001; 

Gulev et al., 2003). However, a series of idealized models forced by idealized, stable 

flux forcing did exhibit internal oceanic oscillation, independent of varying surface 

forcing (e.g. Weaver and Sarachik, 1991; Weaver et al., 1993; Greatbatch and Zhang, 

1995; te Raa et al., 2004). We hence inspect this issue in a more realistic (geometry, 

topography and stable, extreme NAO related surface forcing) and eddy-permitting 

regional ocean model configuration. With better resolved LSW formation and NAC 

pathway, we reveal interactions of water mass formation and boundary currents, as 

well as their role in the initiation and maintenance of an internal oceanic mode.

4.2 M odel configuration and experiment design

The model is a flux-forced version (Chapter 2) of a regional eddy-permitting 

(1/3°) ocean model of the sub-polar North Atlantic (68°W ~  0° and 38 ~  70°N) 

(Myers, 2002) having 36 unevenly spaced vertical z-levels. The climatological sur

face buoyancy (heat and freshwater) forcing originates from ship/buoy measure
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ments of the Southampton Oceanography Center (SOC) (Josey et al., 1998) (mean 

of 1980 ~  1993), with the addition of a crude parameterization of the effect of high- 

frequency variability resulting from the passages of synoptic scale events on the heat 

flux over the convective region of Labrador Sea during winter months. Wind stress 

is from an European Center for Medium Range Weather Forecast (ECMWF) clima

tology, assembled by Trenberth et al. (1990) for the period 1980 ~  1986. The model 

also features a finite volume partial cell (Adcroft et al., 1997) topography, taken from 

ET0P05 (NOAA, 1988) dataset, as well as open boundary conditions dealing with 

connections with the rest of the Atlantic Ocean at 38°N  and buffer zones used in the 

northern boundary regions. The model is described in more detail in Myers (2002) 

and in Chapter 2.

Using the above configuration, the model is spun up for 40 years from rest (and 

climatological temperature and salinity). Then we conduct three experiments, start

ing from the end of the spin-up. Our control experiment (hereafter CTL) is a further 

integration of 40 years under climatological forcing and is the same experiment as 

SOCl in Chapter 2. The major features of the large-scale circulation of the sub-polar 

North Atlantic are well represented except our “Northwest Comer” is too far to the 

east, as shown in Chapter 2. Two other experiments, named HNAO and LNAO, are 

forced by anomalous monthly heat and freshwater fluxes corresponding to extreme 

high and low NAO phases superposed upon the climatological forcing (wind stress 

unchanged), and integrated over years 41 ~  150 and 41 ~  100 respectively. The
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extreme NAO phase related anomalous heat and freshwater fluxes are synthesized 

from three extreme high NAO index years (1989, 1990 and 1995) in HNAO and from 

three extreme low NAO index years (1969, 1996 and 1963) in LNAO, taken from the 

NCEP-NCAR reanalysis (Kalnay et al., 1996). The December-February (DJF) heat 

flux anomalies show an obvious seesaw pattern with heat loss being most intense over 

the Labrador Sea and decreasing towards the southeast during the extreme high NAO 

phase and strongest in southeast corner of our domain, around the Bay of Biscay, and 

reducing towards the Labrador Sea in the extreme low NAO phase (Figure 4.1). Our 

anomalous pattern is similar to the sum distribution of anomalous latent and sensible 

heat fluxes over the sub-polar North Atlantic in Marshall et al. (2001) (their Figure 

3a) during the high NAO phase although our heat flux includes long wave and net 

solar radiations. The DJF averaged heat flux difference between two extreme NAO 

phases over Labrador Sea reaches up to 200 Wm~2.

70N 

65N 

60N 

55N 

50N 

45N 

40N

60W 50W 40W 30W 20W 10W 60W 50W 40W 30W 20W 10W

Figure 4.1: Heat flux anomalies averaged over Dec.-Feb. (NCEP-NCAR). HNAO 
anomalies are synthesized from three extreme high NAO years (1989, 1990 and 1995) 
and LNAO anomalies from three extreme low NAO years (1969, 1996 and 1963)

LNAOHNAO
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4.3 Model response of the sub-polar North At
lantic

4.3.1 Less “stable” oceanic response in HNAO vs. LNAO

An examination of the meridional stream function (MSF) at 55°JV, the model 

domain averaged heat content and the eastern basin (43 ~  52°N  12 ~  24°W) aver

aged heat content (Figure 4.2) reveals a potential multi-decadal oscillation in HNAO 

while a quasi-equilibrium is established in LNAO following an initial adjustment. In

terannual variability is ubiquitous in both experiments. This variability in HNAO 

has an irregular period that changes over time, te Raa et al. (2004) suggest from an 

idealized model study that changing the model complexity can result in interdecadal 

variability comprising more than one period. Our irregular period might hence be 

attributed to the complexity of our model and could thus reflect the superposition of 

different periods resulting from the persistent surface forcing signal in HNAO. Note, 

however, that an additional experiment with a more “realistic” persistence for high 

NAO forcing (lasting for ten years before a return to climatological forcing, a situ

ation not unusual - e.g. during late 1980 ~early 1990s) displays the same feature 

of multi-decadal variability and period superposition, albeit with slightly different 

details.

