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Abstract
The aim of this thesis is to provide a more comprehensive and dynamic un-
derstanding of sea surface temperature anomaly (SSTA) re-emergence in the
North Atlantic, by (a) re-evaluating the utility of re-emergence for sea surface
temperature (SST) variability quantitatively and/or by analysing its temporal
variability, and (b) investigating the effects of horizontal advection, subduction
and mesoscale phenomena on the occurrence and nature of SSTA re-emergence
in the ocean. Such analyses may contribute towards an improved represen-
tation of SSTA re-emergence in seasonal forecast models, which is currently
unsatisfactory. Analyses are undertaken with a new observational product and
ocean model hindcasts.

Through analysis of observations, it is demonstrated that SSTA re-emerg-
ence links the European winter extremes of 2009/10 and early 2010/11. Re-
emergence contributes towards the winter-to-winter persistence of a SSTA
tripole pattern, associated with a record negative phase of the North Atlantic
Oscillation (NAO). Its timing coincides with a shift to record negative NAO
values. This suggests an active involvement in the extreme winter weather of
early-winter 2010/11. The atmospheric and oceanic conditions of 2009-11 are
analogous to previous years in the late-1960s, which suggest similar physical
processes are involved in the establishment of a large and significant SSTA
re-emergence.

The dynamic influences of subduction and horizontal advection on SSTA
re-emergence are investigated through numerical passive tracer experiments at
1◦ resolution. A dominant and time-dependent influence of horizontal advec-
tion upon the degree of re-emergence in the northeast Atlantic is revealed. The
time-dependent role is linked to spatial variations in the subtropical-subpolar
gyre boundary, caused by gyre-scale changes in the upper ocean velocity field.
Subduction is more detrimental to SSTA re-emergence in the Sargasso Sea.
Significant interannual variations in the amount of subduction are apparent.
These variations are primarily driven by interannual changes in lateral induc-
tion.

Passive tracer experiments, and the statistical properties of SSTA re-emerg-
ence in an eddy-permitting (1/4

◦) ocean model are analysed, to ascertain the
effects of mesoscale phenomena on the re-emergence process. Statistical diag-
nostics of SSTA re-emergence at 1/4

◦ resolution demonstrate better correspon-
dence with observations than at 1◦ resolution. This highlights an important
contribution from mesoscale processes to the shape and extent of SSTA re-
emergence. These mesoscale influences involve significant reorganisations of
the large-scale near-surface circulation, imposing different regional influences
of horizontal advection upon the occurrence of re-emergence. This is due to
the more realistic simulation of key features of the large-scale ocean circulation
at 1/4

◦ resolution. These results support the growing call for higher resolu-
tion ocean models in future simulations of the large-scale mean climate and
its variability.
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Variable Nomenclature

Table A1 ‖ Generic variables used throughout this thesis

Variable Definition Value / Units

SST, T Sea Surface Temperature, Temperature ◦C

∆T Temperature difference ◦C

MLD, H Mixed layer depth m

2mT 2m air temperature ◦C

LR Local re-emergence tracer partition %

RR Remote re-emergence tracer partition %

LS Local subduction tracer partition %

RS Remote subduction tracer partition %

wH Vertical velocity at H m year−1

uH Lateral velocity vector at H m year−1

Sann Annual subduction rate m year−1

SSS, S Sea surface salinity, salinity N/A

(a) Mean N/A

Σ Summation N/A

∇ Gradient N/A

n Number of years N/A
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Table A2 ‖ Variables specific to SST Persistence (Section 1.3.3)

Variable Definition Value / Units

ρ Density kg m−3

Cp Specific heat capacity J kg−1 ◦C−1

h Mixed layer depth m

T
′
, T

′

b Temperature anomaly ◦C

t Time days, months, years

F
′

Atmospheric forcing W m−2

λ Thermal damping parameter 10-20 W m−2 ◦C−1

r Autocorrelation N/A

τ Time lag days, months, years

We Entrainment velocity m s−1

H Heaviside step function N/A
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Table A3 ‖ Variables specific to the NEMO model

Variable Definition Value / Units

e1, e2, e3, bT Scale factors N/A

a Earth’s radius km

ϕ Latitude Degrees

λ Longitude Degrees

z Altitude above a reference sea level km

T Temperature ◦C

S Salinity N/A

p Pressure dbar

ρ Density kg m−3

ρo Reference density kg m−3

u, v Eastward and Northward velocity m s−1

w Vertical velocity m s−1

i, j Horizontal coordinate indices N/A

k Vertical coordinate index N/A

i Horizontal unit vector pointing east or west N/A

j Horizontal unit vector pointing north or south N/A

k Vertical unit vector N/A

U Velocity vector m s−1

Uh Horizontal velocity vector m s−1

t Time Seconds

∇ Vector operator N/A

f Coriolis parameter s−1

Ω Earth’s angular momentum Degrees s−1

g Gravity 9.8 m2s−1

DU , DT , DS Parameterizations for subgrid physics m2s−1

FU , FT , FS Surface forcing terms W m−2

Kρ Eddy diffusivity coefficient m2s−1

Km Eddy viscosity coefficient m2s−1

η Sea surface height m

e Turbulent kinetic energy m2s−2

N2 Brunt-Vaisala frequency s−2

α Thermal expansion coefficient ◦C−1

β Haline contraction coefficient N/A

lε Eddy dissipation length scale m
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Table A3 ‖ Variables specific to the NEMO model (continued)

Variable Definition Value / Units

lk Eddy mixing length scale m

Prt Prandtl number 1

Ck Eddy mixing constant 0.1

Cε Eddy dissipation constant 0.7

τ Tracer ◦C or N/A (for salinity or passive)

Cu,v,w Anti-diffusion operator N/A

Tc Tracer concentration ◦C or N/A (for salinity or passive)

∇2 Laplacian diffusion operator N/A

δi,j,k Differencing operator N/A

Cd Drag coefficient N/A

H Depth m

τ b Bottom friction kg m−1 s−2

Table A4 ‖ Variables specific to significance testing

Variable Definition Value / Units

C Geary contingency ratio N/A

w Matrix of spatial weights N/A

So Summation of w N/A

n Original degrees of freedom N/A

x Temperature ◦C

i, j Horizontal coordinate indices N/A

ne Effective degrees of freedom N/A

ρ Correlation N/A

ρ1 Lag-one correlation N/A

t Time months

τ Time lag months

t T statistic N/A

H0 Null hypothesis N/A
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Chapter 1

Introduction

1.1 Motivation for Study

The Earth’s climate has shown considerable warming over the last 50-60 years.

According to the IPCC (Intergovernmental Panel on Climate Change) Fourth

Assessment Report, the mean global surface temperature increased by 0.64 ±

0.13 ◦C from 1956 to 2006 (Trenberth et al., 2007). Some more recent studies

have indicated that this global warming is continuing unabated (Hansen et al.,

2010), whereas others show signs of a plateau in the warming rate (Muller et

al., 2012). Estimates of ocean heat content for the upper 2000 m of the World

Ocean have also risen significantly, by 24 x 1022 J (or 0.09 ◦C), over the last

50-60-years (Figure 1.1), with the North Atlantic alone contributing 28 % of

the observed oceanic heat gain (Levitus et al., 2012). Changes in the frequency

and intensity of extreme weather and climate events, such as the European cold

winter 2009/10 (e.g. Cattiaux et al., 2010), the 2010 Russian heat wave (e.g.

Barriopedro et al., 2011), and the 2010 Pakistan floods (Hong et al., 2011),

are expected consequences of a warming global climate (Trenberth, 2011). The

upper ocean may, therefore, play an important role in their occurrence (Smith

et al., 2012).
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FIGURE 1.1 ‖ Time series for the World Ocean (-90-90◦ N, -180-180◦ W) of ocean heat
content (1022 J) for the upper 2000 m, based on running pentadal (five-year composite)
analyses. The pink shaded area represents ± 2 standard errors about the mean pentadal
estimate for the 0-2000 m time series (see Levitus et al., 2012 for details). Figure modified
from Levitus et al. (2012).

The ability to reliably forecast extreme climate events at a local and re-

gional scale, on lead-times of months to decades, presents one of the most im-

portant and challenging objectives in modern-day climate prediction (Smith

et al., 2012). Such predictions can assist the environmental and/or socioe-

conomic sector in their adaptation to unavoidable climate change (Palmer et

al., 2008). The demand for increasingly accurate forecasts of regional climate

(a month to a decade ahead) has triggered a unified (or seamless) modelling

approach to weather and climate prediction (Palmer et al., 2008; Hurrell et al.,

2009; Hazeleger et al., 2010; Brown et al., 2012). That is, the ability for cli-

mate models to predict weather and climate across all timescales, from hours

to decades, to underpin a wide range of services and developments (Figure

1.2). A seamless approach to modelling and prediction has also stemmed from

the recognition that weather and climate are connected by the same physical

processes in the climate system, operating across numerous time and space

scales.
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FIGURE 1.2 ‖ Schematic representation of a unified forecasting system (proposed
by the UK Met Office) and related services for the wider community. Figure from
www.metoffice.gov.uk/media/pdf/a/t/Science strategy-1.pdf.

For predictions from a season to a year or so ahead, there are several

sources of potential predictability. They include the extent of Arctic sea-ice

(Petoukhov and Semenov, 2010; Balmaseda et al., 2010), soil moisture con-

tent (Koster et al., 2010), ENSO (El Niño-Southern Oscillation) stratospheric

dynamics (Ineson and Scaife, 2009), snow cover (Cohen et al., 2010), and

SST (Sea Surface Temperature) and upper ocean heat content (Folland et

al., 2011). Notwithstanding the different sources of seasonal-to-interannual

forecast skill, the question of how and when they are important for seasonal-

to-interannual forecasting is still unresolved. Moreover, some of the potential

sources of seasonal-to-interannual predictability are purely statistical. In par-

ticular, mid-latitude SSTAs (Sea Surface Temperature Anomalies) in late win-

ter and early spring are statistically useful for seasonal prediction of the NAO

(North Atlantic Oscillation) over the following winter (Rodwell and Folland,
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2002), through the re-emergence of remnant late winter and early spring mixed

layer temperature anomalies after summer stratification (Alexander and Deser,

1995). Confidence in these statistical associations can be greatly enhanced if

climate models demonstrate the same relationship, and if the underlying phys-

ical processes that govern them are fully understood and properly represented

(in the climate model). Currently, the seasonal forecast skill of many opera-

tional climate models is very limited (e.g. van Oldenborgh et al., 2005; Kim et

al., 2012), especially over the extratropics and Europe, and especially during

winter (Figure 1.3).

FIGURE 1.3 ‖ A measure of the skill of two current seasonal forecast systems: the European
Centre for Medium-Range Weather Forecasts System 4 (Sys4, top), and the National Centre
for Environmental Prediction Climate Forecast System (CFSv2, bottom), for 2-meter tem-
perature (2mT, left) and precipitation (PRCP, right). Here, the forecast skill is calculated
as an anomaly correlation between the ensemble-mean of each seasonal prediction made over
the period 1982-2009, and associated reference observations (see Kim et al., 2012 for more
details). A high correlation is indicative of a high seasonal forecast skill. Figures portray
the seasonal forecast skill for winter climate over a latitude-longitude domain of -80-80◦

N, -180-180◦ W. Ovals are superimposed to emphasise the low seasonal forecast skill over
Europe. Figure modified from Kim et al. (2012).

The re-emergence of remnant winter SSTAs is considered an important

source of seasonal forecast skill (for winter climate) over the mid-latitudes

(as outlined above). However, the representation of the re-emergence pro-

cess in current forecast systems remains unsatisfactory (Folland et al., 2011),
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probably due to a limited dynamic understanding of this process. Moreover,

direct evidence for the re-emergence of actual SSTA (Sea Surface Tempera-

ture Anomaly) patterns is somewhat lacking. Climate research should aim to

improve the representation of processes (such as re-emergence) that are neces-

sary for delivering improved confidence in seasonal and/or interannual climate

predictions, to properly ascertain the degree of predictability in the climate

system over these timescales (Alexander, 2010). This subsequently requires a

more comprehensive and quantitative understanding of the re-emergence pro-

cess in a dynamic framework. The effects of horizontal advection, subduction

and mesoscale phenomena on the occurrence of re-emergence, and its temporal

variability in the ocean, are research areas of particularly limited understand-

ing.

1.2 Aims and Objectives

The primary aim of this thesis is to attain a more comprehensive and dy-

namic understanding of the re-emergence mechanism in the North Atlantic.

To achieve this aim, the research objectives will tackle three key scientific

questions (SQ). These are as follows:

SQ1: How important is the re-emergence process for North Atlantic SST vari-

ability?

SQ2: What is the effect of mesoscale processes on re-emergence?

SQ3: How do upper ocean dynamics influence the re-emergence of remnant

North Atlantic SSTAs?

To address SQ1 effectively, direct quantitative analyses of the re-emergence

process in the North Atlantic will be undertaken. In addition, the interannual

and longer-term (decadal) variability of re-emergence occurrence in the North
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Atlantic will also be investigated. Both analyses will be accomplished solely

with ocean observations. To address SQ2 and SQ3, a combination of statistical

and dynamical-based re-emergence analyses will be performed with an OGCM

(Ocean General Circulation Model) at 1◦ and 1/4
◦ spatial resolution. Specifi-

cally, dynamic modelling of the re-emergence mechanism with passive tracers

at 1◦ resolution will infer the relative and competing influences of horizontal

advection and subduction on re-emergence, and so contribute towards the ex-

planation of SQ3. Statistical analyses of the re-emergence mechanism at 1◦ and

1/4
◦ resolution, supplemented with tracer analyses at 1◦ and 1/4

◦ resolution,

will reveal differences in the re-emergence process that may be attributed to

mesoscale phenomena, thus addressing SQ2. Collectively, the above analyses

may help to improve the representation of SSTA re-emergence in seasonal fore-

cast models, leading to better understanding of the forecast skill (and hence

utility) of this process for seasonal climate prediction.

This study is focused on the North Atlantic Ocean. There are several rea-

sons for this focus. Firstly, the coupled air-sea interaction that takes place in

the North Atlantic plays an important role in moderating the climate of West-

ern Europe. The re-emergence process may exert an active role in this air-sea

coupling. Accordingly, a more detailed analysis of its character and variabil-

ity here has implications for future European climate prediction. Secondly,

the relatively high coverage of surface and sub-surface ocean temperature data

in this basin enables temporal variations in re-emergence to be investigated

with a higher level of confidence, particularly earlier on in the data record (i.e.

1960/70s). Thirdly, the re-emergence process has been studied less extensively

in the North Atlantic than in the North Pacific.

Although there are published studies of the re-emergence mechanism in the

North Atlantic, they have primarily focused on its statistical characteristics

via lag correlation, and/or theoretical analyses of re-emergence (see below).

Conversely, direct evidence for the re-emergence of actual SSTA patterns is

somewhat tenuous. This issue will be addressed in this thesis. In addition,
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this study differs from many of the earlier re-emergence analyses in the North

Atlantic as an attempt is made to resolve its temporal variability on inter-

annual and decadal timescales. Previous re-emergence analyses have mainly

examined its climatological characteristics. From a dynamical perspective, the

re-emergence analyses in this thesis are the first to examine re-emergence in

an eddy-permitting (1/4
◦) ocean model, and/or explicitly quantify the effects

of subduction on the re-emergence process.

Prior to the accomplishment of the above aims, an insight into the current

understanding of ocean re-emergence is necessary. Consequently, a description

of the re-emergence mechanism, and a comprehensive, systematic review of

its analysis in the literature is given in Section 1.3. In consideration of the

OGCM employed for re-emergence analyses herein, a brief overview of the key

developments in ocean modelling to-date is subsequently presented in Section

1.4. Thereafter the structure of this thesis is briefly outlined in Section 1.5.

1.3 The Re-emergence Mechanism

1.3.1 What is re-emergence?

Re-emergence is the process whereby ocean temperature anomalies established

over a deep winter mixed layer are sequestered beneath the seasonal thermo-

cline in summer and reappear at the surface as the mixed layer deepens during

the following winter season. The mechanism is illustrated schematically in

Figure 1.4.
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FIGURE 1.4 ‖ Schematic illustration of the re-emergence mechanism in depth-time per-
spective (black arrows). Isothermal layers (thin black lines) and the seasonal cycle of mixed
layer depth (thick black line) are superimposed. The numbers correspond to different stages
of the re-emergence process, and shading highlights the seasonal progression associated with
the re-emergence of winter SSTAs (see text for details). Figure modified from Alexander et
al. (2001).

Ocean-atmosphere heat exchange generates ocean temperature anomalies

that extend from the sea surface down to the base of the deep winter mixed

layer (1) (Cayan, 1992). As the mixed layer shoals throughout spring and sum-

mer, due to the increased input of solar radiation and reduced wind stirring,

the winter anomalies are subducted below the surface mixed layer and iso-

lated from intense air-sea interaction by the seasonal thermocline (2). Strong

vertical mixing during the subsequent autumn and winter triggers an increase

in the MLD (Mixed Layer Depth), and the re-entrainment or re-emergence of

remnant (i.e. from the previous winter) temperature anomalies back into the

mixed layer the following winter; temperature anomalies situated at deeper

depths in the water column re-emerge later the following winter, than those

situated nearer the surface (3). The re-entrained temperature anomalies can

subsequently influence the forthcoming winter SSTA pattern. Chiefly, they

can bring about the winter-to-winter persistence of an equivalent SSTA pat-
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tern without persisting through the intervening summer months. Accordingly,

re-emergence can enhance the persistence of wintertime SSTAs beyond tra-

ditional timescales of SSTA decay. This has implications for long-range (sea-

sonal) forecasting as the resultant SSTAs can actively feedback onto the winter

atmospheric circulation.

FIGURE 1.5 ‖ (a) The ubiquity of re-emergence throughout the global ocean (-90-90◦ N,
-180-180◦ W). Re-emergence areas are defined by lag correlation analyses using five inde-
pendent SST datasets (see key). Contours denote the regions where correlation coefficients
exceed 99 % significance. See Hanawa and Sugimoto (2004) for details and descriptions of
the labelled acronyms. Figure from Hanawa and Sugimoto (2004). (b) Location throughout
the global ocean (-80-80◦ N, -180-180◦ W) of the primary upper ocean mode waters, includ-
ing the Subtropical Mode Waters of each subtropical gyre (red and pink), North Atlantic
Subpolar Mode Water, Subantarctic Mode Water and North Pacific Central Mode Water
(all maroon). Values correspond to the density range of each modal water mass. Schematic
portrayals of the ocean gyre circulations are superimposed (black arrows). Figure modified
from Hanawa and Talley (2001).

The re-emergence mechanism is widely considered to be a mid-latitude

process (Figure 1.5a), whose occurrence and type (see below) is controlled by

several contributory factors. These factors include the seasonal cycle of MLD,

annual surface heat fluxes, SSTA variance, and the surface circulation. Fur-
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ther details about their relative influences will be provided in Chapter 4. The

perceived geographical areas of re-emergence show a strong coincidence with

key areas of upper ocean mode water formation (Figure 1.5b).

There are two distinct types of re-emergence that can occur in the ocean,

local and remote re-emergence. Local re-emergence is the re-entrainment of

temperature anomalies in the same region as they were formed the previous

winter (Figure 1.6).
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FIGURE 1.6 ‖ Example of local re-emergence in the South Pacific (30-50◦ S, -120-60◦ W)
from Ciasto and Thompson (2009). Figure shows the lag correlation between September
SSTAs and SSTAs for November, through to the following September, over the period 1992-
2006. Re-emergence is illustrated by the strengthening of correlations from late summer
(March) to September of the following winter (blue circle). Correlations are significant at
the 95 % significance level. See Ciasto and Thompson (2009) for further details.

Conversely, remote re-emergence is the re-entrainment of temperature anoma-

lies at a distant location from the anomalies’ formation area (Figure 1.7).
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FIGURE 1.7 ‖ Example of remote re-emergence in the North Pacific (0-60◦ N, -120-90◦

W) from Sugimoto and Hanawa (2007a). Figure shows the lag correlation between SSTAs
averaged within a formation area (box) in February, and SSTAs at each grid point during
February of the following year, for a 15-year period (see Sugimoto and Hanawa, 2007a for
further details). The analysis is based on two independent SST datasets. Dark (light) shading
and thick (thin) contours indicate the regions where correlation values exceed 95 % (90 %)
significance.

Both types of re-emergence will be examined statistically (with observations

and an OGCM), dynamically (using an OGCM), and explicitly (through ocean

observations) in this thesis.

Here, an overview of the re-emergence mechanism, its form, and influence

on the winter SST and climate has been provided. In the following sections,

key developments and gaps in the scientific understanding of re-emergence are

explained, starting with a general synopsis of the key re-emergence studies in

the literature.

1.3.2 Re-emergence in the scientific literature

The concept of re-emergence dates back to the 1970s when (through lagged

correlation analyses of North Pacific SST) Namias and Born (1970, 1974) first

noted the tendency for mid-latitude SSTAs to recur from one winter to the

next, without persisting through the intervening summer. The authors hy-

pothesised that this winter-to-winter recurrence was tied to seasonal variation

of the oceanic MLD, specifically, the temporary sequestration (and isolation
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from air-sea interaction) of deeply ventilated winter temperature anomalies

beneath the seasonal thermocline during summer, and re-entrainment back

into the surface layer as mixed layers deepen throughout the late autumn and

winter. Subsequent analyses by Walsh and Richman (1981), Wallace and Jiang

(1987), and Namias et al. (1988) reaffirmed a strong seasonal dependence in

the persistence characteristics of North Pacific SSTAs.

The term re-emergence was formally introduced in the mid 1990s, when

Michael Alexander and Clara Deser further examined the winter SSTA recur-

rence hypothesis put forward by Namias and Born (1970, 1974). Specifically,

Alexander and Deser (1995) examined surface and sub-surface temperature

data from Ocean Weather Ships and a mixed layer model, and confirmed a

correlative link between the sub-surface temperature anomalies in summer

and SSTAs during the previous and subsequent winter seasons. The authors

subsequently termed this seasonal connection the Re-emergence Mechanism.

The analyses of Alexander and Deser (1995) demonstrated that this mecha-

nism occurred at several locations in the North Pacific, and, for the first time,

the North Atlantic Ocean.

Following on from Alexander and Deser (1995), comparable observational

analyses have documented the statistical signature of re-emergence across

larger regions of the North Pacific (Alexander et al., 1999, 2001; Deser et

al., 2003), North Atlantic (Watanabe and Kimoto, 2000a; Kushnir et al.,

2002; Timlin et al., 2002; DeCoëtlogon and Frankignoul, 2003; Deser et al.,

2003), and, more recently, South Pacific (e.g. Ciasto and Thompson, 2009).

For the re-emergence analyses in the North Atlantic, Watanabe and Kimoto

(2000a) suggested that re-emergence was prevalent in western extratropical

and subpolar regions; however, it was absent in the eastern subtropical North

Atlantic. Timlin et al. (2002) demonstrated that the statistical signature of re-

emergence was strong (in observations) in the Sargasso Sea (SS) and northeast

Atlantic (NEA). In the basin-wide analysis of re-emergence by DeCoëtlogon

and Frankignoul (2003), re-emergence was apparent throughout most of the
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North Atlantic, excluding the central portion of the subtropical gyre. The au-

thors presumed that re-emergence was unlikely in the central North Atlantic

because of strong subduction (discussed further in Section 1.3.5). All three

studies supported an important contribution from the re-emergence process

to the winter-to-winter persistence of large-scale SSTA patterns in the North

Atlantic. This view was also shared by Kushnir et al. (2002) and Deser et

al. (2003), who both presented statistical evidence for the winter-to-winter

recurrence of the leading PC (Principal Component) time series of basin-wide

North Atlantic SST. Kushnir et al. (2002) also found evidence of an active

atmospheric response to the recurring SSTA pattern, which supported analo-

gous studies by Czaja and Frankignoul (1999, 2002) and Rodwell and Folland

(2002), and was further reinforced by Cassou et al. (2007) and Liu et al.

(2007). Elsewhere, Deser et al. (2003) also proposed an extension to the

classic stochastic climate model of Frankignoul and Hasselmann (1977) via

the introduction of an extra term (into the stochastic climate model) that al-

lows for wintertime recurrences of SSTAs by re-emergence. The impacts of

re-emergence on SST persistence and the winter atmospheric circulation will

be discussed further in Sections 1.3.3 and 1.3.4 respectively.