The MSF at 55°iV mirrors to a great extent the strength and timing of Labrador 

Sea convection. Figure 4.2 shows that the changes in the MSF lead variations in 

domain (and eastern basin) heat content by 4 (6) years, with maximum correlation
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Figure 4.2: Time series of a) meridional stream function at 55° AT; b) domain-averaged 
heat content; c) heat content in eastern basin (43 ~  52°N  12 ~  24°W) for HNAO 
(solid line) and LNAO (dashed line).
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coefficients between the timeseries of 0.73 (0.66), significant at the 99% level, and 

therefore suggest a driving role of Labrador Sea convection, triggered by atmospheric 

forcing. However, since there is no variability other than the seasonal cycle in our 

surface forcing, the different evolving patterns, especially the multi-decadal variabil

ity appearing in HNAO, must be brought about by internal oceanic processes. Figure 

4.3 gives snapshots of annual temperature anomalies in HNAO over a full oscillation 

(years 46 ~  94) and depicts such an internal mode - anomalous heat transport evo

lution. After switching to anomalously high NAO forcing in year 41, the increased 

heat loss over the Labrador Sea produces colder and hence denser surface water, en

hancing deep vertical convection. Subsequently, the NAC transports more heat to 

the Labrador Sea, warming it and leading to less heat influx to the eastern basin, 

and a drop in heat content (Figure 4.2c). We see more heat concentrates around 

Labrador Sea basin at year 46 (Figure 4.3), accompanied by reduced convection and 

low LSW volume in Labrador Sea (not shown). After that, more northeastward 

heat transport causes increased temperature in eastern basin during years 52 ~  80 

and decreased temperature in Labrador Sea, accompanied by the deep convection up 

to 1700 m and high LSW volume. Then, this deep convection provokes a gradual 

heat transport toward Labrador Sea again such that the eastern basin cools and the 

Labrador Sea warms up with weakened vertical convection (1100 m) and diminished 

LSW volume. This process then repeats in the remaining years, accompanied by the 

subsequent oscillations. The low-frequency variability in HNAO is therefore closely
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associated with anomalous heat transport in the upper layers, leading to temperature 

anomalies. In LNAO, heat transports are consistently directed northeastward after 

the spin-up, giving rise to a stable equilibrium situation.

60W 40W 20W 60W 40W 20W 60W 40W 20W

- 1 0  1 2

Figure 4.3: Snapshots of annual temperature anomalies in HNAO (with respect to 
annual temperature mean over the entire integration period - years 40 ~  150) averaged 
over the upper 658 m (model levels 1 ~  14) during a full oscillation (years 46 ~  94), 
plotted every six model years.

Our results therefore suggest that surface forcing in response to the high NAO 

phase is more likely to induce internal oceanic heat transport variability than the low
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NAO case.

4.3.2 Anomalous NAC pathway

Now let us investigate the NAC and link it to the variability in anomalous heat 

transport discussed above. Classically, the NAC is thought to flow to the northwest 

into the “Northwest Comer” from around the Flemish Cap, then shift sharply towards 

the east around 52°jV (Krauss et al., 1987). However, the complexity and variability of 

the flow around “Northwest Comer”, associated with significant meanders and eddies, 

has been documented by a number of authors (e.g. Mann, 1967; Krauss et al., 1987; 

Clarke et al., 1980; Rossby, 1996). We focus on the NAC’s evolving patterns in the 

region 46 ~  52°N  33 ~  44° W  by examining the model sea surface height (SSH) field. 

These variations are nicely demonstrated using the SSH isolines of 0 and -5 cm. We 

plot the isolines for years 46, 76 and 94 for HNAO (covering the oscillation previously 

discussed) and a representative year (80) for LNAO (Figure 4.4). In HNAO, a more 

westward NAC axis is evident, accompanied by low-frequency shifts in orientation 

of the pathway: northwest (years 46 and 94) - northeast (year 76). These changes 

are consistent with the anomalous heat transport and low-frequency variability in 

heat content discussed previously. Similar switches also appear in the subsequent 

oscillation. We do not observe a north-south NAC shift (Bersch, 2002), possibly due 

to the longitude of the model northwest comer and the proximity of this region to 

the model southern boundary. In LNAO, the NAC manifests a stable, more eastward
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(in contrast to HNAO) and then northeast oriented pathway, without interdecadal 

changes.

54N

52N

50N

48N

46N

44N

Figure 4.4: 0 and -5 cm sea surface height contours for years 46 (dashed line), 76 
(solid line) and 94 (dash-dot line) in HNAO and in year 80 (dotted line) in LNAO, 
output from our model.