The first, and only global study of re-emergence was published by Hanawa

and Sugimoto (2004). In this unique study, a total of seven different re-

emergence areas were detected in the World Ocean through time-lagged cor-

relation analyses of winter SST data (see Figure 1.5a). Each area was pre-

dominantly located in the mid-latitudes; hence its assertion as a mid-latitude

process (Section 1.3.1). The areas detected in the North Atlantic were broadly

consistent with the (above-mentioned) statistical analyses of Watanabe and Ki-

moto (2000a), Timlin et al. (2002) and DeCoëtlogon and Frankignoul (2003).

The re-emergence areas detected by Hanawa and Sugimoto (2004) were also

consistent with the denser upper ocean mode water formation regions of the

global ocean (i.e. the red and brown regions in Figure 1.5b). For the (less

dense) mode water regions that were not accompanied by a statistically sig-
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nificant re-emergence zone, e.g. the formation areas of North Pacific eastern

subtropical mode water and North Atlantic Madeira mode water (pink regions

in Figure 1.5b), subsequent analyses by Sugimoto and Hanawa (2005b, 2007b)

suggested that this was due to these regions being unsuitable for re-emergence.

Specifically, the primary factors controlling re-emergence (i.e. the annual range

of MLD, annual mean heat flux) were not conducive to an occurrence of re-

emergence. Overall, the combined contributions of Sugimoto and Hanawa

(2005b, 2007b) and the other above-mentioned studies of re-emergence have

helped to ascertain the prerequisite conditions for its occurrence. These condi-

tions are discussed further in Chapter 4. Refer also to Sugimoto and Hanawa

(2007b) for a review.

In addition to the above-mentioned observational analyses, there were fur-

ther model-based studies of the re-emergence mechanism. Such studies in-

clude the simulation of re-emergence (i.e. its statistical signature) in a one-

dimensional mixed layer ocean model driven by stochastic atmospheric forcing

(Alexander and Penland, 1996), a mixed-layer model coupled to an AGCM

(Atmospheric General Circulation Model - Bhatt et al., 1998; Alexander et

al., 2000, 2001), and a coupled ocean-atmosphere climate model (CCSM3)

comprising a coarse-resolution (1◦) OGCM coupled to AGCM (Alexander et

al., 2006).

The analyses discussed thus far have primarily examined re-emergence

through correlations of surface and sub-surface temperature. In addition to

this statistical examination of the re-emergence process, there have been some

attempts to analyse re-emergence more dynamically, specifically via SST sen-

sitivity experiments with an adjoint model (Junge and Haine, 2001; Zhao and

Haine, 2005; Junge and Fraedrich, 2007). Dynamical analyses of re-emergence

are beneficial as they do not rely on statistical correlations. By analysing the

re-emergence process more dynamically, the relative influences of other mech-

anisms (e.g. horizontal advection) on its occurrence, and SST variability in

general, can also be identified (see Section 1.3.5).
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The concept of remote re-emergence was formally introduced by Sugimoto

and Hanawa (2005a, 2007a) in the North Pacific, although previous studies

had already documented its occurrence in the North Atlantic (e.g. Sutton and

Allen, 1997; Krahmann et al., 2001; DeCoëtlogon and Frankignoul, 2003). All

other studies have focused on the re-emergence process in a local context. The

discovery of remote re-emergence pointed to a significant role from horizontal

advection on the spatial character of re-emergence (see Section 1.3.5).

Some of the most recent studies of ocean re-emergence have addressed

its temporal variability over interannual through interdecadal timescales (e.g.

Sugimoto and Hanawa, 2007a; Zhao and Li, 2010, 2012 - see Section 1.3.6).

Finally, the concept of re-emergence has now become more universal, and

has been applied to other physical properties in the ocean, chiefly the per-

sistence of sea ice anomalies (Blanchard-Wrigglesworth et al., 2011), and/or

biological variables (Patara et al., 2011). This thesis is focussed solely on the

re-emergence of remnant ocean temperature anomalies because of its poten-

tial influence upon North Atlantic and European winter climate. Hence the

expression SSTA re-emergence is used extensively henceforth.

1.3.3 Re-emergence and SST persistence

In the former section, a general synopsis of the key re-emergence studies in

the scientific literature was provided. Here, the role of re-emergence in the

persistence of mid-latitude SSTAs is further discussed.

The relationship between the ocean and the atmosphere is crucial to the

understanding and prediction of climate variability. In the mid-latitude oceans,

SSTAs exhibit substantial variability on interannual through decadal timescales

(e.g. Deser and Blackmon, 1993). An important concept to consider regard-

ing the nature of SST variability is the stochastic climate model paradigm

(Frankignoul and Hasselmann, 1977; Frankignoul and Reynolds, 1983; Frankig-
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noul 1985). In this paradigm, SSTAs are represented by the following equation:

(ρCph)dT
′
/dt = F

′ − λT ′
, (1.1)

where the autocorrelation function (r) of T
′

as a function of time lag (τ) is

given by:

r(τ) = exp{−[λ/(ρCph)]τ}. (1.2)

Here, ρ is the density of seawater; Cp is the heat capacity of the ocean; h is

the MLD; T
′

is the temperature anomaly; F
′

is random atmospheric forcing;

t is time; λ denotes a thermal damping parameter, typically ranging between

10 W m−2 ◦C−1 and 20 W m−2 ◦C−1 for the North Atlantic (Seager et al.,

1995). This model assumes that the ocean is a passive participant in climate

variability. SSTAs are characterised as an AR1 (First-Order Autoregressive)

process, whereby the persistence of these anomalies decays exponentially with

increasing τ . SST forcing is driven by a combination of surface turbulent heat

fluxes and oceanic heat advection (Cayan, 1992). The resultant SSTAs are

subsequently damped, via negative feedback, back to atmospheric tempera-

ture by surface turbulent heat fluxes, at a rate that reflects the thermal inertia

of the mixed layer. This damping rate (or decorrelation timescale) is con-

sidered inversely proportional to the MLD (the deeper the MLD, the slower

the attenuation due to the larger oceanic thermal inertia). Typical timescales

are of the order 3-6 months. Thereafter, the SSTAs are not significantly au-

tocorrelated and the ocean effectively loses its memory of past atmospheric

forcing.

The stochastic climate model (1.1) of Frankignoul and Hasselmann (1977)

provides a good first-order representation of the statistical properties of SSTAs.

It has received widespread support from other studies (e.g. Battisti et al., 1995;

Delworth, 1996; Manabe and Stouffer, 1996; Hall and Manabe, 1997; Barsugli
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and Battisti, 1998; Frankignoul et al., 1998; Seager et al., 2000; Pierce et al.,

2001), and, until recently, it was universally regarded as the leading paradigm

for SST variability in the mid- to high latitudes. However, it does not account

for the ability of SSTAs to persist over interannual and/or longer timescales.

The winter re-emergence of remnant SSTAs can effectively enhance the per-

sistence of mid-latitude winter SSTAs beyond the typical 3-6 month period

predicted by Frankignoul and Hasselmann (1977), to at least a year, possibly

longer (e.g. Watanabe and Kimoto, 2000a). Consequently, the classic stochas-

tic climate model for mid-latitude SST variability seems no longer complete;

theoretical modifications are required.

Recent extensions to the simple stochastic climate model of Frankignoul

and Hasselmann (1977) have thus been proposed by Deser et al. (2003). Specif-

ically, the authors added a term to the original stochastic model equation (1.1)

that incorporated seasonal variations in upper ocean MLD, and so allowed for

the wintertime recurrence of SSTAs via re-emergence. The modified equation,

renamed by Deser et al. (2003) as the entraining stochastic climate model,

may be written as:

(ρCph)dT
′
/dt = F

′ − λT ′
+ (ρCpWe)(T

′ − T ′

b), (1.3)

where the re-emergence process is represented by the third right hand ex-

pression. The variable nomenclature is as follows: T
′

b is the remnant winter

temperature anomaly below the mixed layer in summer; We is an an entrain-

ment velocity equal to the rate of change of the mixed layer; all other variables

are as listed for Equations 1.1-1.2. Upon the application of this extended

model, Deser et al. (2003) demonstrated a more favourable fit to the observed

SST variability of the mid-latitude North Atlantic (see Figure 1.8) and North

Pacific. Accordingly, Deser et al. (2003) suggested that the entraining stochas-

tic climate model should form the new basis of understanding of mid-latitude

air-sea interaction in climate system models. This view was also shared by
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DeCoëtlogon and Frankignoul (2003).

FIGURE 1.8 ‖ (a) Comparison of the extended entraining stochastic climate model of
Deser et al. (2003, thin solid line) with original stochastic climate model of Frankignoul and
Hasselmann (1977, thick grey line), for simulating observed SST variability (dashed line) in
the mid-latitude North Atlantic (45-60◦ N, 45-20◦ W). (b) Schematic representations of (i)
the original simple stochastic climate model of Frankignoul and Hasselmann (1977) with a
fixed surface mixed layer, and (b) the entraining stochastic climate model of Deser et al.
(2003) with a seasonally varying surface mixed layer. The latter model enables temperature
anomalies (T

′
) to persist beneath the mixed layer in summer prior to their subsequent re-

emergence back into the mixed layer the following winter (indicated by the thick black arrows).
Symbols are explained in the main text. Both figures are modified from Deser et al. (2003).

A further modification to the extended stochastic climate model paradigm

of Deser et al. (2003) and DeCoëtlogon and Frankignoul (2003) has since

been accomplished by Zhao and Haine (2005). In the latter study, the af-

fects of advection are integrated into the stochastic climate model, because

of its seemingly significant influence on the re-emergence process and SSTA

dynamics (see Section 1.3.5). Chiefly, the stochastic model is now expressed

as:

h
dT

′

dt
=
F

′ − λT ′

ρCp
+
dh

dt
H(

dh

dt
)[T

′
(t− τ(t))− T ′

]. (1.4)

This model differs from that proposed by Deser et al. (2003) and DeCoëtlogon

and Frankignoul (2003) by the inclusion of a Heaviside step function of the

MLD tendency (H(dh
dt

)). H(dh
dt

) is equal to 1 when the mixed layer deepens

and 0 when the mixed layer shallows. All other variables are as listed for
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Equations 1.1-1.2. Whereas in Deser et al. (2003) and DeCoëtlogon and

Frankignoul (2003), an Eulerian perspective to re-emergence is considered by

the inclusion of a identical seasonal cycle ubiquitously, here the Heaviside step

function allows for spatiotemporal variations in MLD, and so, this implicitly

also accounts for the affects of mean upper ocean advection. Zhao and Haine

(2005) suitably refer to 1.4 as the Lagrangian re-emergence equation. Other

upper ocean mechanisms (e.g. mesoscale influences) are yet to be included as

the affects of these processes on re-emergence and SST dynamics are less well

established (see Section 1.3.5).

The above analyses have focused on mid-latitude SST variability in the

northern hemisphere oceans. Recently, equivalent analyses have been per-

formed in the mid-latitude southern hemisphere oceans (e.g. Ciasto et al.,

2011). For a review on SST variability in the mid-latitudes, see Deser et al.

(2010).

Although the theory behind SST persistence and re-emergence is well es-

tablished, actual evidence for the re-emergence process contributing to the

development of wintertime SSTAs is somewhat lacking. Possible occurrences

of re-emergence have been proposed by Alexander et al. (1999) and Gra-

ham et al. (2006), over the North Pacific (in 1972) and North Atlantic (in

2005) respectively. However, these analyses did not track the evolution of

sub-surface temperature fully over the seasonal cycle; hence the occurrence of

re-emergence was not explicitly confirmed. Zhao and Li (2012) recently pro-

vided a more comprehensive, quantitative investigation of the re-emergence

process in the central North Pacific. This thesis will accomplish the same for

the North Atlantic. A summary (nomenclature) of all the variables declared

in this section is given in Table A2 (at the start of the thesis).
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1.3.4 The role of re-emergence on North Atlantic cli-

mate

The atmospheric response to extratropical oceanic variability is a challenging

problem in climate research. At timescales of days to weeks, the ocean may

be regarded as a passive participant in climate variability. Specifically, the in-

traseasonal variability of the atmospheric circulation over the North Atlantic is

primarily governed by internal dynamical processes, which are either random

(and unpredictable) or exhibit potential predictability of a week or two at best

(Hurrell and Deser, 2009). Over longer time periods (of the order seasons-

years) the atmospheric circulation of the North Atlantic may be modulated

through external forcing, and/or coupling with other climate system compo-

nents, in particular the oceans. This concept is especially relevant to the vari-

ance and persistence of the NAO, the leading mode of atmospheric variability

over the North Atlantic (Wallace and Gutzler, 1981). Considering the signifi-

cant environmental and socioeconomic impacts associated with the NAO over

Western Europe (Hurrell and Deser, 2009), a comprehensive understanding

of the different causes of NAO variability (over timescales ranging seasonal-

to-interannual and beyond) is a necessity. One mid-latitude process that can

influence the year-to-year persistence of winter NAO is the re-emergence mech-

anism (Alexander and Deser, 1995).

The idea that the oceans, and, in particular, re-emerging ocean temper-

ature anomalies could actively influence the atmospheric circulation of the

North Atlantic and Europe, and thus be used in monthly-to-seasonal climate

prediction, originates from the earlier suggestions and/or statistical analyses

of Bjerknes (1964), Namias (1964, 1965), Sawyer (1965), Vinogradov (1967),

Ratcliffe and Murray (1970), Folland et al. (1982) and Palmer and Sun (1985).

The latter analyses of Ratcliffe and Murray (1970), Folland et al. (1982), and

Palmer and Sun (1985) in particular unveiled a lagged feedback relationship

between Atlantic SSTs in the area south of Newfoundland and atmospheric

circulation anomalies over northwestern Europe; colder-than-normal SSTAs
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(south of Newfoundland) were associated with a blocked atmospheric pattern

(over northwest Europe) one month later. Ratcliffe and Murray (1970) pro-

posed that this lagged relationship between SST and the atmospheric circula-

tion could open up new prospects for long-range forecasting (via the oceans)

of UK (and European) climate. Thus, the foundation for the present-day

studies of seasonal-to-decadal climate variability was firmly established. In

the years since these pioneering studies, there have been numerous other

observation-based and/or statistical analyses supporting an active contribution

from (preceding) North Atlantic SSTA patterns upon the atmospheric circula-

tion. Moreover, atmospheric models forced with observed SSTAs, and/or cou-

pled ocean-atmosphere model experiments, have explored the different physical

mechanisms involved. This section describes the principal studies that have

(thus far) investigated the role of SSTA re-emergence on the atmospheric circu-

lation of the North Atlantic. For details on other aspects (e.g. ENSO) and/or

a more generalised review of North Atlantic air-sea interaction, see Rodwell

and Folland (2002), Kushnir et al. (2002) and/or Alexander (2010).

The role of SSTA re-emergence on the atmospheric circulation of the North

Atlantic has been the focus of several climate studies following the establish-

ment of the process in 1995 (Alexander and Deser, 1995). In observations,

Czaja and Frankignoul (1999, 2002) examined the mean correspondence be-

tween SSTAs and 500 hPa geopotential height anomalies at different lags over

an entire year, and revealed evidence of a winter atmospheric response to

SSTAs from up to 6 months in advance. This enhanced seasonal predictability

of the winter atmospheric circulation was consistent with an atmospheric re-

sponse to re-emerging SSTAs from the previous spring. Similar findings were

also documented by Kushnir et al. (2002), Ciasto and Thompson (2004), Pan

(2005) and Hu and Huang (2006). In numerical modelling, Rodwell et al.

(1999) and Watanabe and Kimoto (2000b) indicated that much of the vari-

ability of the winter NAO over seasonal-to-interdecadal timescales could be

obtained from prior knowledge of North Atlantic SSTAs, with the SSTAs pro-
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viding a positive feedback to the initial atmospheric forcing. The analyses of

Davies et al. (1997), Mehta et al. (2000), Bresch and Davies (2000), and Peng

et al. (2003) also demonstrated similar oceanic forcing of the atmospheric

circulation over the North Atlantic.

A leading study of SSTA re-emergence and North Atlantic climate is the

covariance analysis of Rodwell and Folland (2002). In this study, Rodwell

and Folland (2002) obtained a statistically significant relationship between the

forthcoming phase of the winter NAO and SSTAs from the previous May.

Rodwell and Folland (2002) attributed this association to the occurrence of

SSTA re-emergence. A statistical method of forecasting winter conditions over

Europe with reasonable skill was subsequently devised (based on this relation-

ship). The method, which is based on a maximum covariance between North

Atlantic SSTA patterns in May and 500 mbar geopotential heights (represen-

tative of the NAO) in the following (December-February) winter (see Folland

et al., 2006 for details), formed the basis for operational seasonal forecasting

by the UKMO (UK Met Office) until very recently (see Folland et al., 2011).

Quantitative investigation of the effects of re-emergence on the atmospheric

circulation of the North Atlantic (via coupled ocean-atmosphere model ex-

periments) has been accomplished more recently by Iwi et al. (2006) and

Cassou et al. (2007). In the latter study, Cassou et al. (2007) directly quan-

tified a significant wintertime atmospheric response to re-emerging remnant

ocean temperature anomalies in the North Atlantic. The amplitude of the

re-emergence-induced response represented 20-25 % of the total atmospheric

variance, and was deemed comparable in scale to any other externally-forced

signal (see Kushnir et al., 2002 for review). The nature of the atmospheric

response was comparable to the circulation that created the re-emerging tem-

perature anomalies the previous winter, i.e. a winter-to-winter recurrence of

the same phase of the NAO. Cassou et al. (2007) also investigated the physical

mechanisms responsible for the atmospheric response to re-emergence. Chiefly,

the authors demonstrated that the re-emerging temperature anomalies affected
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the wintertime atmospheric circulation through transient eddy perturbations

along the North Atlantic storm track and/or changes in the occurrence of key

teleconnection patterns. Equivalent studies have also been performed in the

North Pacific (e.g. Liu et al., 2007).

Presently, the numerical experiments of Iwi et al. (2006) and Cassou et al.

(2007) remain the only quantitative investigations of the role of re-emergence

on the winter atmospheric circulation of the North Atlantic. The results of

these studies may therefore be highly model dependent. There is significant

scope for further investigation of this topic. Namely, similar re-emergence

experiments should be performed with other coupled models to better assess

the robustness of the nature and amplitude of the atmospheric response to re-

emerging North Atlantic SSTAs. Moreover, the former simulated results are

only theoretical; evidence for a significant atmospheric response to an actual

SSTA re-emergence event is yet to be observed. Such an observation would

strengthen the validity and usefulness of the model experiments of Iwi et al.

(2006) and Cassou et al. (2007). Again, this requires a more comprehensive,

quantitative investigation of the re-emergence process in the North Atlantic

(as noted in Section 1.3.3), which will be addressed in this thesis.

1.3.5 Re-emergence and upper ocean dynamics

Henceforth, details are provided of earlier studies that have (thus far) inves-

tigated the effects of upper ocean dynamics on the re-emergence process and

the persistence of large-scale SSTAs. The limitations in these earlier stud-

ies are subsequently revealed, and the potential for additional investigation of

re-emergence in a dynamic framework is highlighted.

Horizontal advection

The effects of horizontal advection on the re-emergence process have received

the largest amount of scientific attention to-date. It has been shown that

horizontal advection can shift the spatial location of re-emergence from a lo-
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cal position to one remote from the anomalies’ source. This displacement is

especially prevalent in regions of strong surface flow. In the North Pacific, Sug-

imoto and Hanawa (2005a, 2007a) showed how the downstream displacement

of winter SSTAs formed in the western North Pacific in a given year could in-

fluence winter SST variability of the central North Pacific one year later. The

winter temperature anomalies were advected by the prevailing near-surface cur-

rents over the seasonal cycle, re-entraining into the surface mixed layer (the

following winter) at locations remote from the anomalies’ source (see Figure

1.7). This Lagrangian view of re-emergence was subsequently termed remote

re-emergence by Sugimoto and Hanawa (2005a). Similar anomaly patterns

had been identified previously (albeit not highlighted as remote re-emergence)

by Sutton and Allen (1997), Krahmann et al. (2001), and DeCoëtlogon and

Frankignoul (2003) in the North Atlantic, specifically along the Gulf Stream

and North Atlantic Current. In the latter study, DeCoëtlogon and Frankig-

noul (2003) argued that the statistical signature of re-emergence is clearer, and

the wintertime persistence of SSTAs is larger, when the effects of horizontal

advection are considered.

All of the above-mentioned analyses were statistical, i.e. they were based

on lagged autocorrelations of SST and sub-surface temperature. Conversely,

advection effects have not been considered in more dynamical studies of re-

emergence, except in the numerical simulations of Junge and Haine (2001),

Zhao and Haine (2005), and Junge and Fraedrich (2007). In these studies, the

sensitivity of winter SSTAs (in the western and eastern extratropical North

Atlantic, and subpolar North Atlantic) to heat fluxes from the previous win-

ter were examined through an adjoint OGCM (Junge and Haine, 2001; Junge

and Fraedrich, 2007) and/or one-dimensional Lagrangian upper ocean model

(Zhao and Haine, 2005). Results demonstrated significant end-of-winter sensi-

tivity to previous winter heat fluxes situated upstream from where the SSTAs

(examined for sensitivity) are located one year later. It was suggested that

the re-emergence mechanism is the principal mechanism responsible, and that
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horizontal advection plays an important role in the spatial character of re-

emergence in these regions. These results consequently supported the earlier

statistical analyses of Sutton and Allen (1997), Krahmann et al. (2001), and

DeCoëtlogon and Frankignoul (2003).

In this thesis, an alternative dynamical method (involving passive trac-

ers) for examining the influences of horizontal advection on the re-emergence

process (in the North Atlantic) is presented, to test the robustness of the find-

ings of these former studies. This thesis also quantifies temporal changes in

the effects of horizontal advection on re-emergence process; previous analyses

focused solely on mean advection characteristics.

Subduction

Subduction is the process whereby newly formed water masses (and their tem-

perature anomalies) are transferred from the mixed layer into the thermocline,

thus shielding the water-mass properties from the overlying atmosphere. It

comprises a contribution from shallowing of the mixed layer, and both a lat-

eral and vertical component of transfer. The lateral component of subduction

describes the transfer of fluid across the sloping base of the mixed layer. This

process is termed lateral induction. The vertical component of subduction,

known as vertical pumping, is the downward transport of fluid below the mixed

layer by the vertical velocity field. Annual mean subduction (Sann) is equal to

the sum of these components, and is represented kinematically by the following

equation (Marshall et al., 1993):

Sann = −wH − uH .∇H −
∂H

∂t
, (1.5)

where H is the thickness of the winter mixed layer (i.e. the winter MLD); uH

is the lateral motion of fluid at depth H, averaged over the year; −wH is the

vertical velocity at depth H, averaged over the year; t is time. The contribution

via mixed layer shoaling is represented by the temporal mixed-layer expression
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-∂H
∂t

; specifically, the -∂H
∂t

term denotes the interannual variability in winter

MLD. The lateral induction of fluid across the sloping mixed layer is given by

-uH .∇H, whereas vertical pumping is represented by the vertical velocity term

−wH .

Subduction is the principal mechanism responsible for the ventilation of the

upper ocean. If a water parcel is situated below the base of the winter mixed

layer after one year, its properties are transferred into the permanent ther-

mocline. This provides a long-term memory (on interannual-to-multiannual

timescales) connecting atmospheric variability with the ocean interior. The

permanent subduction of fluid into the main thermocline is the definition of

subduction analysed in this thesis.

The annual subduction rate has been observed and modelled extensively

in the North Atlantic (e.g. Woods, 1985; Huang, 1990; Williams, 1991; Mar-

shall et al., 1993; Qiu and Huang, 1995; Williams et al., 1995; Marshall, 1997;

Nurser et al., 1999; Williams, 2001). These studies focused on the theory

and/or mean (climatological) characteristics of subduction, probably due the

limited amount of ocean data available at the time. More recently, the inter-

annual and decadal variability of subduction has been investigated in various

studies in the Pacific (Qu and Chen, 2009; Hu et al., 2011b; Li, 2012), and

as a global average (Liu and Huang, 2012). In the North Atlantic, McLaren

and Williams (2001) examined interannual variations in the buoyancy budget

of subduction from 1950-1992. Thereafter, Trossman et al. (2009) compared

annual subduction rates around the Gulf Stream Extension from 2002-2006.

Notwithstanding the above-mentioned analyses, the temporal variability of

subduction (especially in the North Atlantic) is still relatively poorly under-

stood. In particular, the relative contributions of -∂H
∂t

, -uH .∇H, and −wH

to this variability, and the resultant impacts for other upper ocean processes

(such as SSTA re-emergence), are less well established.

Considering the climatological subduction rate estimated from observations

is not negligible (up to 100 m year−1 across the subtropical gyre - Marshall et
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al., 1993), the subduction of water (and temperature anomalies) from the deep

winter mixed layer could significantly limit the extent of SSTA re-emergence.

Specifically, where (and when) subduction is strong, re-emergence may corre-

spondingly be weak, as temperature anomalies subducted into the permanent

thermocline are isolated from the surface mixed layer and unavailable for re-

emergence. This is schematically illustrated in Figure 1.9, where a shallower

mixed layer at the end of winter two is conducive to stronger subduction (and

weaker re-emergence). The impacts of subduction on re-emergence in the

North Atlantic have, however, only been briefly speculated in two previous

studies (Watanabe and Kimoto, 2000a; DeCoëtlogon and Frankignoul, 2003).

Watanabe and Kimoto (2000a) first hypothesised the idea that re-emergence

may be weakened in regions of strong subduction, whereas DeCoëtlogon and

Frankignoul (2003) attributed the statistically insignificant signature of re-

emergence in the central subtropical North Atlantic to strong subduction.

Both of these conclusions are only suggestive. Consequently, the varying influ-

ences of subduction on re-emergence have yet to be investigated quantitatively.

FIGURE 1.9 ‖ Schematic representation of the potential influence on SSTA re-emergence of
strong annual subduction rates (see text for details). Schematic illustrates the re-emergence
process from a Lagrangian perspective, accounting for horizontal flow and lateral variations
in winter MLD, or alternatively the possibility of interannual variations in local winter MLD.
The black curve represents the seasonally-varying MLD. Isopycnals are indicated by the blue
lines. Red (green) arrowed flows indicate the exchange of water between the mixed layer and
the seasonal thermocline (permanent thermocline). The red double-headed arrows correspond
to the period of re-emergence. Autumn entrainment (prior to the second winter) is indicated
by we, SSTAs are represented by SST

′
. Figure from Robert Marsh (pers. comm.).

This thesis will quantify the effects of annual subduction on the re-emergence
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process in the North Atlantic via passive tracers. In addition, temporal (in-

terannual) variations in the annual subduction rate, and its associated con-

stituents (i.e. -∂H
∂t

, -uH .∇H, and −wH) are quantified. The relative contribu-

tions through time of -∂H
∂t

, -uH .∇H, and −wH will help ascertain the dominant

driver of the temporal changes in annual subduction, in the North Atlantic.

The dynamic method presented in this thesis jointly quantifies the roles of hor-

izontal advection and subduction on the re-emergence process. This provides

a more complete dynamical assessment of re-emergence than previous dynam-

ical analyses (e.g. Junge and Haine, 2001; Zhao and Haine, 2005; Junge and

Fraedrich, 2007), which focused solely on horizontal advection (see above).

Mesoscale processes

The impacts of mesoscale processes (principally ocean eddies) on the re-emerg-

ence process are poorly understood in both the temporal and spatial domains.

Previous re-emergence studies (see Section 1.3.2) are limited by the lack of ad-

equate sub-surface observational data (before ARGO), and/or are numerically

simulated at resolutions no higher than 1◦ (presumably because this is the

conventional ocean resolution used by most coupled climate models today).

Recently however, there has been a growing support for higher resolution cou-

pled models, with particular emphasis being placed on the widespread use

of a higher (1/2
◦ and finer) resolution ocean. Various studies have demon-

strated significant improvements in the representation of many aspects of the

climate system (including SST variability), in coupled climate models with

eddy-permitting and/or eddy-resolving (1/3
◦-1/12

◦) ocean resolutions, relative

to coarse, non eddy-permitting (≥1◦) ocean resolutions (e.g. Roberts et al.,

2004, 2009; Shaffrey et al., 2009; Bryan et al., 2010; Scaife et al., 2011; Del-

worth et al., 2012). Moreover, a recent review by Folland et al. (2011) indicated

that much of the skill associated with remnant SSTAs (and re-emergence) is

not well represented in current dynamical forecast systems (e.g. Glosea4 -

Arribas et al., 2011), possibly because the horizontal resolution of the ocean
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is too coarse. Higher resolution modelling and/or observational studies of the

re-emergence process are therefore necessary to better understand the signifi-

cance and contribution of this process to SST variability and North Atlantic

climate. This thesis will contribute towards an improved understanding of the

re-emergence process in an eddying regime. Specifically, it will provide the

first statistical and dynamical analyses of SSTA re-emergence in the North

Atlantic, at an eddy-permitting (1/4
◦) ocean resolution.

1.3.6 Temporal variability in re-emergence

Due to the limited coverage and accuracy of earlier temperature observations,

most studies of SSTA re-emergence have focused on its climatological charac-

teristics throughout the World Ocean. Conversely, there has been little scien-

tific attention devoted to the temporal variability of re-emergence. Investiga-

tion of the temporal variability of SSTA re-emergence can further the scientific

understanding of the dynamics of the re-emergence process, reveal changes in

its respective influence on extratropical SSTA variability, and better evaluate

the overall utility of re-emergence for seasonal forecasting. This subject is now

being addressed more frequently following recent improvements, e.g. with the

use of ARGO (Gould et al., 2004), in the coverage and quality of surface and

sub-surface temperature observations. The majority of studies on the tempo-

ral variability of re-emergence thus far have been accomplished in the North

Pacific. Chiefly, Sugimoto and Hanawa (2007a) documented periodic (15-year)

changes in the occurrence of remote re-emergence in central North Pacific from

1930-2003, with re-emergence appearing more active over the periods 1940-54,

1960-74, and 1980-94. More recently, Zhao and Li (2010) diagnosed decadal

(10-20 year) variations in the occurrence of local re-emergence in the North

Pacific, based on lag-one (year) autocorrelation analyses of (i.e. 10-20 year)

low-pass filtered winter SSTAs. In a follow-up study, also by Zhao and Li

(2012), strong interannual fluctuations in SSTA re-emergence were revealed in

the central North Pacific.
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The temporal variability of SSTA re-emergence in the North Atlantic is

less well documented. Timlin et al. (2002) suggested that re-emergence (in the

northeast Atlantic) was more vigorous prior to 1975, based upon EOF (Empir-

ical Orthogonal Function) analyses of SSTAs between 1958-97. In particular,

the RMS (Root-Mean Square) value of the leading PC during the first half of

the data record (2.3) was found to exceed that during the second half (1.5);

hence their argument for a more vigorous re-emergence earlier on. Notwith-

standing this brief suggestion, there have been no equivalent analyses within

the North Atlantic, except in the statistical analyses of Zhao and Li (2010).

As in the North Pacific, decadal (10-20 year) variations in the occurrence of

local re-emergence were also recognized by Zhao and Li (2010) in the northern

North Atlantic (i.e. north of 40◦ N). Overall, the relative frequency of occur-

rence of a re-emergence event in the North Atlantic is still largely unknown,

in particular, over interannual timescales. In this thesis, further investigations

of the interannual and long-term (decadal) variability of SSTA re-emergence

coherent over the whole North Atlantic are undertaken.

1.4 Developments in ocean modelling

Ocean models are prognostic tools that numerically predict future ocean state

based on the Navier-Stokes equations for incompressible flow. They are ex-

tensively used across numerous oceanographic disciplines, including ocean cir-

culation (e.g. Marzocchi et al., 2012), wave forecasting (e.g. O’Dea et al.,

2012), and biogeochemical cycling (e.g. Kriest et al., 2012). The complexity

and large spatiotemporal variability of the ocean has motivated the develop-

ment of an extensive array of coarse-to-high-resolution ocean models, from the

simplest (and pioneering) back of the envelope mathematical models, to state-

of-the-art, fully three-dimensional OGCMs that require thousands of computer

hours on advanced supercomputers. This section briefly summarises the key

contributions made in ocean circulation modelling to-date.

Numerical modelling of the ocean circulation began in earnest in the early-
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1960s, following the pioneering contributions of Sverdrup (1947), Stommel

(1948), Munk (1950), Fofonoff (1954), and Charney (1955). These authors

improved scientific understanding of the physical laws governing global ocean

circulation - notably with regards to the wind driven gyres (Sverdrup, 1947;

Munk, 1950), western intensification (Stommel, 1948), inertial modes (Fo-

fonoff, 1954), and nonlinearity (Charney, 1955) - through idealized mathemat-

ical models that afforded analytical solutions. Simple mathematical models

were the only available predictive tools prior to the advent of the supercom-

puter in 1964 (see Garcia-Risueno and Ibanez, 2012).

Throughout the 1960s and early-1970s, Kirk Bryan and colleagues at the

GFDL (Geophysical Fluid Dynamics Laboratory) laid the foundations for the

OGCMs of today. Initially, Bryan (1963) applied (via space-centered explicit

finite-differencing) the Navier Stokes equations to an idealised, rectangular

ocean domain. Subsequent work by Bryan and Cox (1967, 1968) then devel-

oped (again via finite-differencing) a multi-level model of an idealised ocean

basin. The latter incorporated the effects of variable density (i.e. baroclin-

icity) in its computation of the ocean circulation, as well as key assumptions

on Boussinesq and hydrostaticity. Processes occurring on scales smaller than

the model’s grid size were represented by horizontal and vertical viscosity and

diffusion, using various coefficients. This model represented the first three-

dimensional numerical ocean model to be forced by both surface winds and

thermodynamic forcing mechanisms. It was subsequently modified further to

include other realistic features of the large-scale oceanic circulation, such as

bottom topography (e.g. Bryan, 1969; Bryan and Cox, 1972; Semtner, 1974).

The latter model frameworks also provided the earliest simulations of the large-

scale ocean circulation on a global scale, and allowed for two-way coupling with

the atmosphere (Manabe and Bryan, 1969). Overall, the OGCMs of Bryan

and Cox (1967, 1968, 1972) and Semtner (1974), jointly known as the Bryan-

Cox-Semtner OGCM, were considered revolutionary in physical oceanography.

Nevertheless, they were too viscous when compared to the real ocean, due par-
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tially to insufficient spatial resolution. They also did not contain mesoscale

eddies.

An increase in the number of oceanic observations (in both time and space)

during the 1970s through early 1990s contributed towards an improved theoret-

ical understanding of the global ocean circulation and its role in climate. One

of the most important discoveries was the ubiquitous role played by mesoscale

eddies in ocean variability (e.g. Swallow, 1971). Ocean model developments

were therefore motivated by the notion that simulations (of the ocean circu-

lation) needed to be fully three-dimensional, capable of coupling with other

climate components, and sufficiently high in spatial resolution that mesoscale-

to-submesoscale features could be accurately resolved. They also required

sufficiently long simulation run times to ensure thermodynamic equilibrium

of the ocean state variables; this was not reached by the Bryan-Cox-Semtner

OGCM. Thus started a transition towards more advanced ocean circulation

models over the next few decades.

Due to the limited HPC (High Performance Computing) resources available

during the 1970s (Garcia-Risueno and Ibanez, 2012), the only way in which

high resolution ocean simulations were likely were through oversimplifications

of the model equations, and/or domain size. Consequently, numerical analyses

of mesoscale phenomena involved simple (idealized) primitive-equation mod-

els (e.g. Semtner and Mintz, 1977), and/or two-layer QG (Quasi-Geostrophic)

simulations of an idealized rectangular basin (Holland, 1978). As HPC systems

evolved during the early- to mid-1980s (Garcia-Risueno and Ibanez, 2012), QG

models were further developed to encompass larger domains and an increased

model complexity, while at the same time retaining the required high spatial

resolution (e.g. Rhines et al., 1985; Huang, 1986). The mid- to late-1980s saw

the earliest inclusion of partially resolved mesoscale processes into an idealized,

Atlantic-sized (1/3
◦ spatial resolution) ocean model (e.g. Cox, 1985). At the

same time, global OGCMs (at 3◦ spatial resolution) could be simulated for long

enough periods to attain thermodynamic equilibrium (e.g. Toggweiler et al.,
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1989). By the mid-1990s, both regional and global ocean simulations, at an

eddy-permitting resolution, were achievable with three-dimensional OGCMs

incorporating the full primitive equations, realistic geometry, and multiple

depth levels (e.g. Semtner and Chervin, 1992; Bryan et al., 1995). These

ocean models were realistic enough to support widespread interpretation and

validation. Consequently, the earliest Community Modeling Efforts were es-

tablished (e.g. Bryan and Holland, 1989). In summary, by the mid-1990s,

ocean general circulation modelling had reached an eddy-admitting stage in

its development (Boning and Bryan, 1996).

In addition to the above achievements in ocean model capability, key

methodological advances included the introduction of: (1) ρ- and terrain fol-

lowing (σ-) vertical discretisation schemes that better simulate the preferred

spreading of water masses (Bleck and Boudra, 1986; Haidvogel et al., 1991);

(2) generalised curvilinear horizontal grids, with bipolar or tripolar configu-

ration, to avoid polar singularities and high latitude filtering (Murray, 1996;

Madec and Imbard, 1996); (3) alternative grid cell systems to represent and

compute orthogonal physical quantities (Arakawa and Lamb 1977); (4) ex-

plicit (Killworth et al., 1991) and implicit (Ducowicz and Smith, 1994) free

surface algorithms to describe the shape of the air-sea interface; (5) eddy-

mixing parameterisations (Gent and McWilliams, 1990) to improve long-term

simulations at a coarse-resolution; (6) improved time-stepping methods for

greater model efficiency (Asselin, 1972; Mesinger and Arakawa 1976); (7) par-

tial step topography to better model seafloor variations (Adcroft et al., 1997),

and (8) tangent linear and adjoint schemes for inverse modelling of the ocean

circulation (Tziperman and Thacker 1989). Ensemble techniques in ocean

modelling (Cubash et al., 1994), two-way nesting (Laugier et al., 1996), and

oceanic data assimilation (Derber and Rosati, 1989) also materialised.

Since the mid- 1990’s, ocean modelling has transitioned into an eddy-

resolving regime, where the variability of the circulation is comparable to that

which is observed (Hecht and Smith, 2008). High-resolution ROMS (Regional
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Oceanic Modeling Systems) have been developed to investigate the influences

of sub-mesoscale (and smaller) processes on the mean ocean state (Haidvogel,

2000). In addition, global ocean simulations at 1/12
◦ spatial resolution are

becoming available (e.g. Marsh et al., 2009). Elsewhere, data assimilation in

ocean modelling has expanded and advanced significantly over the last decade,

particularly following the advent of ARGO (Balmaseda et al., 2007). Accord-

ingly, the use (and accuracy) of OCGMs in operational forecasting has vastly

increased (Chassignet and Verron, 2006). Key methodological advances have

included the introduction of adaptive and unstructured meshes, which enable

continuous representation of the model coastlines (Pain, 2005). The latest sci-

entific developments in ocean modelling involve multinational collaboration,

with the aim of providing seamless climate prediction systems across several

(hours to decades) timescales (Brown et al., 2012). One such collaboration is

the NEMO (Nucleus for European Modelling of the Ocean) Framework, which

is described in more detail in Chapter 2.

1.5 Thesis Outline

This chapter has provided a comprehensive review of the literature on ocean re-

emergence, and also introduced the key scientific questions that this thesis will

address. Here, a short description of the structure of this thesis is given. The

observational data and ocean model that will be used throughout this thesis

are introduced in Chapter 2. Methods for assessing the statistical significance

of SSTA re-emergence are also outlined. In Chapter 3, quantitative analyses of

an actual SSTA re-emergence event, and the interannual-to-decadal variability

of its occurrence in the North Atlantic, are revealed with ocean observations.

In Chapter 4, conventional diagnostics of SSTA re-emergence are performed

with eddy-permitting (1/4
◦) ocean simulations, providing novel insights into

the effects of resolved mesoscale processes on the re-emergence process. A

more dynamic investigation of the effects of mesoscale processes on SSTA re-

emergence (via passive tracers) is subsequently undertaken in Chapter 5. The
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roles of horizontal advection and subduction on the re-emergence process are

also examined dynamically in this latter chapter. Finally, in Chapter 6, the

main findings of this thesis are discussed in relation to the scientific literature

presented in this chapter. The key conclusions and areas of future research are

also outlined. A more detailed description of each science chapter is provided

below.

Chapter 3: Importance of Re-emergence for North Atlantic SST

In Chapter 3, analyses of ocean temperature from the UKMO global ocean

analysis product ENACT (ENhanced ocean data Assimilation and ClimaTe

prediction), version EN3 v2a, are used to quantify specific incidences of the re-

emergence process, and to evaluate its temporal variability since 1960. This is

the first explicit study of re-emergence in the North Atlantic. It is revealed that

SSTA re-emergence links the extreme cold conditions in early-winter 2010/11

to the former severe cold winter of 2009/10 (Cattiaux et al., 2010; Seager et al.,

2010; Wang et al., 2010). The uniqueness of this event, and the interannual-to-

decadal variability of re-emergence, is subsequently examined through lagged

pattern correlation and lagged autocorrelation analyses. All of the analyses are

observation-based. Part of this chapter has been published in a peer-reviewed

journal (Taws et al., 2011).

Chapter 4: The Statistics of Re-emergence in Ocean Model Hind-

casts at Two Horizontal Resolutions

In Chapter 4, the statistical signature of local re-emergence is examined, for the

first time, in an eddy-permitting (1/4
◦) ocean model. The model employed for

this analysis is the Global Ocean/Sea-Ice GCM NEMO. A preliminary study

of the primary factors conducive towards re-emergence occurrence in the North

Atlantic, and a comparison of the statistical signature of local re-emergence

at a non eddy-permitting (1◦) resolution with the statistical signature of lo-

cal re-emergence in observations and previous studies, is performed to justify
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the use of the model in this study, and evaluate the ability of NEMO to re-

liably simulate SSTA re-emergence in the North Atlantic. Thereafter, local

re-emergence analyses at 1/4
◦ resolution are compared and contrasted against

the 1◦ model and observations, and the significance of mesoscale processes on

SSTA re-emergence is established. Analyses involve conventional diagnostics

of re-emergence (e.g. lagged correlations - Alexander et al., 2001), and centre

on two localised regions of the North Atlantic, the Sargasso Sea and northeast

Atlantic. Both regions are conducive to SSTA re-emergence (based on the pre-

liminary analyses above). ENACT serves as the observational validation tool

for these model-based re-emergence analyses.

Chapter 5: Examining the Role of Upper Ocean Dynamics on Re-

emergence

In Chapter 5, the dynamical effects on re-emergence of horizontal advection,

subduction, and mesoscale phenomena are ascertained through a series of one-

year passive tracer experiments with the Global Ocean/Sea-Ice GCM NEMO,

at 1◦ and 1/4
◦ resolution. The current study is the first to explicitly quan-

tify the effects of subduction and/or mesoscale processes on the re-emergence

process. The passive tracer experiments at 1/4
◦ resolution supplement the

eddy-permitting statistical analyses in Chapter 4. Temporal variations in the

relative and competing influences of horizontal advection and subduction on

SSTA re-emergence are also investigated. Analyses focus on the same regions

analysed in Chapter 4, i.e. the northeast Atlantic and Sargasso Sea. The use of

passive tracers in this process-based study of re-emergence is justified through

preliminary sensitivity and tracer trajectory analyses.
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Chapter 2

Data and Methods

In this thesis, both observational data (ENACT) and ocean model outputs

(NEMO) are exploited to investigate SSTA re-emergence in the North Atlantic.

A detailed description of both datasets is provided in this Chapter. In Section

2.1, the ENACT dataset is described. The model specification of NEMO

is subsequently described in Section 2.2. Methods for assessing statistical

significance follow in Section 2.3. The chapter concludes with a summary

(Section 2.4).

2.1 Observational Data: ENACT

The primary observational data analysed in this thesis are from the UKMO

ENACT dataset, version EN3 v2a. EN3 v2a is a quality controlled, global

ocean analysis product comprising temperature and salinity observations from

numerous data sources, assimilated together onto a global 1◦ orthogonal grid,

with 42 levels in the vertical. It is an update of the former EN2 dataset de-

scribed in Ingleby and Huddleston (2007). The vertical resolution of EN3 v2a

decreases with depth. It ranges from 10-30 m in the top 200 m, 30-100 m

between 200 m and 500 m, and 100-300 m between 500 m and 5000 m. The

maximum depth covered by EN3 v2a is 5350 m. Its temporal resolution is

monthly, with data available from 1950 through the present day. All data

were downloaded from the HADOBS (Met Office Hadley Centre Observations

37



2.1. Observational Data: ENACT CHAPTER 2

Datasets) website: www.metoffice.gov.uk/hadobs/. This section describes the

key data sources (Section 2.1.1), quality control procedures (Section 2.1.2), and

the objective analysis process used by EN3 v2a (Section 2.1.3). Verification of

the analyses in EN3 v2a (Section 2.1.4), and the choice of MLD temperature

criterion used by this dataset (Section 2.1.5), are explained thereafter. A brief

synopsis of the other observational datasets analysed in this thesis concludes

Section 2.1.

2.1.1 Data sources

The primary data sources for the EN3 v2a dataset, and their periods of inclu-

sion during objective analysis, are listed in Table 2.1.

Data Sources for EN3 v2a

Data Source Instrument Types Time Period Reference

WOD05 MBT, XBT, CTD (inc. Bottle) 1950-present Boyer et al., 2006

Moored Buoys, Profiling Floats

GTSPP XBT, CTD, Moored 1990-present Sun et al., 2010

Buoys, Profiling Floats

ARGO Profiling Floats 1999-present Gould et al., 2004

ASBO XBT, CTD, Moored 1950-present www.noc.soton.ac.uk/

Buoys, Profiling Floats ooc/ASBO/index.php

TABLE 2.1 ‖ EN3 v2a ocean data sources and appropriate acknowledgements. Acronyms
are explained in the main text. See above references for further details about the data.

The main data source for EN3 v2a is the WOD05 (World Ocean Database

2005) dataset, with GTSPP (Global Temperature-Salinity Profile Programme),

ARGO and ASBO (Arctic Synoptic Basin-wide Oceanography) providing ad-

ditional information (wherever appropriate). Some components of GTSPP,

ARGO and ASBO are already included in WOD05; hence, duplicate obser-

vations must be removed (see Section 2.1.2). Temperature and salinity mea-

surements collected from a variety of instruments, i.e. MBTs (Mechanical

Bathythermographs), XBTs (Expendable Bathythermographs), CTDs (Condu-
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ctivity-Temperature-Depth), Moored Buoys, and Profiling Floats, are used in

the production of EN3 v2a. A brief summary of the accuracy and measure-

ment capability of each instrument is given below. Further information can be

obtained through the relevant cited references.

Between 1950 and the late-1990s, MBTs and XBTs are the primary indi-

cators of sub-surface ocean variability. They record(ed) ocean temperature, at

intermittent intervals, to a maximum depth range of 300 m (for MBTs) and

450-750 m (for XBTs) respectively (Ingleby and Huddleston, 2007). MBTs

and XBTs are the most error-prone oceanographic observations, with errors

ranging between ±0.1 ◦C and ±0.2 ◦C (Heinmiller et al., 1983; Gouretski and

Koltermann, 2007). Some of the earlier XBT measurements are biased in depth

estimation (Hanawa et al., 1995) and hence require a linear-based correction

(see Section 2.1.2). Some XBTs experience artificial sensor drifts of up to ±0.1

◦C per 100 m (Kizu and Hanawa, 2002).