Bersch (2002) documented changes in the upper layer circulation along Greenland- 

Ireland and Newfoundland-France sections when the NAO index dropped significantly 

in 1996 and 1997. He suggested a contraction of the subpolar gyre with a westward 

shift accompanied by an eastward shift of the Subarctic Front (SAF) was observed 

in the Iceland and the Newfoundland Basins. This feature seems consistent with our 

LNAO experiment. A comparison of salinity in the upper 1000 m vs. longitude in 

LNAO against our CTL (not shown) shows the occurrence of higher salinity water in 

the Iceland Basin, Rockall Trough and western European Basin, as well as lower salin

ity water in the Irminger Basin during extreme low NAO years. A further comparison
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of salinity on ao =  27.2 and <7o =  27.5 in LNAO indicates an increased northward 

spreading of warm, saline, and less dense Subpolar Mode Water and Mediterranean 

Water, as suggested by Bersch (2002) (his Figure 3 and 5). The modeled NAC axis 

shown in Figure 4.4 is further east in LNAO.

4.4 Discussion

Using a hierarchy of increasingly complex model configurations under prescribed, 

idealized heat flux forcing, te Raa et al. (2004) proposed that interdecadal variability 

in the North Atlantic was caused by an internal oceanic mode: northwestward prop

agation of large-scale temperature anomalies gives rise to a phase difference between 

meridional and zonal temperature gradient anomalies; anomalous east-west temper

ature difference leads anomalous north-south temperature difference; and anoma

lous east-west/north-south temperature difference further leads to anomalous merid

ional/zonal overturning. We feel that such a mechanism can be seen in our more 

“realistic” situations. If we reexamine our temperature anomalies by only looking 

at Figure 4.3 without considering the potentially realistic heat transport directions 

via the NAC, our temperature anomalies also propagate northwestward, in a form 

of negative, positive, . . . ,  phases, similar to their Figure 1. Then, by a decom

position of these temperature anomalies into anomalous east-west and north-south 

temperature differences, we would expect a sim ilar internal oceanic mode, driving the 

low-frequency variability in our MSF and then basin-averaged heat content. However,
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such a process involves an interaction between LSW formation and the NAC path in 

our case. Therefore we delineate this process in such a way: the intensive heat loss 

over Labrador Sea and subsequent vertical convection during the high NAO phase 

(initiation of anomalous east-west temperature difference) increases the meridional 

heat flux via an anomalous NAC north-south transport, leading to anomalous north- 

south temperature difference; which then produces anomalous zonal heat flux via an 

anomalous NAC east-west transport; thus the internal low-frequency mode.

Curry and McCartney (2001) plot the potential energy anomaly (PEA) distribu

tions for years 1990 ~  97 (high NAO phase) and 1965 ~  74 (low NAO phase), as 

well as the difference between these two periods (their Figure 4 and Figure 8). A 

north-south dipole with increased (uplifted) subtropical PEA and decreased (deep

ened) subpolar PEA appears around Mann Eddy-Grand Banks and an east-west 

dipole with decrease to the west and increase to the east, north of Mann Eddy. These 

dipoles would seem to suggest strength variations of the NAC, and possibly also re

flect an axis shift (Curry and McCartney, 2001), after a transit of the NAO index 

from low to high phase although the authors could not further verify it due to a lack 

of data. Our results appear to be a verification of such a situation.

4.5 Summary

Using a regional eddy-permitting ocean model of the sub-polar North Atlantic 

forced with anomalous buoyancy fluxes corresponding to extreme high and low NAO
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phases, we reexamine the issue of internal oceanic variability suggested by a series 

of “idealized” studies. Our results show potentially multi-decadal variability in LSW 

formation and heat transport under anomalous high NAO related forcing, in com

parison to an equilibrium like circulation under anomalous low NAO related forcing. 

A less stable state is therefore suggested to occur under the high NAO phase and it 

appears to be brought about by oceanic internal process, i.e., changes in the NAC 

strength and pathway but excited by Labrador Sea deep convection, triggered by 

intensive heat loss during winter. The oscillation in both Labrador Sea convection 

and the NAC path then self-maintains without a change in surface forcing (such as a 

switch to low NAO-related forcing).

Model simulations (Shindell et al., 1999; Fyfe et al., 1999) suggest that observed 

NAO/Arctic Oscillation (AO) positive phase since 1980s appears more likely under 

greenhouse induced climate warming scenario although stratospheric dynamics may 

need to be involved (Paeth et al., 1999). Delworth and Dixon (2000) pointed out 

that the thermohaline circulation response to the intensifying NAO/AO can delay 

the weakening of the former due to increase of greenhouse gases concentrations. Our 

results implicate the possibility for enhanced variability of the climate system under 

the high NAO phase and thus in a warmer world. Hence this study emphasizes the 

importance of understanding how the ocean circulation will evolve in such a situation.
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Chapter 5

Sensitivity of the sub-polar North  
Atlantic to LGM surface forcing 
and sea-ice distribution in an 
eddy-perm itting regional ocean 
model

5.1 Introduction

The importance of the sub-polar North Atlantic in climate change is connected to 

its role in poleward heat transport. This is linked to Labrador Sea deep convection 

and hence the formation of Labrador Sea Water (LSW), as well as the North Atlantic 

Current (NAC), an extension of the Gulf Stream (Clarke et al., 1980). Currently, 

the former, one component of the North Atlantic Deep Water (NADW), helps to

drive the sinking branch of the meridional overturning circulation (MOC), a global
°A version of this chapter has been submitted for publication. Duo Yang and Paul G. Myers and 

Andrew B. G. Bush 2005. Paleoceanography.
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system of surface and subsurface ocean currents, while the latter is unique as an upper 

layer branch in transporting warm waters to much higher latitudes than in any other 

ocean (Rossby, 1996). Both of them have displayed interannual and interdecadal 

variability over the last five decades (Dickson et al., 1996; Curry et al., 1998; Curry 

and McCartney, 2001). LSW formation and the NAC experienced major fluctuations 

between today and the last glacial period. The Last Glacial Maximum (LGM - about 

22 to 14 kyr BP), was characterized by significantly lower temperature than today 

with large continental areas covered by great ice sheets and a consequent sea level 

drop of 121 m (Fairbanks, 1989) with extensive sea ice in the northern latitudes 

(Crowley and North, 1991).

Paleo proxy data have provided us with some evidence in terms of the discrepancy 

in water mass formation and heat transport during the LGM, in comparison with 

modem values. Weakening and shallowing of NADW (e.g. Curry and Lohmann, 1983; 

Oppo and Fairbanks, 1987; Boyle and Keigwin, 1987; Veum et al., 1992), with a shift 

in its formation to relatively southern latitudes (Alley and Clark, 1999), were deduced 

from the decreased flux of NADW into the Southern Ocean (Oppo and Fairbanks, 

1987; Rutberg et al., 2000) and consequently a further northward penetration of South 

Ocean Water (SOW) into the benthic Atlantic Ocean (Thomas et al., 2002). With the 

southward shift of NADW formation came a similar shift in the Gulf Stream/NAC 

system which became more zonally-orientated (Ruddiman and McIntyre, 1977,1984; 

CLIMAP, 1981). Consequently, poleward ocean heat transport in the North Atlantic
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was reduced (Miller and Russell, 1989). Weakening and shallowing of the NADW (e.g. 

Weaver et al., 1998, 2001; Seidov et al., 1996) with southward shift (e.g. Seidov and 

Haupt, 1997), as well as reduced poleward heat transport (e.g. Seidov and Maslin, 

1996) have been reproduced in coupled and ocean-only models configured for the 

LGM . Cottet-Puinel et al. (2004) note from their simulations of the last glacial cycle 

that the MOC systematically weakens when LSW formation ceases and strengthens 

when it resumes. The authors further point out the dependence of the intensity of 

the MOC on LSW formation and properties as convection on the east side of the 

Atlantic shows relative stability.

The sensitivity of water mass formation and the ocean circulation to changes 

in North Atlantic surface fluxes has become a major factor in explaining climate 

variability. From reconstructions, de Vernal and Hillaire-Marcel (2000, 2002) infer 

a strong stratification between a low salinity surface layer (due to seasonal sea ice 

spreading) and the underlying waters, implying diminished LSW formation. Keffer 

et al. (1988) and Bush and Philander (1999) attribute the southward migration in 

the Gulf/NAC system to the prevailing wind field modified by the great ice sheets 

(Manabe and Broccoli, 1985) 3500 ~  4000 m thick (e.g. the Laurentide in eastern 

North America) (e.g. CLIMAP, 1981).

Sea ice can alter sea-surface salinity and hence the density and stratification of the 

water column. Vertical convection is therefore affected, as suggested by de Vernal and 

Hillaire-Marcel (2000, 2002), as well as the energy and mass exchanges at the ocean-
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atmosphere interface. Our focus here is to investigate the impact of atmospheric and 

sea ice forcing on the circulation of the sub-polar North Atlantic during the LGM. We 

carry this out by focusing on LSW formation (and thus variations in strength for the 

Atlantic MOC - AMOC) as well as the pathway of the NAC. The tool we use is a high 

resolution eddy-permitting ocean model of the sub-polar North Atlantic. We feel this 

tool is consistent with our focus, since coarser resolution (and consequently poorer 

representation of eddy and frontal processes) can lead to a weakening and broadening 

of frontal features and currents (including the NAC). Section 5.2 describes briefly the 

model configuration and experiment design, as well as the ocean-atmosphere general 

circulation model (CGCM) output (similar to Bush and Philander, 1999) and sea- 

ice reconstructions (Crowley and North, 1991; de Vernal and Hillaire-Marcel, 2000) 

we use. The model results are analyzed in section 5.3, followed by a discussion and 

summary in section 5.4.