CTD data from research vessels provide the deepest measurements (as deep

as 5000 m in places) of temperature and salinity used in EN3 v2a. Early mea-

surements (during the 1950s-1980s) involved bottle casts over approximately

10-20 subjectively chosen depth levels (Boyer et al., 2006). These bottle casts

were accurate to ±0.01 ◦C and ±0.01 salinity (McCarthy, 2012). In the early-

1980s, bottle casts were phased out, and continuously recording electronic

CTD devices were introduced. The accuracies associated with these electronic

instruments have steadily improved through time, from ±0.003 ◦C and 0.003

salinity during the 1980s, to ±0.002 ◦C and ±0.002 respectively for the mod-

ern SeaBird c© CTD sensors in use today (McCarthy, 2012). Early pressure

measurements were accurate to ±5dbar in the top 1000dbar, and to ±0.5 %

at greater pressures (Wust, 1935). Modern pressure measurement accuracies

are significantly improved at ±0.01 % (www.seabird.com).
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Moored buoy data from the TAO/TRITON (Tropical Atmosphere Ocean/

Triangle Trans Ocean Buoy Network) Array (McPhaden et al., 1998) since

1989, and the PIRATA (Pilot Research Moored Array in the Tropical Atlantic)

Array (Servain, 1998) since 1997, have been included. These arrays comprise a

total of 69 (for TAO/TRITON) and 12 (for PIRATA) carefully placed buoys, in

the Tropical Pacific and Atlantic Oceans respectively. They provide real-time

measurements of sub-surface ocean temperature at various depths down to

750 m (500 m for PIRATA). TOA/TRITON and PIRATA also record salinity

and other meteorological variables (e.g. air temperature, precipitation, winds),

however, only the ocean temperature data are used in EN3 v2a. The vertical

resolution of the data is quite coarse, particularly below 300 m. The current

accuracy of the buoy-based temperature measurements is around ±0.01 ◦C

to ±0.09 ◦C (www.pmel.noaa.gov/tao/proj over/sensors.shtml). Future buoys

are expected to acquire accuracies as high as ±0.003 ◦C.

The profile float data incorporated into EN3 v2a comprises the PALACE

(Profiling Autonomous Lagrangian Circulation Explorer) float data from the

mid-1990s, and to a larger extent, ARGO profile data from 1999. Early

PALACE floats obtained continuous temperature and salinity observations

throughout the upper 1000-2000 m of the water column (Davis et al., 1992,

2001). The PALACE program has since been superseded by ARGO, which

maintains a quasi-uniform, global distribution of 3000+ active floats, whilst

providing continuous temperature and salinity profiles of the sub-surface ocean

to 2000 m (Gould et al., 2004). The latter scheme has greatly enhanced the

ability to observe (and understand) the deeper ocean (Roemmich et al., 2009).

It is now the dominant provider of sub-surface temperature and salinity obser-

vations; e.g. ARGO floats provided over 60 % of the profile data (compared to

XBTs, MBTs, CTDs, Moored Buoys) for EN3 v2a during 2005 (Good, 2008).

Standard measurement accuracies are ±0.01 ◦C for temperature and ±0.01

for salinity (McCarthy, 2012). Some profile floats are prone to abrupt and
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erroneous salinity jumps of 0.1 or more due to biofouling (Davis et al., 2001).

2.1.2 Quality Control

Prior to any objective analysis, the observational data (Table 2.1) are qual-

ity controlled using a comprehensive set of objective procedures developed

at the UKMO, under the EU (European Union) ENACT and ENSEMBLES

(Ensemble-based Predictions of Climate Changes and their Impacts) projects.

Quality control checks are necessary to ensure the observational data are re-

liable; the inclusion of erroneous data into the objective analysis process can

lead to error propagation throughout the dataset, and hence generate spurious

results. The main steps incorporated in the UKMO Quality Control System

are summarised in Table 2.2. A more detailed description of each method (plus

additional minor checks) can be found in Ingleby and Huddleston (2007).

On consideration of its application, of the 5.9 million observational re-

ports collected (after removal of duplicates) between 1956 and 2004 for use in

EN3 v2a objective analysis, approximately 5 % (i.e. 295,000 reports) were re-

jected by the UKMO Quality Control System because of spurious temperature

measurements. Conversely, just over 7 % of the data (i.e. 413,000 reports)

were rejected because of errors in salinity (Ingleby and Huddleston, 2007).

The highest rejection rates were associated with the ship-based CTD measure-

ments (1.6 % for temperature, 6.2 % for salinity) and/or MBT’s/XBT’s (3 %).

ARGO and buoy measurements were relatively low in their exclusion; around

0.4 % (for ARGO temperature), 1 % (for ARGO salinity) and 0.3 % (for buoy

measurements) of these reports were rejected by the UKMO Quality Control

System.
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The Quality Control System for EN3 v2a

Vertical Thinning Data are reduced (if necessary) to a maximum of 150 levels in the vertical.

XBT Depth Corrections Linear depth corrections are applied to minimize the error in expected minus actual fall rate of XBTs.

A lower correction is applied to XBTs at high latitude because of the higher viscosity of colder waters.

Prior Rejections Rejection of data that are previously known to be suspect (e.g. ARGO grey list).

Instrument Track Check Rejection of data made from instruments (ships/buoys) whose tracks show excessive speeds

and/or anomalous spikes. Max. speeds are set to 15 m s−1 for ships and to 2 m s−1 for buoys.

Constant Value, Spikes and Steps Data are checked for constant values over a number of levels. If >90 % of the data, over 100 m+ depth

intervals, are constant, all of the data are rejected. Data points exceeding a predetermined mean profile

range are also rejected as spikes or steps.

Duplicate Check Data reports located within 0.2◦ (latitude/longitude) and 1 hour of each other are reduced to one

report that has the highest preference factor (based on z-levels, no. of salinity measurements etc).

Stability Check θ-S data points which exhibit ρ inversions <-0.03 kg m−3 are flagged as suspicious. Rejection of

entire report where number of inversions exceeds a predetermined threshold.

Bayesian Background Check Data are evaluated against a background profile, which is based on a damped persistence forecast algorithm

(initialised with WOA98 climatology). Data that exceed the background profile by a certain amount are rejected

Buddy Check Compares nearby observations with each other. PGEs (Probabilities of Gross Error)

are computed (updated from a priori PGEs). PGEs ≥0.5 are rejected.

Output Data for each month are output in a uniform format, and QCF (Quality Control Flags) are supplied to

show the quality control decisions for the data (QCF = 1: good data; QCF = 4: full rejection of data).

TABLE 2.2 ‖ Summary of the main quality control procedures used by UKMO prior to the production of EN3 v2a. θ is potential temperature; S is salinity; ρ is
density; WOA98 is World Ocean Atlas 1998; XBT is Expendable Bathythermograph. See Ingleby and Huddleston (2007) for further details.
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2.1.3 Generation of EN3 v2a via Analysis Correction

Objective analysis is a process by which gridded datasets of ocean state vari-

ables are generated from various observational data sources, and a first guess

background field (Bretherton et al., 1976). Such analysis products are gener-

ally (but not always) considered to offer a more accurate measure of the current

state of the ocean climate system. Without objective analysis, ocean analyses

are restricted to using observations from a wide range of instruments, which

are often unevenly distributed both spatially and temporally, and comprise

different (i.e. systematic, instrumental, sampling, random) errors. Objective

analysis products such as EN3 v2a can be used in observational climate stud-

ies (e.g. Taws et al., 2011), and forecast initialisation (e.g. Yin et al., 2011).

They can also be employed as model validation tools to obtain estimates of

background error in the data and model. This can lead to improvements in

both data quality and resultant model forecasts.

The objective analysis procedure involved in the production of EN3 v2a

is IAC (Iterative Analysis Correction - Lorenc et al., 1991; Bell et al., 2000).

The aim of this method is to use the best combination of observations and

background field estimates (based on the errors of both datasets) to produce

a gridded analysis field of temperature and salinity. In general terms, the IAC

technique is a modified form of Successive Correction, in which variables (e.g.

temperature and salinity) from a background field are modified by observations

in an iterative manner (Bratseth, 1985; Daley, 1991). For each month of

EN3 v2a, the current field of background estimates are interpolated from their

grid positions to observational data locations. The differences between the

interpolated field estimates and actual observational data are then computed.

These differences (or observational increments) are subsequently interpolated

back to the grid positions via a pre-specified weighting function. Thereafter,

the observational increments are added to the background field, and the ocean

analysis is updated.

The weight of the observational increments varies in time and space through-

43



2.1. Observational Data: ENACT CHAPTER 2

out the analysis, depending on the difference between the current analysis time,

and the validity time of the observations. As the analysis time approaches the

validity time of an observation, the relative influence of that observation upon

the background field increases. A maximum time window of one-month either

side of the observations validity time is incorporated within the objective anal-

ysis process for EN3 v2a (Ingleby and Huddleston, 2007). Beyond this time

window, the significance of the observation is discarded.

The execution of IAC generates a three-dimensional analysis of ocean tem-

perature and salinity for each month since 1950. After each month, the back-

ground field employed in the objective analysis procedure (for the following

month) is updated via a damped persistence forecast algorithm (Lorenz, 1973),

which relaxes to climatology in the absence of recent observations. A damped

persistence forecast is essentially an AR1 prediction, whereby the background

field is modified over time using a scale factor derived from the autocorrela-

tion structure of the former (known) background field (Lorenz, 1973). The

use of a damped persistence forecast algorithm encompasses the benefits of

an ocean forecast into the system, without the added computational expense

of a forecast model. Furthermore, ocean analyses generated from background

fields whose properties are regularly updated through time appear more rep-

resentative of the large interannual variability of the upper ocean, than ocean

analyses generated from consistent climatological background fields (Ingleby

and Huddleston, 2007). A similar algorithm was developed by Smith (1995)

when constructing ocean temperature analyses for the tropical Pacific and In-

dian Oceans.

The IAC scheme described here is preferred by UKMO to produce global

EN3 v2a analyses, as it generates ocean analyses that are closer to the contem-

poraneous observations, than other objective analysis procedures, e.g. OI (Op-

timal Interpolation), particularly in data-sparse regions of the ocean (Lorenc

et al., 1991). It also handles large numbers of observations, of different type,

more cost effectively than, for instance, OI. EN3 v2a is a model-independent
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objective analysis product; to initialise the system, the background field was

set to the WOA98 (World Ocean Atlas 1998 - Antonov et al., 1998) climatology

(Ingleby and Huddleston, 2007).

2.1.4 Verification of the analyses in EN3 v2a

The analyses in EN3 v2a should not be equated wholly with observations or

reality, since they are still a blend of historical climatology and contemporane-

ous temperature and salinity observations. The quality of these analyses will

undoubtedly vary both spatially and temporally according to the availability of

oceanographic data, and its associated error covariance estimates. As alluded

to previously (Section 2.1.2), biases in either the observations or climatology

can introduce spurious variability and trends into the analysis output, which

are not representative of the true ocean state. Currently, the EN3 v2a dataset

does not include estimates of uncertainty in its analysis, i.e. an analysis error

covariance is not computed as part of the IAC scheme. Methods for quantifying

such uncertainty (in EN3 v2a) are still under development at UKMO.

To ensure that the data in EN3 v2a are sensible, and therefore justify

the use of this product in this thesis, corresponding analysis fields are briefly

compared against other known observational data sources. Interest here is

solely in the re-emergence of ocean temperature anomalies. Consequently,

only the temperature analyses in EN3 v2a are examined. Specifically, global

and North Atlantic SST (represented by the first vertical level in EN3 v2a) are

evaluated against SST data from the HadISST1 (Hadley Centre Sea Ice and

Sea Surface Temperature Version One) dataset. HadISST1 provides monthly,

globally complete fields of SST on a one-degree latitude-longitude grid from

1870 to-date. Its SST fields are constructed using a two-staged reduced-space

optimal interpolation procedure (Kaplan et al., 1997), augmented with in situ

SST to maintain local detail (see Rayner et al., 2003 for details).

For temperature variability in the ocean interior, global annual temperature

anomalies from EN3 v2a, averaged over 0-2000 m depth, are evaluated against
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profile-based temperature anomalies from the WOD09 (World Ocean Database

2009) dataset (Boyer et al., 2009), which have recently been published by

Levitus et al. (2012).

It is worth reiterating that this is not an exhaustive validation of EN3 v2a.

The work presented below is simply a brief comparison of the temperature

fields in EN3 v2a with other observations to ensure the data are both sensible

and robust, and hence worthy of further analysis. The data for HadISST1

were downloaded from the HADOBS website: www.metoffice.gov.uk/hadobs/,

whilst WOD09 was freely available through NOAA: www.nodc.noaa.gov/OC5/

3M HEAT CONTENT/anomaly data.html.

Sea surface temperature in EN3 v2a

Commencing with the SST variability in EN3 v2a, Figure 2.1a shows the

period-mean (1960-2010) SST difference between EN3 v2a and HadISST1.

The smallest SST differences between EN3 v2a and HadISST1 (of ± 0.2 ◦C

over the 50-year study period) are exhibited in central and eastern regions of

the North Pacific and North Atlantic Oceans. These two basins are among

the most densely sampled (for ocean temperature) in the global ocean (see

Figure 2.1b). Where the spatiotemporal coverage of ocean temperature obser-

vations is more limited, e.g. in the South Atlantic, South Pacific, and Indian

Oceans, the SST difference between EN3 v2a and HadISST1 is larger, typically

between ±0.2 ◦C and ±0.4 ◦C. The largest differences between EN3 v2a and

HadISST1, of ±1 ◦C, are observed in regions of high mesoscale variability, such

as the Gulf Stream (in the western North Atlantic), Kurishio Current (in the

western North Pacific), and/or the Antarctic Circumpolar Current (around

40-60◦ S). Neither HadISST1, or EN3 v2a, are of a sufficiently high spatial

resolution to resolve the ocean mesoscale and the localised SST features as-

sociated with it; hence the large SST differences observed between these two

datasets. Differences between EN3 v2a and HadISST1 are also high (i.e. ±1

◦C) in the high latitudes, e.g. the Labrador and GIN (Greenland-Iceland-
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Norwegian) Seas, where observational errors are highest, and near the coast

where the objective analysis procedure (used by EN3 v2a) is more uncertain.

FIGURE 2.1 ‖ (a) ENACT (EN3 v2a) - HadISST1 period-mean (1960-2010) SST differ-
ences throughout the World Ocean (-90-90◦ N, -180-180◦ W). Positive (Negative) values
indicate warm (cold) biases for ENACT SST, relative to HadISST1. Grey shading repre-
sents land and/or no data coverage. (b) The number of ocean temperature observations
recorded as deep as 250 m, over the periods 1955-1959 (upper panel) and 1994-1998 (lower
panel). Both panels show the spatial distribution of ocean temperature observations over a
latitude-longitude domain of -90-90◦ N, -180-180◦ W. Shading (see key) indicates the relative
number of observations per 1◦ ocean grid box. Figure from IPCC (2007).

Focusing on the interannual variability of SST in EN3 v2a, Figure 2.2a
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shows the annual mean SSTAs for the North Atlantic and Global Ocean (inset),

as computed with EN3 v2a analyses (red lines) and HadISST1 observations

(blue lines). Overall, there is reasonable agreement between the global SSTAs

in EN3 v2a and HadISST1. Specifically, the temperature analyses in EN3 v2a

can reproduce the long-term, linear warming trend, of 0.06 ◦C decade−1, ap-

parent in HadISST1, and other observational data (IPCC, 2007), albeit at a

lower rate (i.e. 0.04 ◦C decade−1). It can also capture much of the interan-

nual variability associated with global SSTAs in HadISST1 over the last 50

years; a correlation of 0.82 is computed between the two SSTA anomaly time

series shown. For global SSTAs during the 1960s, and since the 1990s (espe-

cially after 2000), the EN3 v2a dataset exhibits a slight cold bias (relative to

HadISST1) of up to -0.16 ◦C. Conversely, global SSTAs in EN3 v2a are (at

most) 0.19 ◦C warmer than HadISST1, during the 1970s and 1980s.

FIGURE 2.2 ‖ (a) Time series of North Atlantic (0-70◦ N, 80◦ W-5◦ E) annual SSTAs
for the period 1960-2010. The red curve is the SSTA time series for EN3 v2a. The blue
curve is the SSTA time series for HadISST1. Decadal-mean differences (± one standard
deviation) between the two time series are listed (inset, top left). The global (-90-90◦ N,
-180-180◦ W) annual SSTA time series for EN3 v2a (red line) and HadISST1 (blue line)
are also shown (inset, bottom right). The reference period for anomaly computation is 1960-
2010. (b) Time series of ocean temperature anomalies for the upper 2000 m of the World
Ocean (-90-90◦ N, -180-180◦ W), over the period 1960-2010. The red line is the anomaly
time series for EN3 v2a. The blue line is the anomaly time series for temperature profiles
from WOD09 (World Ocean Database 2009). Decadal-mean differences (± one standard
deviation) between the two time series are listed (inset, top left). The reference period is
1960-2006 for EN3 v2a, and 1955-2006 for WOD09.
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For SSTAs in the North Atlantic, the primary region of interest here, the

correspondence between EN3 v2a and HadISST1 is greater. Here, the cor-

relation between both time series is 0.93, and the EN3 v2a-HadISST1 tem-

perature differences are, on average, within ±0.03 ◦C over the 50-year study

period. There is a steady decrease in the magnitude of difference (relative to

HadISST1), from 0.025 ◦C in the 1960s to 0.001 ◦C in the 1990s. This reflects

the increased coverage and accuracy of ocean observations through time (Fig-

ure 2.1b and Section 2.1.1); i.e. the analyses in EN3 v2a are influenced less

by the background first guess field and more by contemporaneous temperature

observations. During the so-called ARGO-era of ocean observations (i.e. since

2000), an increased cold bias of -0.005 ◦C is exhibited in EN3 v2a, relative

to HadISST1. This may be due to the increased addition of ARGO profile

data into EN3 v2a at this time, which are not included in HadISST1. This

could explain the larger cold bias (and reduced long-term linear warming rate)

exhibited by EN3 v2a (relative to HadISST1) at this time, at a global scale

(inset, bottom right).

Sub-surface temperature in EN3 v2a

In Figure 2.2b, global sub-surface temperature anomalies in EN3 v2a (red

line) are evaluated, for the upper 2000 m, against profile-based sub-surface

temperature anomalies from WOD09 (blue line). The latter time series was

produced and recently published (as ocean heat content anomalies) by Levitus

et al. (2012). Synonymous with Figure 2.2a, the sub-surface temperature

analyses in EN3 v2a are able to replicate the 0.03 ◦C decade−1 linear warming

trend in upper ocean temperature, exhibited in WOD09. A correlation of

0.89 indicates the interannual variability in WOD09 is also well represented by

EN3 v2a. Moreover, temperature anomaly differences between the two time

series are, on average, within ±0.08 ◦C over the 50-year study period. With

the exception of the 1970s, sub-surface temperature anomalies in EN3 v2a are

0.002-0.017 ◦C decade−1 cooler than the sub-surface temperature anomalies in
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WOD09.

The comparison made between the sub-surface temperature anomalies in

EN3 v2a and WOD09 is relatively crude. Indeed, it does not reveal spatial

variations in the quality of the EN3 v2a dataset at depth. Moreover, the inter-

observation comparison here is not fully independent; i.e. the data sources

incorporated in EN3 v2a and WOD09 are similar. Consequently, strong asso-

ciations between these datasets would be expected. Nevertheless, this analysis

is sufficient to show that a general agreement between EN3 v2a (objectively

analysed) and WOD09 (not objectively analysed) does exist, and that the

relaxation to climatological values (during the objective analysis process), in

data-sparse regions, and/or during data-light periods does not cause the ocean

analyses to drift too far from the true ocean state (i.e. the analyses are repro-

ducing the observed upper ocean variability).

Verification of EN3 v2a: synopsis

The temperature analyses in EN3 v2a are consistent with other observational

data (e.g. HadISST1, WOD09) in regions of low mesoscale variability, the

low-to-mid latitudes, and/or areas remote from the coast. It is particularly

reliable in regions of high sampling density, such as the North Atlantic. An

inter-observation comparison of the temperature trends reveals larger incon-

sistencies (between the different observational datasets) during the 1960s/70s

than the 1980s/90s. This attaches larger uncertainty to the earlier EN3 v2a

temperature analyses. The SST in EN3 v2a exhibits cold biases relative to

other SST estimates (e.g. HadISST1) in recent years (since 2000). This cool-

ing may be due to the recent inclusion of ARGO into the ENACT database.

Overall, the EN3 v2a dataset is providing a robust and sensible representation

of the ocean climate since 1960. This justifies its use in subsequent observa-

tional analyses (Chapters 3-4). Furthermore, its production without the use

of an ocean model makes it a useful reference for validation of the Global

Ocean/Sea-Ice GCM NEMO (see Section 2.2.3).
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2.1.5 MLD Criteria in EN3 v2a

This thesis is primarily concerned with physical processes in the upper ocean,

specifically those associated with the annual cycle of MLD. Consequently, ac-

curate representation of the MLD in EN3 v2a is necessary. For this thesis, the

MLD is defined as the depth at which the ocean temperature changes by a

specified amount relative to its value at the surface. Although many studies of

temperature-based MLD use a temperature difference (∆T) criterion of 0.2 ◦C

(e.g. Carton et al., 2008), the required magnitude of ∆T depends strongly on

the character of the temperature dataset analysed. In an earlier study by De

Boyer-Montegut et al. (2004), it was demonstrated that MLD estimates based

on interpolated data (e.g. EN3 v2a) exhibit shallow biases (by as much as 25

%), relative to MLD estimates computed from raw observational profiles. De

Boyer-Montegut et al. (2004) thus suggested that a coarser ∆T criterion (as

large as 0.8 ◦C) was necessary (for interpolated data) to offset these shallow

biases, and ensure reliable estimates of MLD in the ocean.

To decide on the appropriate ∆T criterion for EN3 v2a in the North At-

lantic, period-mean (1960-2004) maximum and minimum MLD fields are con-

structed with ∆T ranging between 0.1 ◦C and 0.8 ◦C, and subsequently eval-

uated against an alternative MLD climatology from Carton et al. (2008). The

MLD climatology of Carton et al. (2008) is computed from raw tempera-

ture profiles rather than previously interpolated temperature data; hence the

standard ∆T criterion of 0.2 ◦C adopted. In addition to evaluating the MLD

extremes, the annual cycle of MLD is also computed (for each criterion) with

EN3 v2a, and validated against corresponding cycles deduced from ARGO

(with a ∆T of 0.2 ◦C). This analysis is performed over the period 2004-2010.

ARGO is generally considered to be a useful tool for MLD (and other up-

per ocean properties) analyses, because of the high vertical resolution of the

temperature-salinity profiles recorded by these instruments (e.g. Hosoda et

al., 2010), and the lower levels of uncertainty of the ARGO profiling dataset

(compared to other observational datasets such as the World Ocean Atlas) in
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the estimation of North Atlantic upper ocean temperature (e.g. Hadfield et

al., 2007).

Analyses of the maximum and minimum MLD are made over the wider

North Atlantic Ocean. Conversely, MLD comparisons with ARGO centre on

two key regions of interest, i.e. the northeast Atlantic (40-50◦ N, 30-10◦ W)

and Sargasso Sea (25-35◦ N, 70-50◦ W), which will subsequently form the two

key study areas of this thesis (see Chapter 4). Results are presented in Figures

2.3 and 2.4 for maximum and minimum MLD respectively, and Figure 2.5 for

ARGO evaluation.

Maximum MLD

The climatological estimate of the winter maximum MLD by Carton et al.

(2008) exhibits the largest depth ranges, in excess of 300 m, in the subpolar

North Atlantic (Figure 2.3i). Smaller winter maximum depths of 100-300 m

are displayed throughout much of the extratropical North Atlantic, extend-

ing southwards into western and eastern subtropical regions. In the tropical

North Atlantic, the winter maximum MLD is typically between 30 m and

100 m depth, with the deepest mixed layers located further to the west. A

comparison of the maximum MLD climatology of Carton et al. (2008) with

corresponding analyses produced from EN3 v2a (with a ∆T criterion of 0.1

◦C through 0.8 ◦C) demonstrate substantial underestimation of the MLD by

∆T criteria ranging 0.1 ◦C to 0.3 ◦C. Specifically, maximum MLD estimates

are between 20 m and 100 m in the subtropical and extratropical North At-

lantic, and 100-300 m in the subpolar North Atlantic (Figures 2.3a-c). This

reinforces the earlier suggestions made by De Boyer-Montegut (2004) about

the shallow biases accompanying standard ∆T estimates of MLD through in-

terpolated data. Maximum MLD estimates obtained with ∆T criteria of 0.4

◦C (Figure 2.3d) and 0.5 ◦C (Figure 2.3e) are comparable in magnitude to

the MLD estimates of Carton et al. (2008), in the eastern subtropical North

Atlantic, and wider extratropical-to-subpolar North Atlantic.
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FIGURE 2.3 ‖ Maximum MLD in EN3 v2a, averaged over the period 1960-2004. MLD
estimates are based on a temperature difference (∆T) criterion of: (a) 0.1 ◦C, (b) 0.2 ◦C,
(c) 0.3 ◦C, (d) 0.4 ◦C, (e) 0.5 ◦C, (f) 0.6 ◦C, (g) 0.7 ◦C, and (h) 0.8 ◦C, relative to
its value at the surface. Figures portray the maximum MLD in the North Atlantic (10-80◦

N, -20-90◦ W). Also shown in (i) is the climatological maximum MLD for the global ocean
(-50-70◦ N, -180-180◦ W) computed by Carton et al., 2008 (∆T = 0.2 ◦C relative to the
temperature value at 10 m) over the same time period. The pink box denotes the chosen ∆T
criterion used for subsequent EN3 v2a analyses (see text for details).
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FIGURE 2.4 ‖ As Figure 2.3 for minimum MLD.