5.2 A brief description of the model and experi
ment design

The model is a flux-forced version (Chapter 2) of a regional eddy-permitting (1/3°) 

ocean model of the sub-polax North Atlantic (68°W ~  0° and 38 ~  70°N) (Myers,

2002) having 36 unevenly spaced vertical z-levels. The model also features a finite 

volume partial cell (Adcroft et al., 1997) topography, taken from ETOP05 (NOAA, 

1988) dataset, as well as open boundary conditions dealing with connections with the
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rest of the Atlantic Ocean at 38°N  and buffer zones used in the northern boundary 

regions. The model is described in more detail in Myers (2002).

For our present day control run, the climatological surface buoyancy (heat and 

freshwater) forcing originates from ship/buoy measurements of the Southampton 

Oceanography Center (SOC) (Josey et al., 1998) (mean of 1980 ~  1993), with the ad

dition of a crude parameterization of the effect of high-frequency variability resulting 

from the passages of synoptic scale events on the heat flux over the convective region 

of Labrador Sea during winter months. Wind stress is from an European Center for 

Medium Range Weather Forecast (ECMWF) climatology, assembled by Tlrenberth 

et al. (1990) for the period 1980 ~  1986. The model thus manifests the important 

processes associated with water mass formation and dispersal, as well as circulation 

in this region at the present day (see Chapter 2).

Paleo fluxes (both buoyancy fluxes and wind stress) are taken from a 70-yr CGCM 

simulation configured for the LGM (21 kyr BP), as described in Bush and Philander 

(1999). Since the direct application of CGCM surface fluxes to force an OGCM can 

lead to model instability and drift (Rosati and Miyakoda, 1988), the paleo heat and 

freshwater flux forcing used is obtained by adding anomalies derived from two CGCM 

simulations (LGM minus control) (Figure 5.1) to the present day flux fields used in 

the control experiment. The major features are much stronger heat losses over the 

Labrador Sea at the LGM, associated with strong northwest prevailing winds off the 

ice cap (Manabe and Broccoli, 1985; Bush and Philander, 1999). These winds also
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lead to strong evaporation and low precipitation and thus freshwater losses over the 

Labrador Sea. Together, this forcing implies significantly greater buoyancy loss over 

the Labrador Sea and hence denser surface waters. In contract, increased precipitation 

under the stronger Atlantic stormtrack decreases surface salinity in low latitudes. 

Heat flux diference E-P difference
70N 

6SN 

60N 

55N 

50N 

45N 

40N

60W 50W 40W 30W 20W 10W 60W 50W 40W 30W 20W 10W

-200 -100 0 100 -100 -5 0  0 50 100

Figure 5.1: Differences in a) winter (DJF) heat flux (WmT2); b) annual E-P (cmyr*1) 
between the LGM and present, based on CGCM output

The CGCM has a limited (thermodynamic) representation of sea ice. In the LGM 

simulation, sea ice location is confined to a region north of 61°IV to the west of 

Greenland and north of 66°N  to the east of Greenland (Figure 5.2). A comparison 

with two different reconstructions of sea ice (Crowley and North, 1991; de Vernal and 

Hillaire-Marcel, 2000) implies an underestimation of sea ice in the CGCM output. We 

therefore parameterize sea-ice by using distributions consistent with the two above 

listed reconstructions and modify the flux fields accordingly. Based on the pattern 

shown by Crowley and North (1991, p49, Figure 3.2) for the northern hemisphere for 

January 18 kyr BP (when Labrador Sea was surrounded by the Laurentide, Inuitian
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and Greenland ice sheets), we assume sea-ice extends southward to 48°N  across the 

entire sub-polar region (Figure 5.2). Here, we assume this “extra” ice is present 

through the entire winter (December to May) while using the CGCM representation 

for the rest of the year. A more recent and detailed seasonal reconstruction is the one 

of de Vernal and Hillaire-Marcel (2000), based upon sea-ice cover during the period 

from 20 to 16 kyr BP. We hence assume different seasonably as one moves away 

from the margins (Figure 5.2). Perennial sea-ice is set for Baffin Bay and along the 

Labrador shelf. Offshore along the Labrador slope, as well the Greenland slope, and 

in Davis Strait, complete ice cover is assumed in winter. For the rest of the Labrador 

and Irminger Seas, including all areas north of 55°N  and west of 30°W, a shorter 

winter ice season (February through to April) is assumed. Again, except as specified 

above, the CGCM ice field is then used in all other months. Since the presence of sea- 

ice modifies air-sea fluxes (Parkinson et al., 1987), the paleo-fluxes axe then modified 

in months when ice cover is present in a given grid cell. Our simple parameterization 

assumes no freshwater exchange and only limited heat flux exchange (10% of that 

given by the CGCM - Parkinson et al. (1987)) through the ice, as sea ice is a good 

insulator. This is just the first order picture which this chapter focuses on. By doing 

do, we don’t question the roles of freshening due to sea-ice melt and brine rejection 

(salinity increase) because of sea-ice formation. Parkinson et al. (1987) suggest two 

orders of magnitude difference between heat released by an sea-ice covered ocean and 

heat released from the open ocean. Sea-ice with a thickness larger than 1 meter can

R eproduced  with perm ission o f the copyright owner. Further reproduction prohibited without perm ission.