However, the extension of deeper MLDs (>200 m) into the western subtropical

North Atlantic (as observed in Carton et al) is absent. This extension mate-
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rialises under the coarser ∆T criteria of 0.6 ◦C (Figure 2.3f) through 0.8 ◦C

(Figure 2.3h).

Minimum MLD

The climatological estimate of the summer minimum MLD in Carton et al.

(2008) ranges between 10 m and 50 m over the entire North Atlantic. The

shallowest MLDs (of 10-25 m) are situated in the central subtropical gyre,

surrounded by deeper mixed layers (of 25-50 m) to the north and south (Figure

2.4i). Analyses of the minimum MLD in EN3 v2a are once again too shallow

(by 10-30 m) with ∆T criteria of 0.1-0.3 ◦C (Figures 2.4a-c). Conversely, MLD

approximations (for EN3 v2a) are comparable to Carton et al. (2008) with ∆T

criteria of 0.4-0.6 ◦C (Figure 2.4d-f). Mixed layer estimates (with ∆T criteria of

0.4-0.6 ◦C) increase by 5-10 m per 0.1 ◦C ∆T change, however, the magnitude

of the minimum MLD obtained is still within the 10-25 m or 25-50 m range

specified previously (depending on location). Under a coarse ∆T criterion of

0.7 ◦C (Figure 2.4g) or 0.8 ◦C (Figure 2.4h), there is a slight overestimation

of the minimum MLD in subtropical regions, by 10-20 m relative to Carton et

al. (2008).

Annual cycle of MLD

A broad spectrum of annual mixed layer cycles, ranging 49 m (for ∆T = 0.2

◦C) to 300 m (for ∆T = 0.8 ◦C) is exhibited in both the Sargasso Sea (Figure

2.5a) and northeast Atlantic (Figure 2.5b), over the 7-year study period (2004-

2010). The largest mixed layer variability (ranging 40 m for ∆T = 0.2 ◦C

through 183 m for ∆T = 0.8 ◦C) occurs throughout the mid-to-late winter

and early spring (January-April). Alternatively, the variability of the mixed

layer cycle is minimum (i.e. 10-20 m across all ∆T criteria) during the summer

(June-September).
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FIGURE 2.5 ‖ Annual mixed layer cycle calculated using the same criteria as in Figures
2.3b-2.3h, augmented with MLD estimates from ARGO (with ∆T = 0.2 ◦C, black line).
MLD cycles are shown for (a) the Sargasso Sea (25-35◦ N, 70-50◦ W), and (b) the northeast
Atlantic (40-50◦ N, 30-10◦ W), averaged over period 2004-2010.

Assuming that the best measure of the mixed layer is obtained through

ARGO (black line), an annual mixed layer cycle of 92 m, with a maximum

of 115 m in winter and minimum of 23 m in summer, is characteristic of the

Sargasso Sea, over this time period. Similarly, an annual cycle of 263 m,

ranging from 22 m in summer to 285 m in winter, is representative of the

northeast Atlantic with ARGO data. With the annual mixed layer cycles for

EN3 v2a (for each ∆T criterion) superimposed, an underestimation of MLDs

by smaller ∆T criteria (of 0.2-0.5 ◦C), and overestimation of MLDs by larger

∆T criteria (of 0.7-0.8 ◦C), is again revealed. For example, for MLDs computed

in the Sargasso Sea and northeast Atlantic with a ∆T criterion of 0.2 ◦C

(solid red line), the annual cycle is underestimated by 53 % each respectively
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compared to ARGO. This exceeds the 25 % shallow bias estimate stated in

De Boyer-Montegut et al. (2004) by a factor of two. Most of this inaccuracy

occurs as a result of a 55-113 m shoaling of the winter maximum MLD. Overall,

a ∆T criterion of 0.6 ◦C (solid blue line) exhibits the best association with the

ARGO MLD profile; MLD estimates with EN3 v2a are typically within 10 m

of the corresponding estimate of ARGO, in both regions of interest.

MLD criteria in EN3 v2a: synopsis

The ability of EN3 v2a to realistically capture MLD variability in the North

Atlantic has been investigated through a series of sensitivity experiments,

with different ∆T criteria. In agreement with earlier analyses by De Boyer-

Montegut et al. (2004), MLD approximations resulting from interpolated

EN3 - v2a temperature fields are shallower on average than profile-based

MLD estimates (e.g. Carton et al., 2008 and ARGO profile in Figure 2.5).

Consequently, a coarser ∆T is necessary to offset these shallow biases and al-

low accurate representation of the spatial and temporal variability of MLD.

In consideration of the former sensitivity experiments, a ∆T criterion of 0.6

◦C is a sensible measure for subsequent re-emergence analyses. This crite-

rion can capture the correct magnitude and variability of the winter maximum

MLD (including the extension of deeper MLDs into the western subtropical

North Atlantic - Figure 2.3), without overestimating minimum MLDs in the

subtropical North Atlantic (Figure 2.4). The annual cycle associated with

this criterion, in the northeast Atlantic and Sargasso Sea, also exhibits the

best correspondence with ARGO, which generally captures the observed MLD

variability well (Figure 2.5). Future analyses of the MLD with EN3 v2a will

hereafter be performed with this criterion.

Other observational data

The primary observational data used in this thesis are the temperature analy-

sis fields from EN3 v2a. Most of the observational findings shown in this thesis
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are produced through qualitative and/or quantitative analyses of this dataset.

Nevertheless, where and when the use of EN3 v2a is neither appropriate, nor

practical, other observational datasets are analysed instead. Alternative ob-

servational datasets include monthly and winter climate indices of the NAO

(Osborn, 2011), 2m air-temperature and sea level pressure analyses from the

NCEP/NCAR (National Centres for Environmental Prediction/National Cen-

tre for Atmospheric Research) reanalysis project (Kalnay et al., 1996), atmo-

spheric temperature anomalies from UKMO (www.metoffice.gov.uk/), annual

mean heat fluxes from the NOC1.1 (National Oceanography Centre Version

1.1) Flux Climatology (Josey et al., 1998), ocean current velocities from OS-

CAR (Ocean Surface Currents Analyses Real-time, Bonjean and Lagerloef,

2002), and MOC (Meridional Overturning Circulation) estimates from the

RAPID-MOCHA (Rapid Climate Change-Meridional Overturning Circulation

and Heat Flux) Array (Cunningham et al., 2007). Descriptions for each dataset

can be found in the appropriate chapters and/or chapter appendices in which

they are used.

2.2 Model Data: NEMO

Ocean models play an important role in the study of SSTA dynamics, pro-

viding valuable insight into the physical mechanisms (such as re-emergence)

responsible for the origin and fate of SST perturbations. Here, the Global

Ocean/Sea-Ice GCM NEMO is used to investigate the statistical and dynam-

ical properties of SSTA re-emergence in the North Atlantic. The model offers

data at a higher spatial resolution than reliably observed in the sub-surface

ocean, i.e. 1/4
◦ resolution. Consequently, it should offer new understanding

into the effects of mesoscale processes on re-emergence. In Sections 2.2.1 and

2.2.2 respectively, the NEMO framework and ocean model configuration for

this study are described. Numerical simulations for the North Atlantic are

subsequently evaluated (against ENACT observations) in Section 2.2.3.
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2.2.1 The Nucleus for European Modelling of the Ocean

(NEMO) framework

NEMO is a state-of-the-art modelling framework used both operationally and

for research investigations of the ocean and/or climate. It represents the first

multinational approach at modelling the ocean-climate system. The contin-

ued maintenance and development of the NEMO framework is controlled by

a consortium of major European institutions, namely, CNRS (National Cen-

ter for Scientific Research) and Mercator-Ocean in France, the UKMO and

NERC (Natural Environment Research Council) in the UK, and CMCC (Euro-

Mediterranean Centre for Climate Change) and INGV (Italy’s National In-

stitute for Geophysics and Vulcanology) in Italy. NEMO comprises several

interacting and/or independent components. The components that are most

relevant to this thesis are:

(i) NEMO-OPA: a Global Ocean/Sea-Ice GCM for ocean physics, which

incorporates the latest OGCM OPA (Océan PArallélisé - Madec, 2008),

coupled to a Louvain-la-Neuve Sea Ice Model (NEMO-LIM) (Fichefet

and Morales Maqueda, 1997; Timmerman et al., 2005; Bouillon et al.,

2009; Vancoppenolle et al., 2012). The OGCM OPA is a primitive

equation model of both the regional and global ocean circulation. Like

most OGCMs, OPA is based on the original Bryan-Cox-Semtner OGCM

(Bryan and Cox, 1972; Semtner, 1974).

(ii) NEMO-TOP2: as NEMO-OPA supplemented with ocean biogeochem-

istry and/or passive tracers (Foujols, 2000). Ocean biogeochemistry is

represented by the biogeochemical models LOBSTER (LOcean Biogeo-

chemical Simulation Tools for Ecosystem and Resources - Lévy et al.,

2005) and PISCES (Pelagic Iteraction Scheme for Carbon and Ecosys-

tem Studies - Aumont and Bopp, 2006).

These components can be interfaced with other components of the global

climate system (such as the atmosphere, terrestrial biosphere etc) via the OA-
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SIS (Ocean-Atmosphere-Sea Ice-Soil) coupler (Terray and Thual, 1995; Redler

et al., 2010). The NEMO framework also supports nested models, in which

different parts of the ocean can be modelled at a different (often higher) res-

olution within the same global model (e.g. Biastoch et al., 2008). This is

accomplished via the AGRIF (Adaptive Grid Refinement In Fortran) software

package (Lemarié and Debreu, 2006).

The NEMO framework is highly adaptive. It can be used to investi-

gate a wide variety of problems with temporal scales ranging from hours

to thousand of years, spatial scales extending from meters to global scale,

and configurations varying from localised domains through Global Earth Sys-

tem modelling. Some of the key projects involving NEMO to-date include

themes one (Climate, Circulation and Sea Level) and nine (Next Genera-

tion Ocean Prediction) of the ‘Oceans2025’ strategic marine research program

(http://www.oceans2025.org), the DRAKKAR Multi-scale Ocean Modeling

Project (http://www.drakkar-ocean.eu), and the forthcoming IPCC Fifth As-

sessment Report (http://www.ipcc.ch - due in September 2013). NEMO will

provide the ocean model component of UKMO’s seasonal forecasting and cli-

mate modelling systems (HadGEM3), in the near future.

2.2.2 NEMO-OPA configuration

This thesis is primarily concerned with the ocean component of NEMO (NEMO-

OPA), supplemented with passive tracers (NEMO-TOP). Existing, monthly-

averaged, experimental hindcast data from the NEMO Global Ocean/Sea-Ice

GCM, and monthly-averaged passive tracer output generated for the period

1958-2007, are analysed. The hindcast data were generated by researchers at

the NOC, Southampton, as part of a wider numerical simulation effort. The

key model specifications involved in the production of this hindcast dataset

and the passive tracer output are now described. Note, all of the equations

presented below are from Madec (2008), unless cited otherwise. Refer to Mo-

lines et al. (2006); Barnier et al. (2006); Madec (2008) and/or Penduff et al.
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(2007, 2010) for additional information about the NEMO-OPA model (beyond

what is covered hereafter). A summary (nomenclature) of all the variables

declared in this section is given in Table A3 (at the start of the thesis).

Model build

This study uses version 3.0 (November 2009) of the NEMO Global Ocean/Sea-

Ice model source code (Madec, 2008). The sea-ice component is modelled

using LIM2 (Fichefet and Morales Maqueda, 1997; Timmerman et al., 2005;

Bouillon et al., 2009; Vancoppenolle et al., 2012), which comprises a 3-layer

thermodynamic model (Semtner, 1976) with viscous-plastic dynamics (Hibler,

1979). The ocean component is modelled using OPA in its global configuration

ORCA1 (1◦ global horizontal resolution) and ORCA025 (1/4
◦ global horizon-

tal resolution). The ocean model used in this study is an advancement of

former OPA codes (e.g. Andrich et al., 1988; Madec et al., 1998), developed at

LOCEAN-IPSL (Laboratoire d’Océanographie et du Climat: Expérimentation

et Approches Numériques-Institut Pierre Simon Laplace), Paris, France.

Model domain

The global configurations of ORCA1 and ORCA025 are modelled on a tripolar-

curvilinear grid (Madec and Imbard, 1996; Murray, 1996). This comprises

an isotropic mercator grid in the Southern Hemisphere and a quasi-isotropic

bipolar grid in the Northern Hemisphere (Molines et al., 2006; Barnier et al.,

2006). The use of a tripolar grid means that, unlike a regular spherical coor-

dinate system, the model contains no single North and South Pole. Although

in the Southern Hemisphere the geographical South Pole is conserved, in the

Northern Hemisphere, the model grid encompasses two coordinate singulari-

ties, which are hidden inside land masses (i.e. Canada and Siberia), to avoid

the numerical instability associated with the convergence of the meridians at

the geographic north pole (see Figure 2.6). Accordingly, this eliminates the re-

quirement for high latitude filtering commonly applied in spherical coordinate
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global models (e.g. Bryan et al., 1975). Notwithstanding the above deformi-

ties, conventional spherical coordinate grid lines are still almost maintained for

latitudes southward of the Arctic region, thus simplifying numerical analyses

in these regions. At the equator the distance between grid lines is approx-

imately 27.75 km (110 km), becoming finer at higher latitudes such that at

60◦ N/S it becomes 13.8 km (55 km). Such variation in the horizontal grid

spacing has implications for accurate computation of zonal and/or meridional

mass and heat transports.

FIGURE 2.6 ‖ Schematic of the tripolar-curvilinear grid developed for NEMO. Figure mod-
ified from http://www.nemo-ocean.eu/About-NEMO/Gallery/Meshmask-grid.

The curvilinear coordinate system in NEMO is represented by three scale

factors e1, e2 and e3. They are are defined as follows:

e1 = a[(
∂λ

∂i
cosϕ)2 + (

∂ϕ

∂i
)2]1/2, (2.1)

e2 = a[(
∂λ

∂j
cosϕ)2 + (

∂ϕ

∂j
)2]1/2, (2.2)

and

e3 = (
∂z

∂k
). (2.3)
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Here ϕ is latitude; λ is longitude; a is the Earth’s radius; z is the altitude above

a reference sea level; i and j are the horizontal coordinate indices associated

with an orthogonal (i,j,k) unit vector system, where i is the unit vector in

a local horizontal plane pointing east or west, j is the unit vector in a local

horizontal plane pointing north or south, k is the unit vector in a local vertical

plane pointing upwards or downwards; k is the vertical coordinate index associ-

ated with an orthogonal (i,j,k) unit vector system. e1 and e2 are independent

of depth, while e3 is a function of depth only. Scale factors are labelled with

T, u, and v subscripts to indicate the reference grid cell, e.g. e1T for T-grid

cells, e1u for U-grid cells. Model variables are arranged on a three-dimensional

Arakawa C grid (Arakawa and Lamb, 1977). Namely, grid cells are centered

on scalar points (e.g. T, S, ρ, p) with vector points (u, v, w) defined in the

centre of each face (Figure 2.7).

FIGURE 2.7 ‖ Arrangement of variables within the NEMO grid cell. T indicates scalar
points where temperature, salinity, density, pressure, horizontal divergence and passive trac-
ers are defined (black circle). (u, v, w) indicates vector points (grey circles). Figure modified
from Madec (2008).

The model contains 64 layers in the vertical, with a grid spacing ranging

between 6-30 m at the surface (0-250 m), 50-140 m at intermediate depths (500-

1500 m), and 150-200 m at depth (2000-5700 m). The maximum depth allowed

in the model is 6000 m (Molines et al., 2006; Barnier et al., 2006). The vertical

coordinate system is based on fixed geopotential (z-level) surfaces, with partial
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cell thicknesses allowed at the seafloor to represent bottom topography (Figure

2.8). The inclusion of partial steps means the bottom depth in the model does

not have to coincide exactly with the model grid. Namely, the thickness of

the bottom cell is variable and can be adjusted to better match the seafloor

topography (Adcroft et al., 1997). The misrepresentation of flow-topography

interactions is considered one of the most significant problems in z-coordinate

ocean models with full-step bottom topography; i.e. topography that coincides

with the closest model grid level (Penduff et al., 2005). A partial step represen-

tation of the bottom topography can yield significant improvements in mean

circulation near the seafloor/water column interface (Barnier et al., 2006). The

bottom topography and coastlines are predominantly derived from the global

atlas of Smith and Sandwell (1997), and the two-minute global bathymetry

dataset of the NGDC (National Geophysical Data Center). Additional con-

tributions are from the International Bathymetric Chart of the Arctic Ocean

(Jakobsson et al., 2008), and BEDMAP (Antarctic Bedrock Mapping Project

- Lythe and Vaughan, 2001) for the Arctic and Antarctic regions respectively.

FIGURE 2.8 ‖ Schematic of the vertical discretisation scheme in NEMO. The model grid
encompasses fixed geopotential (z-level) surfaces in the vertical, with partial cell thicknesses
allowed at the seafloor to better represent bottom topography. The latter is known as Partial
Step topography (see text for details). z(k), z(k+1), and z(k+2) correspond to different
depth levels in the model. Actual seafloor bathymetry is represented by the dashed line, and
model bathymetry (with partial step included) by the grey boxes (see text for details). Figure
modified from Adcroft et al. (1997).
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Surface forcing

The model is forced with surface boundary conditions from the CORE2-IAF

(Coordinated Ocean Research Experiments Interannual Forcing) dataset (Large

and Yeager, 2009). CORE2 comprises global air-sea fluxes of momentum, heat,

and freshwater since 1948. The air-sea fluxes are derived from bulk formulae

(as outlined in Large and Yeager, 2009) applied to various atmospheric and

oceanic state variables. These variables include the near-surface atmospheric

state (i.e. wind, potential temperature, specific humidity and density) from

NCEP/NCAR reanalysis (at 6-hourly resolution - Kalnay et al., 1996), radia-

tion, precipitation, surface current velocities, and wind velocities from satellite

sensors, ships and/or buoy instruments (at 6-hourly to monthly resolution -

Large and Yeager, 2009), and sea-ice concentration and SST from the time

mean fields computed by the model (at monthly resolution). All fluxes are

computed from 1984, but radiation prior to 1984 and precipitation before 1979

are given only as climatological mean annual cycles. The frequency of CORE2

is monthly for precipitation, daily for radiation and six-hourly for turbulent

(momentum) variables.

Initial conditions

Initial conditions for temperature and salinity are derived from the Levitus

et al. (2005) World Ocean Climatology, augmented with observations from

the PHC3 (Polar Hydrographic Climatology Version 3) ocean database (Steele

et al., 2001) at high latitudes, and the Mediterranean Data Archaeology and

Rescue MEDATLAS (Mediterranean and Black Sea Database of Temperature,

Salinity and Biochemical Parameters and Climatological Atlas) Climatology

(MEDAR Group, 2002) in the Mediterranean and Black Seas. To avoid in-

appropriate drifts in salinity (due to inaccuracies in precipitation observations

and/or river runoff), surface salinity is relaxed towards monthly mean cli-

matological values. The relaxation timescale is 180 days for the open ocean

and 12 days under the sea-ice. Climatological monthly river runoffs (Dai and
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Trenberth, 2002) are also applied adjacent to the continental land mask.

Model physics

As with most other OGCMs, OPA solves the standard primitive equations

of motion (for a stratified ocean) under key assumptions of Boussinesq, hy-

drostaticity, and incompressibility. The vector invariant form of the primitive

equations - in an orthogonal (i,j,k) unit vector system (defined previously for

Equations 2.1-2.3) - are represented as follows:

∂Uh

∂t
= −[(∇ × U) × U +

1

2
∇(U2)]h− f k × Uh−

1

ρo
∇hp+ DU + FU, (2.4)

∂p

∂z
= −ρ g, (2.5)

∇ · U = 0, (2.6)

∂T

∂t
= −∇ · (T U) +DT + F T , (2.7)

∂S

∂t
= −∇ · (S U) +DS + F S, (2.8)

and

ρ = ρ(T, S, p). (2.9)

Equations 2.4 through 2.9 correspond to momentum balance, hydrostatic equi-

librium, incompressibility, heat and salt conservation, and the equation of state

respectively. The variables T and S represent potential temperature and salin-
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ity; p is pressure; t is time; z is the vertical coordinate; ρ is density computed

from 2.9; ρ0 is a reference density; ∇ is the generalised derivative vector op-

erator for an orthogonal (i,j,k) unit vector system; U = u i + v j + w k is

the vector velocity, in which u and v are horizontal velocities in the i and j

direction respectively, and w is the vertical velocity in the k direction; Uh = u

i + v j is the horizontal velocity vector (the subscript h denotes the horizontal

axis); f is the Coriolis parameter (2Ωsinφ where Ω is the Earth’s angular mo-

mentum); g is acceleration due to gravity; DU , DT and DS parameterise the

effects of subgrid physical processes for momentum, temperature and salinity

respectively, via local eddy viscosity (Am) and eddy diffusivity (AT ) coeffi-

cients; FU , FT and FS are surface forcing terms for momentum, temperature

and salinity. The above primitive equations are discretised via finite differences

and tensorial formalism (Marti et al., 1992), onto the NEMO grid (Figure 2.6).

Tensorial formalism provides a useful method of primitive equation transfor-

mation from a standard cartesian-based coordinate system to the curvilinear

coordinate system used in NEMO (Equations 2.1-2.3). The combined use of

vector-based operators and tensorial formalism ensures second-order accuracy

in the solution of the above primitive equations (Blanke and Delecluse, 1993).

The model incorporates an EEN (Energy-Enstrophy Conserving) vortic-

ity scheme for momentum advection (Arakawa and Lamb, 1981). That is a

system whereby the absolute (relative + planetary) vorticity term (in the mo-

mentum equations) is discretised, and that conserves both total energy and

potential enstrophy in areas of nondivergent flow. Enstrophy describes the

dissipation potential of a fluid; it is equal the mean square absolute vorticity

of the fluid (Kraichnan, 1971). The application of an EEN scheme for momen-

tum advection has been shown to deliver significant reductions to the amount

of numerical noise present in a vertical velocity field (Le Sommer et al., 2009).

In combination with a partial step representation of the bottom topography,

it can also yield significant improvements in the mean circulation, especially

near the seafloor (Barnier et al., 2006).

67



2.2. Model Data: NEMO CHAPTER 2

The lateral boundary condition for the momentum equations is free slip

(∂xv, ∂yu = 0 where ∂x(u,v) is tangential shear along the boundary) in the

open ocean, and no slip (vx, uy = 0 where (v, u)(x,y) is tangential flow along a

boundary) at the seabed, and under the sea-ice. The use of a free slip boundary

condition in the open ocean is considered necessary for accurate treatment of

advection in the model (Penduff et al., 2007).

A filtered linear free surface approximation is assumed. Namely, a sea-

surface height variable (η) is introduced to describe the shape of the air-sea

interface, however, external gravity waves are filtered out as high frequency

noise (Roullet and Madec, 2000).

The advective tendency of a tracer (both active and passive) is evaluated

in flux form. Its discrete expression (ADVτ ) is given by:

ADVτ = − 1

bT
(δi[e2ue3uuτu] + δj[e1ve3vvτv])−

1

e3T
δk[wτw], (2.10)

where τ is the tracer; τu, τ v and τw are the values of τ at the cell face; bT

= e1T e2T e3T denotes the box size associated with the curvilinear coordinate

system in NEMO (Figure 2.6); δi, δj and δk are differencing operators, acting

in the i, j and k direction. Essentially, tracer fluxes are the product of the

normal velocity at the cell face, the surface area of the cell face, and the tracer

concentration. For this study, the TVD (Total Variance Dissipation) numerical

advection scheme is used for active and passive tracer dynamics. TVD is a

two-step method, incorporating the second-order CEN2 (Second-Order Central

Difference) and first-order UPS (First-Order Upstream Differencing) numerical

advection schemes. For example, in the i-direction:

τTV Du = τUPSu + cu(τ
CEN2
u − τUPSu ). (2.11)
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Under CEN2, the tracer flux at a cell face is estimated as the mean of the

neighboring upstream (Ti
c) and downstream (Ti+1

c ) grid cell tracer concentra-

tions (Figure 2.9). In other words:

τCEN2
u =

T ic + T i+1
c

2
. (2.12)

FIGURE 2.9 ‖ Schematic representation of the CEN2 (Second-Order Central Difference)
tracer advection advection scheme in the i-direction. Black circles define scalar points (e.g.
temperature, salinity, passive tracers). Grey circles define vector points (e.g. u, v, w).
Tracer flux is computed at the cell face adjoining the neighboring grid cells of interest.

UPS (Figure 2.10) estimates tracer flux using the upstream grid cell tracer

concentration (Ti
c) only. Under TVD, the two former schemes (CEN2 and

UPS) are combined with a flux-limited anti-diffusion operator (cu) to obtain

smooth numerical solutions. cu takes values between 0 and 1. A TVD scheme is

monotonicity preserving. This negates the undesirable build-up of systematic

dispersive and/or diffusive errors (i.e. spurious overshoots and undershoots or

oscillations) that would otherwise occur with other (non-monotonic) numerical

advection schemes (such as CEN2), due to discontinuities and/or sharp gra-

dients in the model domain (Lévy et al., 2001). In physical terms, the TVD

scheme does not provide unrealistic (non-physical) solutions. This justifies

the choice of TVD here. Notwithstanding this preference, sensitivity analyses

will subsequently demonstrate negligible sensitivity of the anticipated passive

tracer experiments to varying physical parameter settings for advection (see
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Chapter 5).

FIGURE 2.10 ‖ As Figure 2.9, for UPS tracer advection. Tracer flux is computed at the
right-hand cell face.

The lateral diffusion of tracers (below the mixed layer) is evaluated along

isopycnal (ρ) surfaces (Figure 2.11), with a laplacian (i.e. harmonic) diffusion

operator (∇2). A laplacian, isopycnal diffusion scheme conserves the tracer

but does not ensure a decrease of tracer variance. Lateral eddy diffusion co-

efficients are in the range of 600 m2 s−1 at the equator, decreasing poleward

proportionally to the model’s grid size.

FIGURE 2.11 ‖ Schematic representation of isopycnal (iso-neutral) diffusion in NEMO.
Diffusion acts along isopycnal (ρ) surfaces in the ocean.

The horizontal mixing of momentum is also of laplacian type, with an eddy

viscosity coefficient of 2× 104 m2 s−1 at the equator, again decreasing poleward

proportionally to the model’s grid size. In the 1◦ model, lateral diffusion is
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supplemented with the Gent and McWilliams (1990) eddy-induced velocity

parameterisation to represent the effects of mesoscale eddies on the mean flow

in ocean models that do not resolve mesoscale eddies. For this thesis, the

eddy-induced velocity coefficient is set to 600 m2 s−1.

Coefficients for vertical eddy viscosity (Km) and vertical eddy diffusivity

(Kρ) are parameterised via the TKE (Turbulent Kinetic Energy) turbulent

closure scheme of Gaspar et al. (1990). TKE is the combined result of its pro-

duction through vertical shear, and its destruction via stratification, vertical

diffusion, and Kolmogorov dissipation (Kolmogorov, 1942). These processes

are expressed in order as follows:

∂e

∂t
=
Km

e23
[(
∂u

∂k

2

+
∂v

∂k

2

]−KρN
2 +

1

e3

∂

∂k
[
Km

e3

∂e

∂k
]− Cε

e3/2

lε
, (2.13)

where e is TKE; N2 = g
e3w

(βδk+1/2[S] – αδk+1/2[T]) is the local Brunt-Vaisala

frequency where α and β are the thermal expansion and haline contraction

coefficients respectively; lε is the dissipation length scale; Km = Cklk
√
e where

Ck = 0.1 and lk is the mixing length scale; Kρ = Km/Prt where Prt is the

Prandtl number; Cε = 0.7. The variables Ck and Cε are as specified above to

deal with vertical mixing at any depth (Gaspar et al., 1990). The value for

Prt is set equal to 1 and is a function of the local Richardson number (Ri). lk

= lε =
√

2e/N is determined by local variations in the vertical density profile.

Refer to Blanke and Delecluse (1993) for a more comprehensive description of

the TKE scheme.

The lateral mixing coefficient in the bottom boundary layer is 1 × 104

m2 s−1, and bottom friction (τ b) is represented by a non linear (quadratic)

function as follows:

τb = Cd(u
2
b + e)1/2ub, (2.14)
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where Cd = 10−3 is the bottom drag coefficient; e = 2.5 × 10−3 m2 s−2 is the

bottom TKE due to tides, internal waves breaking and other short time scale

currents; ub is the near-bottom, horizontal, ocean vector velocity.

The time stepping scheme for the model is leapfrog differencing with an

Asselin (1972) filter for non-diffusive processes, forward differencing for lateral

diffusion, and backward differencing for vertical diffusion. The model is ini-

tialised in 1948, and run forward for 60 years, to 2007. A spin-up period of 10

years is set to allow the model to reach a quasi-steady state. The overall anal-

ysis period is therefore 50 years, from 1958 through 2007. The model outputs

are archived as monthly-mean NetCDF (Network Common Data Form) files.

A summary of the above numerical schemes (e.g. for advection, diffusion) and

variable parameterisations used by NEMO is provided in the model’s namelist,

in Appendix 1.1.

2.2.3 Evaluation of NEMO for the North Atlantic

Here, some of the key ocean state variables (e.g. temperature, salinity, MLD)

in NEMO are compared with observations from the ENACT dataset, and a

general assessment of the model’s ability to simulate a realistic ocean state is

undertaken. Figure 2.12 shows the period-mean (1958-2007) SST and SSS (Sea

Surface Salinity) bias, relative to observations, throughout the North Atlantic,

in the 1◦ and 1/4
◦ ocean model. Model SST (SSS) is represented by the first

vertical level in NEMO.

The simulated mean state of SST (Figures 2.12a and 2.12c) and SSS (Fig-

ures 2.12b and 2.12d), in both 1◦ and 1/4
◦ models, agrees reasonably well with

observations. Typical biases of ±0.5 ◦C and ±0.3 psu are exhibited through-

out most of the ocean interior, increasing to ±3 ◦C/psu at higher latitudes,

towards the coast, and in the vicinity of strong mesoscale activity (e.g. Gulf

Stream and North Atlantic Current). Generally, the model SSTs and SSSs
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are cooler and fresher respectively than the observations in the subtropical

North Atlantic, and central and eastern extratropical-to-subpolar North At-

lantic. Conversely, the simulated SST and SSS are warmer and more saline

than ENACT in the tropical North Atlantic (south of 25◦ N).

FIGURE 2.12 ‖ (a) Difference between North Atlantic (5-65◦ N, 80◦ W-5◦ E) SST in 1◦

NEMO and ocean observations (ENACT) for the period 1958-2007. (b) Difference between
North Atlantic (5-65◦ N, 80◦ W-5◦ E) SSS in 1◦ NEMO and observations for the period
1958-2007. (c) As Figure 2.12a for 1/4

◦ NEMO ocean simulations. (d) As Figure 2.12b for
1/4

◦ NEMO ocean simulations. Positive differences indicate warmer (higher) SST (SSS) in
the model relative to observations.

Near the Gulf Stream, and within Labrador Sea basin, there is a dipole

anomaly pattern for both SST and SSS. For the Gulf Stream, this pattern is

centered on the current’s front; with cold/fresh biases located to the south

of the front, and warm/salty biases to the north. In the Labrador basin, a

similar anomaly pattern is seen to the west (cold/fresh anomalies) and east

(warm/saline anomalies) respectively of the Labrador Current. The SST and

SSS biases in NEMO may be due to errors in the surface fluxes. They may

also reflect errors in the model mixing parameterisations. This is particularly

relevant to the dipole-like SST/SSS biases around the Gulf Stream and/or

Labrador Sea Current. Namely, the NEMO model may be simulating too
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much mixing across the Gulf Stream/Labrador Current front, hence the dipole

pattern shown. Conversely, the dipole pattern associated with the Gulf Stream

is also consistent with misplacement of the Gulf Stream front in NEMO.

Meridionally averaged (from 0-70◦ N) differences in North Atlantic temper-

ature and salinity are shown in Figure 2.13, for the 1◦ and 1/4
◦ ocean model,

relative to (ENACT) observations. The model temperatures (Figures 2.13a

and 2.13c) are generally within ±0.5 ◦C of the observations, throughout much

of the ocean basin, although larger biases of up to ±2 ◦C are evident in the

upper 50 m of the central North Atlantic (in the 1◦ simulation), and/or at the

eastern and western continental margin (in both simulations). A cold-warm-

cold tripole pattern in model temperature biases is apparent with increasing

depth, in the central basin. Namely, the model underestimates the observed

temperature in upper water column, i.e. z-levels 1-25 (or 0-800 m); overes-

timates the observed temperature at intermediate through upper deep water

(25-34) z-level depths (i.e. 800-3000 m); underestimates the observed temper-

ature at lower deep water (34-42) z-level depths (i.e. 3000-5000 m). In the

eastern and (in particular) western North Atlantic, a dipole pattern, centered

around 300-800 m depth, characterises the upper ocean (0-1600 m) in both the

1◦ and 1/4
◦ ocean simulations. Warm biases are located in the upper 300 m

(z-levels 1-20), and from 50-800 m (z-levels 5-25), in the western and eastern

North Atlantic respectively. They overlie cold biases in model temperature,

which are situated in the depth range 300-950 m (z-levels 20-26) in the western

North Atlantic, and 800-1600 m (z-levels 25-29) in the eastern North Atlantic.

The appearance of these variable (dipole and/or tripole) patterns in model-

observation temperature difference indicate errors in the model’s vertical heat

transport, through incorrect near-surface vertical mixing and too-weak down-

ward diffusive heat flux.
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FIGURE 2.13 ‖ (a) Difference between the meridionally-averaged (0-70◦ N) North Atlantic
temperature in 1◦ NEMO and ocean observations (ENACT) for the period 1958-2007. (b)
Difference between the meridionally-averaged (0-70◦ N) North Atlantic salinity in 1◦ NEMO
and ocean observations (ENACT) for the period 1958-2007. (c) As Figure 2.13a for 1/4

◦

NEMO ocean simulations. (d) As Figure 2.13b for 1/4
◦ NEMO ocean simulations. In all

figures, differences are shown for each degree of longitude between 5◦ E and 80◦ W, and
each depth level between 0m and 6000 m. Positive differences indicate warmer (higher)
temperatures (salinities) in the model relative to observations.

For ocean salinity, the mean state of the model is predominantly fresher

than observed with ENACT. The 1/4
◦ model captures the features of the real

ocean particularly well below 800 m depth (z-level 25), whereas salinities above

800 m are fresher by up to 0.3 psu (Figure 2.13d). In comparison, the 1◦ model

(Figure 2.13b) shows biases of a similar magnitude (to the 1/4
◦ model) across

most of the upper ocean (z-levels 1-30 or 0-2000 m). However, model salinities

at 1◦ resolution are enormously too fresh (by as much as -3 psu) at around 300

m depth (z-level 20) at 60◦ W, 30-70 m depth along the eastern continental

margin, and, most notably, throughout the deep ocean (i.e. below 2000 m);

water mass dynamics at these lower depths may in essence be statically un-

stable. The enormous deviations - from the observed mean state - shown by

the model salinity (at 1◦ resolution) emphasises that further numerical inves-
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tigation of the model system (i.e. source code) is required (to correct the large

biases). Speculatively, such error may reflect poor quality initial conditions for

salinity in the deep ocean. This numerical analysis is beyond the scope of this

thesis. Here, the focus is on dynamic processes in the upper ocean, for which

there is reasonable correspondence between the salinity in the 1◦ model and

observations (described above).

FIGURE 2.14 ‖ Annual mean of the MLD of the North Atlantic (5-65◦ N, -5-80◦ W),
computed from (a) 1◦ NEMO ocean simulations, (b) 1/4

◦ NEMO ocean simulations, and
(c) ENACT observations, throughout the period 1958-2007. The MLD criteria are set to
0.2 ◦C and 0.6 ◦C for the NEMO and ENACT datasets respectively.

The annual mean MLD for the North Atlantic is shown in Figure 2.14,

for both the 1◦ and 1/4
◦ ocean model and ENACT observations. For MLD

computation in NEMO, a standard ∆T criterion of 0.2 ◦C is adopted, whereas

a coarser ∆T of 0.6 ◦C is used for ENACT, to offset the shallow biases in MLD

estimates based on interpolated (gridded) data (see Section 2.1.5).

Both models simulate the overall pattern of observed annual mean MLD
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reasonably well. Moreover, the magnitude of MLD values are generally in the

range of the observed values, i.e. 150-300 m in the subpolar North Atlantic,

50-150 m in the extratropical North Atlantic, and 0-100 m in the tropical and

subtropical North Atlantic. Nevertheless, there are a few differences (from

the observations) in the 1◦ and 1/4
◦ MLD figures. Specifically, the 1◦ model

seems to overestimate the observed magnitude of the annual mean MLD in

the western tropical North Atlantic (by up to 50 m). It also overestimates (by

a similar amount) the annual mean MLD in the western extratropical North

Atlantic. However, it underestimates MLD (and therefore winter convection)

in the Labrador and Irminger Sea basins (by up to 200 m). This latter feature

is clearly simulated by the 1/4
◦ model, however, the spatial and vertical extent

of winter mixing is overestimated (by up to 150 m) relative to observations.

In summary, there is reasonable correspondence between the observed and

simulated mean upper ocean state, at both 1◦ and 1/4
◦ spatial resolution.

There are still appreciable differences between the observations and ocean

model output at the meso- and finer scales (e.g. near the Gulf Stream). How-

ever, away from these areas the model biases are sufficiently small to suggest

the model is evolving in a manner that is representative of the real ocean.

Accordingly, re-emergence-based analyses with this model can provide useful

information about the spatiotemporal variability and dynamic character of this

mixed layer process. As in Section 2.1.4, the former analyses are not a com-

prehensive validation of the NEMO model. The model has been thoroughly

validated by others (e.g. DRAKKAR Group, 2007) for previous applications.

The work presented here is merely a simple comparison of the model to ob-

servations to demonstrate how well it reproduces the observed ocean climate

system as a whole. Additional model-observation comparisons of the main fac-

tors controlling SSTA re-emergence in the North Atlantic will be undertaken

in subsequent chapters (i.e. Chapter 4).
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2.3 Statistical Methods

Statistical calculations, involving either lagged autocorrelation or lagged pat-

tern correlation analyses of surface and sub-surface temperature anomalies

are recurrent throughout this thesis. These analyses are standard analytical

methods when studying re-emergence (e.g. Ciasto and Thompson, 2009 and

references therein). The methods associated with each statistical analysis are

explained (where relevant) in the forthcoming results chapters. Here, the key

steps involved in the significance testing of the correlation coefficients are ex-

plained.

2.3.1 Correcting for spatial and temporal dependencies

Individual temperature anomalies cannot (and should not) be treated as inde-

pendent data points. They contain complex spatial and temporal autocorrela-

tions associated with their geographical distribution and persistence through

time (e.g. Namias and Born, 1971, 1974; Namias et al., 1988). Temporal au-

tocorrelation, which is also known as serial correlation, leads to an increased

spectral power at lower frequencies (Hasselmann, 1976; Frankignoul and Has-

selmann, 1977). The spatial and temporal dependencies accompanying tem-

perature anomalies in the ocean must therefore be accounted for, as they will

influence (and decrease) the effective number of degrees of freedom to be used

in significance testing (see below).

Spatial autocorrelation

To account for the effects of spatial autocorrelation within the data, a Geary’s

C test (Geary, 1954) is performed. The Geary’s C test (or Geary Contiguity

Ratio) examines response change of each observation with one another. It is

calculated for n observations of the variable x, at locations i, j as:

C =
n− 1

2S0

ΣiΣjwij(xi − xj)2

Σi(xi − x)2
, (2.15)
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where w is a matrix of spatial weights; S0 is the sum of all w; overbars rep-

resent the mean. The value for C does not equate directly to a correlation

coefficient, but instead, is similar to a Durbin-Watson statistic (Durbin and

Watson, 1950,1951,1971). Typical values range between 0 and 2, with 0 indi-

cating maximum positive autocorrelation, 2 representative of maximum nega-

tive autocorrelation, and 1 signifying no spatial autocorrelation. The Geary’s

C test determines the minimum subset of grid point observations necessary to

cause spatial independence (i.e. C = 1) among temperature anomalies in the

ocean. The degrees of freedom to be used for significance testing are subse-

quently reduced by a factor equal to this subset. The Geary’s C test is used

here, rather than Moran’s I (Moran, 1950) test for spatial autocorrelation, as

it is better suited for regional analyses (e.g. in the North Atlantic). Con-

versely, Moran’s I test is recommended more for statistical analyses at a global

scale, and/or the analysis of extreme values. The Geary’s C test is used during

lagged pattern correlation analyses of North Atlantic temperature anomalies

(see Chapter 3).

Temporal autocorrelation

To account for the effects of temporal (serial) correlation within the data,

the decorrelation timescale function of Zwiers and von Storch (1995) is used.

In their paper, Zwiers and von Storch presented a modified formula for the

Student’s t-test (Gosset, 1908) that accounted for temporal autocorrelation

within the time series, by reducing the number of observations (i.e. degrees

of freedom) used during computation. The reduced sample size, known as

the equivalent sample size (ne), is computed from a decorrelation timescale

function:

ne = n/[1 + 2
n−1∑
τ=1

(1− τ

n
)ρ(τ)], (2.16)
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which for a large n, and an AR1 process at lag-one year, may be approximated

by:

ne ≈ n
(1− ρ1)
(1 + ρ1)

. (2.17)

In Equations 2.16-2.17, n is the original sample size (or degrees of freedom) to

be reduced; τ is the time lag; ρ(τ) is the correlation between temperature at

time t and temperature at time t + τ ; ρ1 is the lag-one autocorrelation for tem-

perature. The value for ne determines the number of effective or independent

degrees of freedom to be used in significance testing. This method is useful

when dealing with red noise or first-order Markov processes, such as the persis-

tence of ocean temperature anomalies (Frankignoul and Hasselmann, 1977). It

becomes less convenient for higher order autoregressive processes. The Zwiers

and von Storch function is used in all correlation analyses in this thesis (see

Chapters 3-5).

2.3.2 Test of significance

The above analyses are executed prior to significance testing. For correla-

tion analyses influenced by both spatial and temporal dependencies (e.g. the

lagged pattern correlation analyses in Chapter 3), the Geary’s C test is per-

formed first (2.15). The reduced degrees of freedom accompanying this test

are then further adjusted through the Zwiers and von Storch (1995) formula

for serial correlation (2.17). Having acquired the effective number of degrees of

freedom for reliable significance testing, statistical significance is subsequently

determined via a t-test with 90-95 % confidence levels. The formula used to

compute the t statistic is given by:

t = ρ1

√
ne

1− ρ12
. (2.18)
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The computed statistic for t is evaluated against critical reference values

(that are appropriate for a sample of size ne) from a standard look up ta-

ble to ascertain whether the null hypothesis (H0: ρ1 = 0) is capable of re-

jection, and the correlation coefficient attained is non-coincidental. The criti-

cal t-value equals the value whose probability of occurrence is less or equal

to 5 % or 10 % (depending on the significance threshold set). Refer to

www.statisticsmentor.com/ tables/table t.htm for the t-table of critical val-

ues. A summary (nomenclature) of all the variables declared in this section is

given in Table A4 (at the start of the thesis).

2.4 Summary

This chapter has introduced the model-independent objective analysis prod-

uct EN3 v2a, and the Global Ocean/Sea-Ice GCM NEMO, to be used in this

thesis. Where relevant, the primary observational data sources, issues and

accuracies, objective analysis strategies, and numerical setup associated with

EN3 v2a and/or NEMO have been described. Statistical methods for assessing

the statistical significance of temperature-based correlation analyses have also

been outlined. The next three chapters will see the application of EN3 v2a

and the Global Ocean/Sea-Ice GCM NEMO to obtain a more dynamic un-

derstanding of SSTA re-emergence in the North Atlantic. Hereafter, EN3 v2a

will be referred to as ENACT.
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Chapter 3

Importance of Re-emergence for

North Atlantic SST

This chapter (i.e. Section 3.4) is based on the work published in: Taws et al.

(2011) - see Appendix 2.1

3.1 Introduction

Two intervals of severe winter weather affected northern Europe in 2010.

Firstly, the period December 2009-February 2010 ranked as the coldest win-

ter for large parts of Western Europe since 1978/79 (see www.metoffice.gov.

uk/climate/uk/2010/winter.html). It was superseded by a second extreme

cold event during December 2010-January 2011, when the UK experienced

the coldest December in over 100 years (see www.metoffice.gov.uk/climate

/uk/2011/winter.html). Both episodes comprised anomalously heavy snow-

fall (Cattiaux et al., 2010; Seager et al., 2010) and record-breaking negative

atmospheric temperature anomalies (Wang et al., 2010).

The remarkable events of Winter 2009/10, and the subsequent 2010/11 ini-

tial (i.e. December-January) cold season, further emphasise the challenges for

climate research to improve the quality of long-range seasonal forecasts. The

UKMO recently received harsh media condemnation when they incorrectly

forecast a mild winter for 2009/10. It ultimately led to the demise of their pub-
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lic seasonal forecast service (see www.metoffice.gov.uk/news/releases/archive/

2010/probability-forecast). Since the re-emergence of remnant (spring) SSTAs

are implicit to UKMO’s seasonal prediction of winter climate over the North

Atlantic and Europe (see Section 1.3.4), further evaluation of the associated

predictive skill of re-emergence is necessary. In particular, it seems that while

the statistical signature for re-emergence (e.g. Ciasto and Thompson, 2009 and

references therein), and its ubiquity as a global, mid-latitude process (Hanawa

and Sugimoto, 2004) are well established, evidence for re-emergence of actual

SSTA patterns, associated with regional climate variability, is somewhat ten-

uous. This chapter will further develop the scientific understanding of SSTA

re-emergence in the North Atlantic by showing actual quantitative evidence

for oceanic re-emergence linking the cold conditions of early-winter 2010/11 to

2009/10. This is the first quantitative study of SSTA re-emergence in the North

Atlantic. Chapter 3 will also examine the variability in North Atlantic re-

emergence occurrence across various temporal (interannual-to-decadal) scales.

It has been shown that the temporal variability of SSTA re-emergence is not ex-

tensively understood, particularly in the North Atlantic (Section 1.3.6). Over-

all, these analyses will address SQ1: ‘How important is the re-emergence pro-

cess for North Atlantic SST variability?’

The chapter is outlined as follows. Methodology is presented in Section 3.2.

Thereafter, the climatic importance of winter seasons 2009/10 and 2010/11 is

briefly evaluated (Section 3.3). In Section 3.4, observational evidence for the

occurrence of an actual SSTA re-emergence event in 2010 is presented. Inter-

annual and longer-term (decadal) changes in the occurrence of re-emergence

are subsequently investigated in Section 3.5. The chapter concludes with a

summary of the main findings (Section 3.6). The analyses in this chapter

are solely observational. Subsequent chapters will examine re-emergence more

dynamically with an OGCM.
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3.2 Materials and Methods

This section briefly outlines the methodology used in Chapter 3. Refer to

Chapter 2 for more comprehensive descriptions of the datasets, and statistical

significance techniques deployed.

The primary data source for this chapter is the UKMO global ocean analy-

sis product ENACT (Ingleby and Huddleston, 2007). Prior evaluation of EN-

ACT addresses robustness with other observational datasets (e.g. HadISST1,

WOD09), especially in regions of high sampling density such as the North At-

lantic (Section 2.1.4). This justifies the use of ENACT here. However, the

limited amount of sub-surface data available earlier on in the observational

record attaches larger uncertainty to previous climatic events, compared to

recent years.