113

block more than 95% of the heat exchange. In terms of the thickness difference of sea 

ice, the percentile of 10% is determined.

70N 

65N 

60N 

5SN 

50N 

4SN 

40N

60W SOW 40W 30W 20W 10W

Figure 5.2: LGM sea ice distributions. CGCM output in Feb. (maximum sea ice 
coverage) is indicated by the thick white line, north of which is covered by sea ice. 
Sea ice cover north of thick black line (48°N) is based upon Crowley and North (1991). 
Shaded sea ice areas are consistent with de Vernal and Hillaire-Marcel (2000), with 
black color representing perennial sea ice, dark gray color winter (Dec.- May) sea ice 
cover, light gray color a shorter (Feb.- Apr.) sea ice season and the white area ice-free.

We performed four experiments that depend on the surface forcing and sea-ice 

conditions. SOCE is our control experiment with the present day surface forcing 

configuration discussed above, and is the same experiment as SOCl in Chapter 2. 

This experiment does a good job of reproducing the large-scale circulation of the 

sub-polar North Atlantic, other than the model “Northwest Comer” being too far 

to the east, as shown in Chapter 2. LGMEl is an experiment for the LGM, forced 

by the CGCM surface forcing. LGME2 and LGME3 are experiments for the LGM
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with modified buoyancy fluxes based upon two sea ice reconstructions. Details on 

the experiments, including integration lengths, axe given in Table 5.1. The extension 

of some experiments by 10 years was to confirm that the given simulations were 

approaching some form of quasi-equilibrium. An extended integration of 80 years for 

SOCE (discussed in Chapter 2) farther verifies an achievement of the model stability 

and hence the results obtained by integrations of these lengths (20 or 30 years) axe 

robust.

Table 5.1: Summary of experiments performed in this chapter 
Names length of Heat Flux E-P Wind Stress Sea-ice

integration (years)
SOCE 30~80 SOC SOC ECMWF no

LGMEl 20 CGCM CGCM CGCM white line in Fig.5.2
LGME2 20 modified modified CGCM black line in Fig.5.2

CGCM CGCM
LGME3 30 modified modified CGCM shaded in Fig.5.2

CGCM CGCM

5.3 Model results

Wintertime deep convection and LSW formation axe observed around 58.5°JV, 

52 ~  53°W  in both SOCE and LGME1. The depth of convection reaches 1500 m 

and 1700 m, respectively. This location, as well as depths ranging from 1500 to 1700 

m have been noted in a number of modem observational studies (e.g. Clarke and 

Gascard, 1983; Clarke and Coote, 1988; Lilly et al., 1999). The similarity of LGMEl 

to SOCE can be attributed to the under-representation of sea-ice in the Labrador
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Sea by the CGCM. Without sea-ice, strong atmospheric fluxes lead to decrease in 

buoyancy of the upper waters and enhanced convective overturning. In contrast, there 

is no LSW formation in either LGME2 and LGME3. Using proxy data to reconstruct 

sea surface temperature (SST), sea surface salinity (SSS), surface density, as well as 

vertical density gradients, de Vernal and Hillaire-Marcel (2000, 2002) suggest that 

a strong stratification developed between a shallow, low salinity surface water layer 

and the underlying intermediate waters, that was unfavorable for the LSW formation. 

Although the melt process must be important in terms of providing freshwater to a 

surface cap, our results support the idea, first suggested by Weaver et al. (2001), that 

the insulation effect is sufficient on its own to shutdown LSW formation. As the LSW 

makes up the upper component of NADW, these results support the sensitivity of this 

water mass (and thus the AMOC) to the sea-ice reconstruction and to model flux field. 

This can be seen by comparing the maximum meridional overturning streamfunction 

from each experiment (Table 5.2).

Table 5.2: Maximum meridional stream function (Sv) for all experiments
SOCE LGMEl LGME2 LGME3

16 20 6 12

At present, the NAC is thought to follow the steep topography of the western 

boundary in a NNE direction from the Southeast Newfoundland Ridge (around 40°JV, 

45°W) to Flemish Cap (47°1V, 45°W), turn northwest into the “Northwest Comer”, 

then shift sharply towards the northeast around 50 ~  52°N  (discussed by Luo et al.,
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2003). The NAC is characterized by strong temperature, salinity and hence density 

gradients as it currently separates warm, saline waters of tropical-subtropical origin 

and the cold, fresh waters from the Labrador Sea (Rossby, 1996). It thus represents 

the position of the sub-polar front. Figure 5.3 gives annual temperature fields from 

last year of integration on the third model level (52 m) for all four experiments. The 

strong temperature and thus density gradients along the NAC path can be clearly 

seen in all cases. The NACs in SOCE and LGMEl have quite similar flow patterns, 

flowing northwest into “Northwest Comer” west of 42° W  and then turning northeast. 