To investigate the dynamics of the upper ocean around the recent ex-

treme winters of 2009/10 and early 2010/11, observations of North Atlantic

(5-65◦ N, 80◦ W-10◦ E) SSTA (0-25 m) and sub-surface temperature anomaly

patterns are examined over monthly and seasonal timescales. Unless spec-

ified otherwise, monthly temperature anomalies are computed relative to a

recent (2000-10) 11-year mean, whilst seasonal temperature anomalies repre-

sent 3-month ensembles of anomalous temperature, and are defined as follows:

DJF (December-January-February) for Winter, MAM (March-April-May) for

Spring, JJA (June-July-August) for Summer, and SON (September-October-

November) for Autumn. Sub-surface temperature anomalies are defined (at

each grid point) as the mean temperature anomaly, depth-averaged between

the base of the summer and subsequent winter mixed layer. MLDs are calcu-

lated using a coarse temperature difference criterion of 0.6 ◦C to avoid shallow

biases in the MLD estimates resulting from interpolated data (see Section

2.1.5).

Lagged pattern correlation analyses of North Atlantic SSTAs and sub-

surface temperature anomalies are undertaken to measure persistence, and the

rate of occurrence of re-emergence over interannual timescales. Correlations
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are made between the spatial pattern of SSTAs and sub-surface temperature

anomalies in March and each of the subsequent 12 months (unless noted dif-

ferently). The pattern correlation analyses are based on the pattern of SSTAs

and sub-surface temperature anomalies over the entire North Atlantic domain

(i.e. 5-65◦ N, 80◦ W-10◦ E).

Running correlation and period-mean SSTA autocorrelation analyses are

performed to diagnose long-term (decadal) variations in North Atlantic re-

emergence. The running correlation technique follows similar analyses by Sug-

imoto and Hanawa (2007a) for the North Pacific. Namely, correlations are

made between SSTAs in March and SSTAs 12 months later, with an averag-

ing window of 11 years (±5 years either side of the reference year) applied

to remove any sub-decadal variability and focus on the longer (i.e. decadal)

timescale changes. For these analyses, the SSTAs are spatially-averaged over

the extratropical North Atlantic (30-60◦ N, 10-70◦ W), a region deemed highly

conducive to re-emergence occurrence (e.g. Hanawa and Sugimoto, 2004).

Period-mean (11-year) SSTA autocorrelation functions (for the extratropical

North Atlantic) are also computed for 0-12 month lags, starting in March.

All correlation results are tested for significance at 90-95 % confidence

intervals using a t-test (Section 2.3.2). The degrees of freedom available for

significance testing account for the effects of spatial and/or temporal self-

correlation within the data (Section 2.3.1).

The NAO is quantified with indices based on the difference in normalised

sea-level pressure between Gibraltar, UK and Stykkisholmur/Reykjavik, Ice-

land (see www.cru.uea.ac.uk/∼timo/datapages/naoi.htm). UK air tempera-

ture anomalies over the 2009/10 and 2010/11 winter seasons are sourced from

www.metoffice.gov.uk/climate/uk/2010.html and www.metoffice.gov.uk/clim-

ate/uk/2011.html respectively. Refer to www.metoffice.gov.uk/climate/uk/abo-

ut/Monthly gridded datasets UK.pdf for a description of the analysis tech-

niques used to generate the anomalous UK air temperature data.

NCEP/NCAR reanalysis data (Kalnay et al., 1996), specifically anoma-
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lous fields of 2m (surface-level) air-temperature, sea level pressure, 300 mb

(tropopause-level) geopotential heights, and 300 mb (tropopause-level) zonal

wind speeds are examined to illustrate the large-scale atmospheric circulation

over the North Atlantic, for specific years of interest (e.g. 1968-70, 2009-11).

Anomalies are computed relative to a long-term average from 1948-2011.

The overall analysis period for this chapter encompasses 1960-2011, with

particular emphasis on the years 1968-70, and 2009-11.

3.3 Climatic Significance of Winters 2009/10

and 2010/11

A measure of the extreme character of Winters 2009/10 and 2010/11 is pro-

vided by analyses of the monthly and winter NAO indices over the two winter

periods. Figure 3.1 illustrates the winter (December-March) NAO-index for

1824/25 through 2010/11 (Figure 3.1a), and monthly NAO indices from Jan-

uary 1996-March 2011 (Figure 3.1b). Winter NAO indices are plotted since

1824/25 (the period of the earliest, reliable estimates of the NAO), in order to

highlight the significance of the index for Winter 2009/10 over the entire NAO

record. Conversely, the monthly NAO timeseries extends back to January

1996 for two important reasons: (1) to emphasise the frequency of monthly

NAO indices as extreme as December 2010, over the last 2 decades, and (2) to

emphasise the high frequency (monthly) timescale of NAO variability.

The winter seasons of 2009/10 and 2010/11 were associated with extreme

negative phases of the NAO. Winter 2009/10 coincided with the lowest NAO

score (-2.54) in the record (Figure 3.1a), whilst December 2010 recorded the

lowest (-4.62) monthly NAO index since December 1996, and the 4th (2nd)

lowest monthly (December) score on record since 1825 (Figure 3.1b). The

record-breaking NAO index for Winter 2009/10 has also been documented by

Osborn (2011).

Accompanying the extreme winter NAO indices were exceptionally low win-
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ter temperatures extending across much of the Northern Hemisphere (inc. the

UK). Table 3.1 summarises the UK air temperature anomalies over the 2009/10

and 2010/11 winter seasons.
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FIGURE 3.1 ‖ (a) The winter-averaged (December-March) NAO index for 1824/25 through
2010/11. The dot-dot-dashed line denotes the winter NAO value for 2009/10, compared to
earlier years, since 1825. (b) The monthly index of the NAO from January 1996-March
2011. Winter months (November-March) are shaded red (blue) where monthly indices are
positive (negative). The dot-dot-dashed line underscores the monthly NAO index for De-
cember 2010, compared to previous monthly scores, since January 1996. The NAO index
is based on the difference in normalised sea level pressure between Gibraltar UK and Stykk-
ishólmur/Reykjav́ık, Iceland (see Section 3.2).

Seasonal air temperatures were 2 ◦C and 1.3 ◦C below the 1971-2000 av-

erage during the winter seasons of 2009/10 and 2010/11 respectively. The

lowest air temperatures, for both periods, were observed during the early win-
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ter; anomalies equated -2.4 ◦C for January 2010 and -5.0 ◦C for December

2010, relative to the 1971-2000 mean. Whilst anomalies remained negative for

all months during Winter 2009/10, there was remarkable transition towards

a warmer winter climate regime over the second half of the 2010/11 winter

season. Namely, atmospheric temperatures were 0.6 ◦C and 1.9 ◦C above the

1971-2000 average in February and March 2011. The cold extremes of Winter

2009/10 and early-winter 2010/11 provide evidence contrary to the predicted

positive trend of the NAO index in a warming climate (e.g. Miller et al., 2006).

Understanding the dynamics responsible for such seasonal climate anomalies

is therefore crucial for improving long-range climate prediction.

Anomalous UK Winter Air Temperatures (◦C)

Winter Months Winter 2009/10 Winter 2010/11

December -2.0 -5.0

January -2.4 -0.3

February -1.6 1.9

March -0.1 0.6

Winter Average -2.0 -1.3

TABLE 3.1 ‖ UK Monthly and seasonal atmospheric temperature anomalies (relative to a
1971-2000 period-average) for the winter (December-March) seasons of 2009/10 (left) and
2010/11 (right).

3.4 Winter 2010/11 Re-emergence

In this section actual quantitative evidence is presented for the large-scale re-

emergence of late-winter 2009/10 North Atlantic SSTAs during the following

early-winter season of 2010/11 (i.e. December 2010-January 2011). The re-

emergence of these remnant temperature anomalies contributed towards the

re-establishment of a large-scale SSTA pattern comparable to Winter 2009/10,

and coincided with the return of an exceptionally negative phase of the NAO.

This in turn was associated with the recurrence of the severe wintry conditions

over northern Europe during December 2010-January 2011 (see Section 3.3).
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The work presented in this section has recently been published in a peer-

reviewed journal (Taws et al., 2011). A copy of the paper can be found in

Appendix 2.1.

3.4.1 Temperature anomaly patterns over 2010/11

To illustrate the winter re-emergence of remnant North Atlantic SSTAs over

2010, observations of surface and sub-surface temperature are analysed over

the period December 2009-March 2011. Figure 3.2 illustrates spatial analyses

of seasonal-mean SSTA and sub-surface temperature anomaly patterns over

two successive winter periods, from 2009/10 to 2010/11.

Both winter seasons are characterised by an SSTA tripole pattern (Figures

3.2a and 3.2e). The large-scale spatial features encompass cold anomalies (of

-0.5 ◦C to -1.5 ◦C) in the central North Atlantic, flanked by warm anomalies

(ranging 0.1 ◦C to 1 ◦C) to the north and south. The Winter 2009/10 tripole

pattern persists through spring (Figures 3.2b and 3.2g), albeit with slight mod-

ification. Specifically, a pronounced increase of temperature anomalies in the

Labrador basin (>1 ◦C), and south of Newfoundland, is apparent at the sur-

face and at depth. These changes are associated with the warmest Canadian

winter since 1948 (see http://www.ec.gc.ca/meteo-weather/default.asp). Else-

where, positive anomalies in the tropical North Atlantic increase and attain

their highest values (of >1.5 ◦C) since 1950 (Hu et al., 2011a). This is partly

attributed to the remote impact of a strong El Niño in the Equatorial Pacific

(Xue et al., 2010); the teleconnected El Niño changes originate through re-

ductions in surface heat loss and/or mixed layer entrainment, associated with

weaker-than-normal northeasterly trade winds (Enfield and Mayer, 1997).

Anomalous reductions in northward temperature transport could also con-

tribute towards the record positive temperature anomalies exhibited in the

tropical North Atlantic during Spring 2010. A considerable decline in the

MOC (ranging 2.9-5.2 Sv) was measured by the RAPID-MOCHA Array at

26.5◦ N (Cunningham et al., 2007 - see Appendix 2.3), throughout the calen-
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dar months of April 2009 to March 2010 (Figure A2.1a, see Appendix 2.2).

FIGURE 3.2 ‖ North Atlantic (5-65◦ N, 80◦ W-10◦ E) SSTA and sub-surface temperature
anomaly patterns for (a, f) Winter (December-February) 2009/10, (b, g) Spring (March-
May) 2010, (c, h) Summer (June-August) 2010, (d, i) Autumn (September-November)
2010, and (e, j) Winter 2010/11. Sub-surface temperature anomalies are defined (at each
grid point) as the mean temperature anomaly, depth-averaged between the base of the sum-
mer and subsequent winter mixed layer. MLDs are calculated using a coarse temperature
difference criterion of 0.6 ◦C. Contour intervals are set at 0.2 ◦C. The dashed purple box
encloses the following latitude-longitude coordinates: 35-60◦ N, 45◦ W-10◦ E (see text for
details).

These reductions were attributed partly to the geostrophic transport com-
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ponents (Figures A2.1a and A2.1b, see Appendix 2.2), and corresponded to

a 0.19-0.34PW decrease in northward ocean temperature transport (Figure

A2.1c, see Appendix 2.2), based on the 1 Sv : 0.065 PW sensitivity ratio of

Johns et al. (2011) relating MOC and meridional temperature transport. As-

suming that at other latitudes in the North Atlantic (e.g. 7.5◦ N, 40◦ N) the

anomalous reductions in northward temperature transport were less substan-

tial than at 26.5◦ N, an anomalous convergence (i.e. gain) of heat would exist

within the tropics. This convergence could therefore enhance the magnitude of

the SSTAs observed in these regions. In addition, an anomalous divergence of

heat in the subtropics and extratropics (i.e. north of 26.5◦ N) may have aug-

mented the negative temperature anomalies inherent in these regions. Further

investigation is required.

By summer, the 2009/10 winter-forced SSTA pattern is damped, consis-

tent with stochastic atmospheric forcing (Frankignoul and Hasselmann, 1977).

Notably, a cold tongue persisting in the northeast Atlantic (i.e. north of 40◦

N, east of 40◦ W), in spring (Figure 3.2b), is subsequently replaced by positive

temperature anomalies (of 0.2 ◦C to 0.6 ◦C) extending southeastwards from

the Labrador Sea to Western Europe (Figure 3.2c). Regions of negative SSTAs

(-0.5 ◦C to -1.5 ◦C) are still observed throughout mid-latitudes, stretching east-

southeastwards in a narrow band towards North Africa. In the tropical North

Atlantic, positive SSTAs have abated (by 0.5 ◦C) to values ranging between

0.5-1 ◦C. Further alteration of the SSTA pattern occurs during autumn (Fig-

ure 3.2d), creating a surface anomaly expression that is significantly different

from the previous winter (Figure 3.2a). Fundamentally, after two seasons, the

surface ocean has lost its memory of past atmospheric forcing.

In contrast, the summer and autumn spatial patterns of sub-surface tem-

perature anomalies exhibit strong correspondence with the surface anomaly

expression described for Winter 2009/10 (and Spring 2010), throughout much

of the North Atlantic (Figures 3.2h and 3.2i). The SSTA signal for Winter

2009/10 persists beneath the seasonal thermocline, isolated from SSTA de-
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cay by air-sea interaction. Notwithstanding slight spatial variation and minor

changes to the magnitude of the remnant sub-surface temperature anomalies

over the intervening summer months (averaging ±0.09 ◦C), presumably as a re-

sult of advection and mixing within the ocean interior, the sub-surface anomaly

pattern subsequently re-emerges (during late-autumn to early-winter) back

into the surface layer as the mixed layer deepens into the following winter sea-

son (Figure 3.2j). Coincident with this re-emergence of remnant temperature

anomalies back into the mixed layer is the restoration of a positive-negative-

positive SSTA tripole pattern at the surface during Winter 2010/11 (Figure

3.2e).

While the winter-to-winter persistence of an equivalent SSTA tripole pat-

tern within the North Atlantic is actively associated with the re-emergence

of remnant sub-thermocline anomaly patterns back into a deepening winter

mixed layer, the large-scale pattern of SSTAs for Winter 2010/11 does not

fully replicate that of the preceding 2009/10 winter. Namely, positive SSTAs

are more pronounced at high latitudes (>1.5 ◦C within the Labrador/Irminger

Sea basins), whilst anomalies in the tropics (west of 55◦ W) exhibit cooling

(of up to -1 ◦C). Negative temperature anomalies are also stronger (by -0.5

◦C) in the western subtropical Atlantic (20-40◦ N, 80-60◦ W) during Winter

2010/11. Most of these discrepancies originate in regions where re-emergence is

less favourable, since the annual mixed layer cycle is too shallow (Zhao and Li,

2010). Accordingly, SSTAs in these regions are likely a passive response to con-

temporary atmospheric forcing rather than entrainment of a sub-surface ocean

signal. The development of a moderate-to-strong La Niña within the Equa-

torial Pacific during mid-2010 (see www.ncdc.noaa.gov/sotc/global/2010/13)

also may have contributed towards the colder SSTAs apparent in the western

tropical North Atlantic. The remote influences of La Niña are opposite to the

effects of El Niño on tropical North Atlantic SSTs (discussed earlier). Namely,

there is an increase in the amount of surface heat loss and/or mixed layer

entrainment, associated with stronger-than-normal northeasterly trade winds
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(Enfield and Mayer, 1997). It is within extratropical regions of the North

Atlantic, where re-emergence typically occurs (Hanawa and Sugimoto, 2004),

that the large-scale anomaly patterns bear the greatest similarity from one

winter to the next.

3.4.2 Observed re-emergence of sub-surface tempera-

ture anomalies

Further evidence of the vertical structure, magnitude, and exact timing of

the 2010 re-emergence episode can be ascertained through regional depth-

time analyses. Figure 3.3 illustrates the evolution (over 0-800 m) of tem-

perature anomalies from January 2010 through January 2011, as a spatial

average throughout the extratropical northeast Atlantic (35-60◦ N, 45◦ W-10◦

E, purple box in Figure 3.2e).
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FIGURE 3.3 ‖ Monthly temperature anomalies, as a function of depth and time (contour
interval 0.1 ◦C), and MLD (thick black line) averaged over the northeast Atlantic (35-60◦

N, 45◦ W-10◦ E), from January 2010 to January 2011. The vertical axis (0-800 m) is
non-linear.

Negative anomalies (-0.5 ◦C) develop within the mixed layer during January-

April 2010. These anomalies are subsequently capped by a pronounced surface

warming (of 0.2 ◦C to 0.4 ◦C) over the summer and early autumn (May-

September 2010). Conversely, beneath the seasonal thermocline (remote from
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air-sea interaction), the large volume of negative temperature anomalies (-0.2

◦C to -0.5 ◦C) established during late-winter persists over a depth range of 35-

370 m, throughout the summer period. From October to December of 2010,

negative temperature anomalies (-0.2 ◦C to -0.3 ◦C) are re-established at the

surface. The recurrence of these cold temperature patterns are linked, via

re-emergence of the remnant sub-surface temperature anomalies preserved be-

neath the seasonal thermocline, to the negative SSTAs observed in late-winter

2009/10. By January 2011, the negative SSTAs have declined to -0.1 ◦C to

-0.2 ◦C, consistent with stochastic decay (Frankignoul and Hasselmann, 1977).

FIGURE 3.4 ‖ (a) Schematic highlighting three different areas examined for SSTA re-
emergence: (1) the northeast Atlantic (35-60◦ N, 45◦ W-10◦ E), (2) the central extratropical
North Atlantic (25-45◦ N, 65-30◦ W), and (3) the tropical/subtropical North Atlantic (10-
30◦ N, 80-10◦ W). (b) As Figure 3.3. (c) As Figure 3.3 for the central extratropical North
Atlantic (contour interval 0.05 ◦C). (d) As Figure 3.3 for the tropical/subtropical North
Atlantic (contour interval 0.05 ◦C).

Additional depth-time analyses are performed for other regions of the North

Atlantic (i.e. Regions 2 and 3 in Figure 3.4a) to investigate the geographical

coverage of the 2010 re-emergence event. The results are shown in Figures 3.4c
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and 3.4d. The strongest re-emergence is observed in the central extratropical

North Atlantic (25-45◦ N, 65-30◦ W, Figure 3.4c). Here, negative temperature

anomalies (ranging -0.4 ◦C to -0.8 ◦C) are preserved over a depth range of 25-

235 m, over the seasonal cycle. These negative anomalies are capped by a rela-

tively warm surface layer (of ±0.1 ◦C) during the late summer/autumn months

(July-October 2010). Thereafter, negative temperature anomalies (< −0.4◦C)

are restored at the surface (from November 2010 through January 2011), coinci-

dent with the re-emergence of the negative sub-surface temperature anomalies

back into a deepening winter mixed layer. Re-emergence in the central extrat-

ropical North Atlantic is less pronounced than in the northeast Atlantic. This

is because the negative sub-surface temperature anomalies exhibit horizontal

advection downstream and re-emergence at locations remote from where they

formed during the previous winter (discussed further in Section 3.4.3).

Re-emergence is absent in the tropical North Atlantic (Figure 3.4d). Its

absence here is primarily due to an insufficient seasonal cycle of MLD (Zhao

and Li, 2010). A heavily stratified water column limits vertical mixing and

the deepening of winter MLDs to a maximum of 75 m during February 2010.

Accordingly, the annual mixed layer varies seasonally by <50 m. This annual

mixed layer cycle is less than the 100 m minimum mixed layer cycle required

for effective re-emergence (e.g. Watanabe and Kimoto, 2000a; Hanawa and

Sugimoto, 2004). Instead of re-emergence, the remote effects of a dramatic shift

in ENSO are apparent over the seasonal cycle. Tropical SSTAs decrease from

> 0.5◦C in April/May 2010 to near-zero values (±0.1 ◦C) around November

2010-January 2011, as the Equatorial Pacific shifts from a El Niño dominated

regime to La Niña (Xue et al., 2010). Anomalous variations in northward

temperature transport at 26.5◦ N (associated with corresponding changes in

the MOC) have been highlighted as a possible cause for the record positive

temperature anomalies observed in early-2010 (see Appendix 2.2).

Collectively, the results in Figure 3.4 demonstrate how re-emergence in the

North Atlantic is predominantly a mid-latitude process. This agrees with the
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previous analyses by Hanawa and Sugimoto (2004), examining the geographical

coverage of re-emergence, throughout the global ocean.

3.4.3 Remote re-emergence in 2010

Re-emergence as a one-dimensional process presumes that the re-entrainment

of remnant SSTAs occurs locally in the same region as the anomalies were

formed the previous winter. This is possible in the northeast Atlantic (Figures

3.3 and 3.4b) due to the sluggish nature of the regional surface circulation. In

the central extratropical North Atlantic, the vertical re-emergence signature is

less well pronounced (Figure 3.4c). Advection of the SSTAs and re-emergence

at locations remote from their winter source may account for the indistinct re-

emergence signature shown here. To ascertain whether remote re-emergence

was apparent in 2010, the horizontal displacement of temperature anomalies

are analysed throughout the seasonal cycle. Hovmöller diagrams provide a

useful analysis method for tracking the horizontal displacement of temperature

anomalies over time. Figure 3.5 illustrates the seasonal evolution of SSTA and

sub-surface temperature anomaly patterns for Winter 2009/10 through Winter

2010/11, along a southeast-to-northwest transect, in the central extratropical

North Atlantic (25-55◦ N, 50-30◦ W). The selected transect best follows the

advective drift of the most negative (≤ −1.2◦C, white contour) temperature

anomalies.

Analyses reveal evidence for a northwest displacement of negative sub-

surface temperature anomalies over the year. A maximum displacement of

2000km is observed, which equates to an average advection speed of 0.06 m

s−1 over the seasonal cycle (Figure 3.5b (ii)). Faster advection occurs near the

surface; negative SSTAs advect (with average speeds of 0.12 m s−1) 2000km

downstream within 6 months (upper panels in Figure 3.5a; Figure 3.5b (ii)).

However the persistence of these SSTAs is brief (between 6-9 months), consis-

tent with stochastic decay (Frankignoul and Hasselmann, 1977). In contrast,

the slower-moving sub-surface temperature anomalies are persistent through-
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out the year (lower panels in Figure 3.5a; Figure 3.5b (i)). Anomalies re-emerge

into the surface layer during Winter 2010/11 as MLDs deepen in remote loca-

tions downstream. The arrival (and subsequent re-emergence) of these remote

signals coincides with the local appearance of strongly negative SSTAs.

FIGURE 3.5 ‖ (a) As Figure 3.2 for a localised region in the central extratropical North
Atlantic (25-55◦ N, 50-30◦ W, grey box). The dashed red line highlights a transect along
which the spatiotemporal evolution of SSTAs and sub-surface temperature anomalies are
examined (Figure 3.5b). The white (red) circle signals the start (end) of the transect. The
-1.2 ◦C anomaly isotherm is contoured white for illustrative purposes (see text for details).
(b) A Hovmöller plot of seasonal (i) sub-surface temperature anomalies, and (ii) SSTAs
along a southeast-northwest orientated transect (Figure 3.5a) in the central extratropical
North Atlantic (25-55◦ N, 50-30◦ W), from Winter 2009/10 to Winter 2010/11. In both
figures, sub-surface temperature anomalies are defined (at each grid point) as the mean
temperature anomaly, depth-averaged between the base of the summer and subsequent winter
mixed layer. MLDs are calculated using a coarse temperature difference criterion of 0.6 ◦C.

Thus, negative SSTAs created 2000km upstream during Winter 2009/10

contribute to the SSTA variance in Winter 2010/11 through remote re-emergence.

97



3.4. Winter 2010/11 Re-emergence CHAPTER 3

This concurs with earlier work establishing an important influence from hor-

izontal advection upon SSTA re-emergence in regions of strong surface flow

(Junge and Haine, 2001; DeCoëtlogon and Frankignoul, 2003; Zhao and Haine,

2005; Sugimoto and Hanawa, 2005a, 2007a; Junge and Fraedrich, 2007). The

northwest displacement of the negative sub-surface temperature anomalies is

unexpected considering the conventional flow direction associated with the

near-surface circulation in the North Atlantic (i.e. water flowing east-to-

northeastwards via the North Atlantic Current). This unusual displacement

may be attributed to a westward propagating Rossby wave (Platzman, 1968),

or, alternatively, a large westward-moving mesoscale eddy subject to β-drift

(Nof, 1981).

In addition to this northwest displacement of sub-surface temperature anoma-

lies (supporting remote re-emergence), a southward migration of sub-surface

temperature anomalies (near 35◦ N, 55◦ W) towards the subtropics is appar-

ent (compare Figure 3.2g and 3.2h). Here, anomalies travel 1100km (between

35-25◦ N) over one-year, at an average speed of 0.03 m s−1. These anomalies

partly re-emerge back into the surface layer in autumn, and assist the negative

SSTAs observed in Sargasso Sea (around 25◦ N, 63◦ W, Figure 3.2d). The re-

maining sub-surface temperature variance is permanently subducted into the

ocean interior with the corresponding southward flow.