The gradients (and thus the flow) are stronger in LGMEl owing to stronger heat loss 

over the Labrador Sea. An extremely zonal NAC appears several degrees to the 

south of the ice edge in LGME2. As the mid-Atlantic ridge is approached, the flow 

weakens, leading to only broad and diffuse transport into the eastern basin. The 

situation in LGME3 is intermediate to LGMEl and LGME2. Initially, the flow is 

more zonal, similar to LGME2 (albeit with some northward component). However, 

east of 38°W, the flow begins to resemble LGMEl, with a significant meridional 

component, allowing significant penetration into the Labrador Sea as well as the 

Iceland Basin. Unlike in LGMEl, where the NAC (and thus the (sub)-Arctic Front) 

is not constrained, in LGME2 and LGME3 the more southerly paths are constrained 

by the imposed southern limit of sea-ice cover.

Atmospheric general circulation model (AGCM) and CGCM experiments indicate 

a split of the atmospheric wind field into northern and southern branches around the
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Figure 5.3: Annual temperature at 3rd model level (52 m) for a) SOCE b) LGMEl 
c) LGME2 d) LGME3
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Laurentide Ice Sheet, with the northern branch passing through the Laurentide and 

Greenland ice sheets and then over the Labrador Sea (Manabe and Broccoli, 1985; 

Hall et al., 1996; Bush and Philander, 1999). It has been suggested that this modified 

atmospheric circulation leads to more zonal orientation and a southward shift of the 

zero line of wind stress curl. This zero line then represents the boundary between 

the subtropical and subpolar gyres and hence the NAC (Keffer et al., 1988). Our 

results would tend to contradict this hypothesis. In the three LGM experiments, the 

same paleo-wind stress pattern is used yet each has a different NAC orientation. Here 

the NAC path is controlled primarily by the shape and location of the sea-ice edge 

based on the different reconstructions. This result implies that interactions between 

ocean circulation and sea ice are likely to have some measure of control on oceanic 

meridional heat transport in this region.

5.4 Discussion and Summary

We examine the impact of atmospheric forcing and its modulation by sea ice in 

a regional eddy-permitting ocean model of the sub-polar North Atlantic. We fo

cus on water mass formation (LSW) and the pathway of the NAC. When using the 

LGM fluxes from a paleo-CGCM (Bush and Philander, 1999), we find a strength

ening of LSW formation and the NAC, consistent with the stronger air-sea fluxes 

believed to have been present dining this time. The difference between this result 

and observations of weakened or curtailed LSW during this time are related to an
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under-estimation of sea-ice in the CGCM. When we include extended sea-ice, based 

upon a pair of reconstructions, our results come more into line with that based on 

the paleo reconstructions. LSW formation is curtailed, leading to a weaker AMOC. 

The NAC also weakens, and shifts to a more zonal pathway south of the ice edge.

Our results also support the notion of a positive feedback between ice growth and 

climate cooling, as suggested by de Vernal and Hillaire-Marcel (2000). In our case, 

the key aspect of the link is the role of isolating the underlying ocean from the strong 

atmospheric fluxes and thus shutting down intermediate and deep water formation. 

These results also present a cautionary tale for the analysis of paleo-general circu

lation model results. Significantly different circulations, including a wide range of 

values for the commonly examined AMOC, are found in our simulations with dif

ferent sea-ice reconstructions, one of the less well known paleo-fields. This suggests 

the need for further work to attempt to accurately refine the LGM sea-ice extent, 

including its seasonal variations (e.g. monthly).
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Chapter 6 

Summary and Future Work

6.1 Summary and Conclusions

This study examines the impact of anomalous surface forcing associated with ex

treme NAO phases and the LGM on water mass formation and circulation over the 

subpolar North Atlantic, in order to further clarify the mechanisms of variability and 

changes in oceanic circulation and heat transport so as to contribute to an under

standing of variations and stability in future climate system. It involves four themes.

1) A version of a regional eddy-permitting ocean general circulation model of the 

sub-polar North Atlantic driven by flux forcing was developed for specific application 

to recent outstanding questions of ocean and climate variability and change. It is 

based upon a previous version using restoring boundary conditions (Myers, 2002). 

The buoyancy fluxes originate from SOC and NCAR-NCEP monthly climatologies, 

with the addition of a crude parameterization of the high frequency portion of heat 

fluxes that provides sufficient LSW in the model. Although a weak restoring term on
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salinity is needed to parameterize non-included sea-ice effects and thus control salinity 

drift, the model remains stable, albeit with a shift between two modes of circulation 

in one experiment. All major features of the sub-polar gyre are well represented in 

the experiment with SOC buoyancy forcing. Sub-polar mode water formation and 

dispersal, as well as the model eddy kinetic energy fields are improved with respect 

to an equivalent run with restoring boundary conditions. A drift in temperature and 

salinity exists, a common feature in high resolution ocean model of this region, which 

is brought about by an internal advection process. Nevertheless, the variability and 

change in oceanic circulation can be easily identified against such a control run.

2) The sensitivity of water mass formation to high frequency variability is ex

plored with a series of experiments designed to represent different scenarios of syn

optic events (time evolving patterns) to justify the crude parameterization of high 

frequency events in the model development mentioned above. The results show that 

while variations in convective activity do occur, LSW formation (volume) is basically 

consistent in all experiments, suggesting that the exact form of the high frequency 

heat flux representation may not be key if one is looking at end results of the water 

formation process in an integrated sense. This type of idealization of synoptic events 

is therefore appropriate for use in an ocean model in terms of LSW formation.

3) The response of LSW formation and the NAC to extreme high and low NAO 

phase-related surface forcing is inspected with above flux forced model. A poten

tially multi-decadal variability in LSW formation and heat transport occurs under
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anomalous high NAO related forcing, in contrast to a stable state under anomalous 

low NAO related forcing. This variability appears to be brought about by an oceanic 

internal process, which is similar to the results from a series of “idealized” studies 

(e.g. Weaver and Sarachik, 1991; te Raa et al., 2004). However, the result from this 

study is that this internal mode exists only during high NAO phase, and is produced 

by the changes in the NAC strength and pathway.

4) The potential impact of paleo-atmospheric forcing and its modulation by sea 

ice is also explored with the model. The focus is on water mass formation and the 

pathway of the NAC. Paleo fluxes are obtained from a CGCM while the seasonal 

sea ice cover is based on a pair of LGM sea ice reconstructions (Crowley and North, 

1991; de Vernal and Hillaire-Marcel, 2000). LSW formation, the NAC pathway and 

the AMOC strength are found to be dependent on the structure of the sea-ice repre

sentation. The key role played by the sea-ice is its isolation of the underlying ocean 

from the wintertime atmospheric fluxes.

A few salient conclusions are achieved in this thesis. First, extensive experiments 

suggest that use of flux forcing is important for an eddy-permitting ocean model 

to properly represent the important processes associated with water mass formation 

and dispersal in the sub-polar North Atlantic and to better resolve the NAC pathway. 

The results also show that SOC buoyancy fluxes are more robust to force regional 

ocean model. Second, the results implicate a less stable oceanic state and hence the 

possibility for enhanced variability of climate system to occur under the high phase
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of the NAO. Since the high phase of the NAO becomes more likely under climate 

warming scenarios (Shindell et al., 1999; Fyfe et al., 1999), this result emphasizes 

the importance of understanding how the ocean circulation will evolve in such a 

situation. Finally, this study stresses the significance of the isolation of the ocean from 

atmospheric forcing by sea-ice, and hence highlights the need for accurate seasonal 

sea ice fields for paleo modelling simulations.

6.2 Future Work

By imposing diverse anomalous surface forcings in response to extreme high and 

low NAO phases, as well as the extreme climate interval - LGM, this study reveals 

variant oceanic responses. It is of great interest to further investigate the feedback of 

these responses on the atmosphere and a subsequent atmosphere-ocean interaction, 

hence variations and stability of climate system, especially for the less stable high 

NAO state. This could be done by coupling an atmospheric model to SPOM in the 

future.

This thesis suggests a considerable discrepancy in oceanic circulations in response 

to different sea-ice distributions in the model simulations during the LGM. A limita

tion in the process of its parameterization of sea-ice effect is that it does not consider 

complete sea-ice impact, such as an inclusion of the effects of freeze and thaw pro

cesses and hence resulted freshening and brine rejection, although it compromised my 

focus. This could be a future work based on modem sea-ice information or further
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availability of refined paleo-reconstruction of sea-ice or a coupling of sea-ice model. 

It is also expected that an examination of oceanic behavior during other intervals of 

the last glacial cycle in response to the atmospheric forcing and sea-ice distributions 

could be done when additional sea ice reconstructions axe generated.

Model hydrography drift has become a major issue in developing a regional high 

resolution ocean model in the North Atlantic, as discussed in this thesis. The SPOM 

uses constant vertical diffusion coefficients, as discussed in Section 1.2. It is noted that 

ocean model solutions are sensitive to their subgrid-scale vertical tracer diflfusivity 

(McWilliams, 1996). The incorporation of vertical mixing schemes could be tested 

in order to solve this problem in the future. Moreover, coupling of a sea ice model 

to the flux version of the SPOM again would be expected to add more freshwater 

into the sub-polar North Atlantic domain. This work could reduce the model drift, 

as suggested by the results from a coupled sea-ice sigma-coordinate ocean model 

(Hakkinen, 1999), where the model SST and SSS have very little drift in areas with 

deep mixed layer.
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