3.4.4 The statistical signature for re-emergence

The statistical signature of re-emergence is characterised with a lagged pat-

tern correlation function. Lagged pattern correlation analyses are used here

rather than conventional diagnostics of re-emergence, involving autocorrela-

tion statistics (e.g. Alexander et al., 2001; Ciasto and Thompson, 2009), in

order to increase the degrees of freedom available for significance testing. In

Figures 3.6a and 3.6b, SSTA and sub-surface temperature anomaly patterns

in March 2010 are correlated with equivalent anomalies in subsequent months

through March 2011. As mentioned previously (in Section 3.2), the following
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pattern correlation analyses are based on the pattern of SSTAs and sub-surface

temperature anomalies over the whole North Atlantic domain (i.e. 5-65◦ N,

80◦ W-10◦ E). The outcome of the statistical results is likely to be dependent

upon the spatial area chosen for pattern correlation analysis. The implications

of this analytical sensitivity are discussed further in Chapter 6.
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FIGURE 3.6 ‖ (a) One-year pattern correlation function for North Atlantic (5-65◦ N, 80◦

W-10◦ E) SSTAs, from March 2010-March 2011. The dot-dot-dash (dashed) black line il-
lustrates the 95 % (90 %) significance level. (b) As Figure 3.6a for North Atlantic (5-65◦

N, 80◦ W-10◦ E) sub-surface temperature anomalies. Sub-surface temperature anomalies
are defined as the mean temperature anomaly, depth-averaged between the base of the sum-
mer and subsequent winter mixed layer. MLDs are calculated using a coarse temperature
difference criterion of 0.6 ◦C. (c) As Figure 3.6a for each March-to-March 12 month period
ranging from 2000/01 to 2009/10 (blue lines), the annual period spanning March 2010-March
2011 (red line), and an 11-year (2000-10) average (green line).

Re-emergence extends the persistence of winter (2009/10) SSTAs in the

North Atlantic beyond the maximum 6-month memory period predicted by

stochastic SSTA decay theory (Frankignoul and Hasselmann, 1977). Initially,

the SSTA pattern correlation remains high (>0.75) from March-May, signify-

ing strong preservation of the late-winter anomaly pattern throughout spring.

Thereafter, correlations decrease with further lag and become non-significant

(<90 %) after 4 to 5 months. The SSTA pattern correlation reaches a min-

imum value (0.19) in September/October 2010, prior to increasing to a sec-
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ondary (significant) maximum (0.64) in the following winter (January 2011).

The timing of this secondary maximum coincides with the re-emergence of

negative temperature anomalies (from within the seasonal thermocline) back

into the surface mixed layer.

In contrast, the pattern correlation function for sub-surface temperature

anomalies remains significant (>95 %) throughout the 12-month analysis pe-

riod (Figure 3.6b). A minimum coefficient (0.33 to 0.36) is obtained in November-

December 2010, coincident with the re-emergence of anomalous temperature

signals preserved at depth back into the surface mixed layer, with increasing

SSTA correlations observed thereafter (Figure 3.6a). Analogous with the sur-

face expression, a secondary peak in the sub-surface pattern correlation (of

0.5) is observed in January 2011, decreasing afterwards for the remainder of

the winter season.

Both analyses suggest a greater influence of SSTA re-emergence upon the

resulting early-winter climate (November-December), compared to the latter

half of the season (January-February). This suggestion is reiterated by Fol-

land et al. (2011), who recently re-assessed the skill in seasonal prediction of

northern European winter climate. It also supports earlier statistical results

by Czaja and Frankignoul (2002), whereby the winter NAO in November-

December-January is more significantly correlated with remnant (up to 6

months prior) SSTAs than the winter NAO in December-January-February

(see their Figure 1). Correlations associated with the re-emerging SSTA pat-

tern decrease over subsequent winter months due to progressive modification

of the re-entrained temperature anomalies by air-sea interaction.

Supplementary pattern correlation analyses between sub-surface tempera-

ture anomalies in summer (Figure 3.2h), and SSTAs for the preceding (Figure

3.2a) and subsequent (Figure 3.2e) winter seasons strengthen the above asser-

tion. Correlation values of 0.64 and 0.62 respectively demonstrate a stronger

statistical relationship than the equivalent calculations (of 0.37 and 0.56) for

both winter SSTA patterns and the intervening summer SSTAs (Figure 3.2c).
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The higher correlation between summer SSTAs and the surface anomaly ex-

pression for Winter 2010/11 (relative to Winter 2009/10) suggests a degree

of persistence associated with the summer SSTAs into the following winter

season, contributing (alongside re-emergence) towards the large-scale SSTA

patterns observed thereafter. This reinforces the earlier work of Zhang et al.

(1998) who demonstrated that summertime SSTA patterns have a tendency

to persist into the following autumn and winter seasons (and beyond).

To further highlight the significance of the SSTA pattern correlation ob-

tained during 2010, the corresponding signals for the years 2000-10, and the

11-year average of these individual one-year functions, are also shown (Fig-

ure 3.6c). Notwithstanding the large interannual variability that accompanies

the climate system in the North Atlantic, pattern correlation analyses for years

preceding 2010 (blue lines) and the decadal-averaged signal (green line) portray

stochastic SSTA decay (Frankignoul and Hasselmann, 1977). For these years,

correlations decrease continuously to near-zero values with increasing time lag.

In contrast, the result for 2010 (red line) is significantly different from the over-

all mean (green line), particularly over the later months (December-March).

The secondary peak in correlation apparent in late 2010 is not observed in

previous years, suggesting that 2010 provides a relatively unique occurrence

(since 2000) for winter re-emergence of North Atlantic SSTAs.

3.4.5 Anticipated effects of re-emergence on the winter

atmospheric circulation

A preliminary assessment of the significance of the 2010 re-emergence event for

the resultant atmospheric circulation of early-winter 2010/11 can be acquired

from the time series of the monthly NAO index of December 2009 through

March 2011 (Figure 3.7). During this time, NAO indices portray a decrease

back to negative values (of -2.01 to -2.38), in August/September 2010, following

a period of gradual increase (to a positive score of 0.06) during the previous

December to July. The re-emergence of previous winter (2009/10) SSTAs (from
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October to December) may have facilitated the move towards more extreme

negative NAO values (-2.41 to -4.62) over the last quartile of the 2010 calendar

year.
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FIGURE 3.7 ‖ Monthly time series of the NAO index from December 2009 to March 2011.
The index is based on the difference in normalised sea level pressure between Gibraltar UK
and Stykkishólmur/Reykjav́ık, Iceland (see Section 3.2). Positive (negative) NAO indices
are shaded red (blue). The green asterisks highlight the timing of the late-2010 re-emergence
episode.

To ascertain the large-scale atmospheric circulation patterns that governed

the North Atlantic during the 2010 re-emergence event, anomalies of monthly

atmospheric (2m) temperature and sea level pressure, from NCEP/NCAR re-

analysis, are shown in Figures 3.8 and 3.9 respectively, from December 2009-

February 2011.

The distinctive warm-cold-warm tripole pattern that characterises atmo-

spheric temperature anomalies during Winter 2009/10 (ranging ±3 ◦C over

the ocean and ±15 ◦C over land, Figures 3.8a-3.8c) is diminished throughout

the following March through July (Figures 3.8d-3.8h); negative atmospheric

temperature anomalies are eroded, and a weak anomalous warming (of 1-3 ◦C)

is exhibited across most of the North Atlantic and surrounding areas.
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FIGURE 3.8 ‖ Monthly atmospheric temperature anomalies over the North Atlantic (5-85◦ N, 120◦ W-120◦ E) from NCEP/NCAR reanalysis (Kalnay et al.,
1996), for: (a)December 2009 through (o)February 2011. The red, purple and black boxes correspond to Winter 2009/10, Winter 2010/11, and the timing of the
late-2010 re-emergence episode respectively. For details of the NCEP/NCAR reanalysis data, see Kalnay et al. (1996).
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FIGURE 3.9 ‖ As Figure 3.8 for monthly sea-level pressure anomalies.
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At same time, sea level pressure anomalies decline in strength, and grad-

ually reverse sign (Figure 3.9). Namely, the higher-than-normal pressure (of

+25 hPa) centered on Greenland and lower-than-normal pressure (of -25 hPa)

encompassing the Azores, throughout December 2009-February 2010 (Figures

3.9a-3.9c) becomes lower-than-normal (i.e. -2 hPa) and higher-than-normal

(i.e. +2 hPa to +3 hPa) respectively by the following July (Figure 3.9h). This

is consistent with the negative-to-positive shift in the monthly NAO index

(Figure 3.7). Prior to re-emergence, a positive (north) and negative (south)

dipole pattern of sea level pressure, ranging ±5 hPa and indicative of a nega-

tive NAO, is re-established in late summer (August-September 2010, Figures

3.9i-3.9j). This pattern remains weak until October 2010 (Figure 3.9k), there-

after strengthening to a maximum (of ±20 hPa in December) for the following

winter (Figures 3.9m-3.9o). That is, coincident with the timing of the 2010

re-emergence (i.e. October-December) is a significant intensification of the

sea-level pressure field, and, moreover, the reappearance of a warm-cold-warm

tripole pattern of atmospheric temperature (ranging ±10 ◦C, Figures 3.8m-

3.8o), both of which mirror the former (2009/10) winter season. The intensi-

fication of sea level pressure is consistent with the shift of the NAO index, in

this instance towards more extreme negative values (Figure 3.7).

Collectively, the above atmospheric changes (i.e. Figures 3.7-3.9) support

an active influence of re-emergence on the early winter atmospheric circulation

of 2010/11. It is unlikely that re-emergence triggered the initial switch back

to a negative NAO environment throughout the North Atlantic. Nevertheless,

its occurrence may have provided a stimulus for a more extreme atmospheric

response.
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3.5 Temporal variability of North Atlantic re-

emergence

As outlined in Section 1.3.6, the majority of studies on SSTA re-emergence

in the North Atlantic have examined its mean climatic characteristics. Con-

versely, the temporal variability of re-emergence in this basin is less well un-

derstood. Here, the interannual and long-term (decadal) variability of SSTA

re-emergence coherent over the whole North Atlantic is assessed. Accordingly,

the uniqueness surrounding the 2010 re-emergence episode is further examined

in a historical context.

Due to the larger uncertainty in sub-surface temperature during the early

part of the ENACT record (see Section 2.1.4), only SST fields (which have bet-

ter coverage and accuracy) are used to characterise the temporal variation of

re-emergence in the North Atlantic. In particular, analyses focus on temporal

variations of SSTA persistence, deduced from lag correlation statistics. Con-

sidering the enhanced winter-to-winter persistence of SSTAs associated with

re-emergence (see Figure 3.6a), periods of stronger SSTA persistence are more

conducive to its occurrence. Conversely, a weaker wintertime persistence of

SSTAs indicates a non-occurrence of re-emergence.

In Section 3.5.1, the interannual variability of SSTA re-emergence is fur-

ther examined through one-year pattern correlation analyses of North Atlantic

SSTAs extended back to 1960. Once again, correlation analyses are based on

the pattern of SSTAs over the whole North Atlantic (5-65◦ N, 80◦ W-10◦ E).

The discovery of a statistical re-emergence signature as extensive as 2010, in

1969, which demonstrates a strong likeness (in terms of its atmospheric circula-

tion) to the recent winter events of 2009/10 and early 2010/11 is subsequently

described in Section 3.5.2. Thereafter, the long-term (decadal) variability ac-

companying SSTA re-emergence in the extratropical North Atlantic is investi-

gated (Section 3.5.3).
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3.5.1 Interannual changes in re-emergence

Figure 3.6c illustrated the uniqueness of the re-emergence event in 2010 for

the first decade of this century. To supplement this analysis and establish

the uniqueness of the 2010 re-emergence episode over a longer period, pattern

correlation analyses of North Atlantic (5-65◦ N, 80◦ W-10◦ E) SSTAs are ex-

tended back to 1960. In view of these analyses, the interannual variability

surrounding re-emergence occurrence throughout the whole North Atlantic is

addressed. Figure 3.10 compares the pattern correlation signature (of North

Atlantic SSTAs) for March 2010 through March 2011 with equivalent pattern

correlation functions for each year, over the period 1960-2011.

FIGURE 3.10 ‖ (a) One-year pattern correlation functions for North Atlantic (5-65◦ N,
80◦ W-10◦ E) SSTAs: from March 2010-March 2011 (blue line), and a 50-year (1960-2011)
average (red line). (b) As 3.10a, augmented with the North Atlantic (5-65◦ N, 80◦ W-
10◦ E) SSTA pattern correlation function for March 1969-March 1970 (green line). (c) As
Figure 3.6a for each March-to-March 12 month period from 1979/80 to 1993/94 (blue lines),
a 15-year (1980-94) average of the former one-year functions (green line), and a 50-year
(1960-2011) mean pattern correlation function (red line). Shading (in all plots) denotes the
range of correlation within one standard deviation of the long-term mean signal.

The rarity of the 2010 winter re-emergence episode is further emphasised

through comparison with the long-term mean (1960-2011) pattern correlation
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function for North Atlantic SSTA variability (Figure 3.10a). Analogous to

Figure 3.6c (green line), large-scale SSTAs decay stochastically (Frankignoul

and Hasselmann, 1977); correlations decrease steadily to 0.33 over a 12-month

period (Figure 3.10a, red line). A high standard deviation indicates a broad

range of correlations relative to the mean (Figure 3.10a, shaded area), consis-

tent with strong interannual variability in North Atlantic SST over the 50-year

study period. Nevertheless, the secondary peak in correlation apparent in late

2010 (0.6-0.64 for December 2010-January 2011) still exceeds equivalent values

of the mean signal (i.e. 0.28-0.3) by one standard deviation, further empha-

sizing the significance of the 2010 re-emergence episode (Figure 3.10a, blue

line).

In Figures 3.10b and 3.10c, the pattern correlation functions that are sit-

uated one standard deviation above the period-mean correlation (hereafter

referred to as higher pattern correlation functions) are shown. Pattern corre-

lations are segregated into two categories; those that display a re-emergence-

like signature (Figure 3.10b), and non-re-emergence pattern correlations (Fig-

ure 3.10c). Re-emergence years are identified by the following criteria: (1)

Correlations acquire a minimum value in summer (July-October), then in-

crease steadily to a secondary maximum the following winter (December-

February); (2) Correlations during the following winter (December-February)

exceed equivalent period-mean correlations by one standard deviation, for

more than one month. These criteria are similar to the assumptions out-

lined by Hanawa and Sugimoto (2004) when analysing the spatial coverage of

re-emergence throughout the World Ocean. Consequently, like Hanawa and

Sugimoto (2004), the re-emergence years identified are conservative, since the

above criteria are severe.

The majority of the higher pattern correlation functions comprise a non-re-

emergence signature. They occur repeatedly over the period ranging 1980-94

(Figure 3.10c, blue lines), and all result from stochastic decay (Figure 3.10c,

green line), albeit with enhanced SSTA persistence (r = 0.54 after 12 months),
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relative to the 50-year mean (Figure 3.10c, red line). In contrast, only 2

re-emergence years are revealed. In addition to the 2010 winter re-emergence

episode described previously (Figure 3.10b, blue line), an earlier event is recog-

nized in 1969 (Figure 3.10b, green line). Here, minimum correlations (of 0.03-

0.35) are obtained in September-October 1969, prior to a secondary maximum

(of 0.69-0.7) in January-February 1970. The limited number of re-emergence

events identified in the North Atlantic, since 1960, may be due to the large spa-

tial area chosen for pattern correlation analyses; i.e. the whole North Atlantic,

which includes the tropics, an area deemed less favourable to re-emergence

occurrence due to an insufficient seasonal cycle of MLD (Zhao and Li, 2010).

This issue is discussed further in Chapter 6.

To attribute, more definitively, the correlation pattern in 1969 to an occur-

rence of SSTA re-emergence, surface and sub-surface temperature anomalies

over 1969 are examined. In Figure 3.11, the large-scale SSTA and sub-surface

temperature anomaly patterns for the consecutive periods of Winter 1968/69,

Summer 1969, and Winter 1969/70 are shown. Here, the anomalies are com-

puted relative to a 11-year climatology of monthly temperature estimates span-

ning the period 1960-70.

The anomaly fields illustrate the winter-to-winter persistence of an anoma-

lous horseshoe pattern in North Atlantic SSTAs, centered on Newfoundland

(Figures 3.11a and 3.11b). Specifically, positive SSTAs (of 0.4-1.0 ◦C) are

observed adjacent to Newfoundland, surrounded by negative SSTAs (ranging

-0.3 ◦C to -1.0 ◦C) to the southwest, southeast and northeast. Positive SSTAs

(> 0.6◦C) dominate at lower latitudes (south of 25◦ N).

Over the intervening summer months, the SSTA pattern differs consider-

ably from both winters, with negative temperature anomalies (between -0.5

◦C and -1.0 ◦C) dominating most of the ocean interior and positive SSTAs (of

0.5-1.0 ◦C) around the periphery (Figure 3.11c). A low R-value of 0.33 em-

phasises the weak association between summer and former (1968/69) winter

SSTAs. The equivalent relation with latter winter SSTAs is slightly higher (R
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= 0.51), which (analogous to 2010) supports some persistence of the summer

SSTAs through Winter 1969/70 (Zhang et al., 1998).

FIGURE 3.11 ‖ North Atlantic (5-65◦ N, 80◦ W-10◦ E) SSTA patterns for (a) Winter
1968/69, (b) Winter 1969/70 and (c) Summer 1969, and North Atlantic (5-65◦ N, 80◦

W-10◦ E) sub-surface temperature anomaly patterns for (d) Summer 1969. Sub-surface
temperature anomalies are defined (at each grid point) as the mean temperature anomaly,
depth-averaged between the base of the summer and subsequent winter mixed layer. MLDs
are calculated using a coarse temperature difference criterion of 0.6 ◦C. Contour intervals
are set at 0.2 ◦C.

In the sub-surface ocean, summer temperature anomalies correspond strong-

ly to the horseshoe pattern of both winters (Figure 3.11d). A higher R-value of

0.64 (0.57) is obtained between the summer sub-surface temperature anomalies

and SSTAs in Winter 1968/69 (1969/70). This conveys an oceanic contribution

to the SSTAs in Winter 1969/70 via re-emergence. Accordingly, the large-scale

re-emergence event identified in 2010 is historically (since 1960) not unique. A

major caveat surrounding this interpretation is the larger uncertainty of the

ENACT data during the 1960s (see Section 2.1.4). Nevertheless, the discov-

ery of a second large-scale re-emergence episode in 1969, which exhibits similar
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statistical significance as the 2010 re-emergence event, is intriguing and worthy

of further investigation.

3.5.2 Comparable air-sea interaction during the late-

1960s

An interesting comparison between the two large-scale re-emergence episodes

of 2010 and 1969 is acquired through comparisons of the atmospheric circu-

lation patterns of the adjoining winter seasons, and their corresponding NAO

indices. Analogous to the recent winters of 2009/10 and early 2010/11, the

1969 re-emergence episode followed an extreme cold winter, throughout North-

ern Europe, in 1968/69 (Hirschi and Sinha, 2007). Moreover, the large-scale

re-emergence (in late-1969) preceded the return of cold wintry conditions over

Northern Europe in early-winter 1969/70. The severe weather experienced

(during both winters) were associated with consecutive incidences of the NAO

in a negative phase (Visbeck et al., 2001); winter-averaged indices of -2.09 and

-0.53 were recorded for Winters 1968/69 and 1969/70 respectively. Compara-

ble to Winter 2009/10, the winter NAO index for 1968/69 was exceptional and

ranked as the 3rd lowest NAO score since 1825 (see Figure 3.1a).

Further similarity between the recent and late-1960s winters is obtained

through spatial analyses of the prevailing large-scale atmospheric circulation

patterns for each period. Figures 3.12 and 3.13 show the anomaly patterns for

atmospheric (2m) temperature and sea level pressure respectively, for Winters

1968/69, 1969/70, 2009/10 and 2010/11, based on NCEP/NCAR reanalysis

data.

There is a strong resemblance between the temperature anomaly patterns

of the 1968/69 (Figure 3.12a) and 2009/10 (Figure 3.12c) winter seasons,

throughout the Northern Hemisphere. Both winters exhibit extremely neg-

ative temperature anomalies over much of the (northern) Eurasian continent,

with minimum values (of < -10 ◦C for 1968/69 and < -7 ◦C for 2009/10) cen-

tered around Siberia. Smaller temperature anomalies ranging 0◦ to -3 ◦C (for
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both winters) are observed in Western Europe; the severity of the temperature

anomalies are likely damped by the strong maritime influence in this area.

Over the North Atlantic, a distinct positive-negative-positive tripole pattern

of atmospheric temperature anomalies (ranging ±0-3 ◦C) characterises both

periods, which subsequently influences the large-scale SSTA patterns that are

observed (see Figures 3.2a and 3.11a).

FIGURE 3.12 ‖ Winter (December-February) atmospheric temperature anomalies (C) for
the winter seasons: (a)1968/69, (b)1969/70, (c)2009/10, and (d)2010/11. Figures are
presented over a global latitude-longitude domain of -60-80◦ N, -180-180◦ W.

In North America, negative temperature anomalies as low as -7 ◦C (-5 ◦C)

exist wholly (partially) along a diagonal from Alaska to the eastern USA coast-

line, during Winter 1968/69 (2009/10), whilst positive temperature anomalies

(> 5 ◦C) prevail over Greenland and the Labrador Sea. Positive temperature

anomalies (ranging 0-5 ◦C for 1968/69 and 2009/10) also prevail in NorthWest

Africa, the Middle East and Northern China. These latter temperature anoma-

lies (and the marked warming over Greenland/Labrador) are characteristic of

the NAO in a negative state (Thompson and Wallace, 1998).

The only significant difference between winter atmospheric temperature

anomalies in 1968/69 and 2009/10 occurs in the Arctic. Positive temperature
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anomalies (> 5 ◦C) characterise the Arctic during Winter 2009/10 (Figure

3.12c), whereas positive and negative temperature anomalies (largely ranging

±3 ◦C) are evident throughout Winter 1968/69 (Figure 3.12a). Changes in the

extent of Arctic sea-ice may explain these differences. Indeed, a decline in sea-

ice cover, of between -2.8± 0.8 % decade−1 and -3.1± 0.8 % decade−1, has been

observed over the winter months of January-March, throughout the period

1979-2006 (Serreze et al., 2007). A recent study by Screen and Simmonds

(2010) supported sea-ice reduction as the leading factor for the 1.6 ◦C decade−1

increase in winter atmospheric temperatures over the Arctic, since 1989. A

reduction in neighbouring continental snow cover (e.g. Serreze et al., 2006),

and/or anomalous variations in atmospheric (e.g. Graversen et al., 2008) and

ocean circulation (e.g. Chylek et al., 2009) have also been suggested.

FIGURE 3.13 ‖ Winter (December-February) sea-level pressure anomalies (hPa) for the
winter seasons: (a)1968/69, (b)1969/70, (c)2009/10, and (d)2010/11. Contour interval
is 1 hPa between ±0-3 hPa, 2 hPa between ±3-7 hPa, 3 hPa between ±7-10 hPa, and 5 hPa
between ±10-15 hPa. Solid (Dashed) contours are positive (negative). Zero contours are
bold. Figures are presented over a global latitude-longitude domain of -60-80◦ N, -180-180◦

W.

The large expanse of very negative temperature anomalies present through-

out Eurasia, and the easterly location (i.e. Siberia) of the absolute minimum

temperature anomalies (for Winters 1968/69 and 2009/10) does not agree fully
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with a traditional negative NAO winter, which typically imposes the largest

negative temperature anomaly over Western Europe (Thompson and Wallace,

1998). Instead, the anomalous pattern is attributed to an unusual atmospheric

circulation during both winters, namely an extensive meridional pattern char-

acterised by higher-than-normal pressure (> 7 hPa) over the Arctic (stretching

between Greenland and central Russia), and lower-than-normal pressure (of -

3 hPa to -10 hPa) over the central North Atlantic-Mediterranean Sea, and

Northern China-Mongolia region (Figures 3.13a and 3.13c). Associated with

this pressure system is a weaker polar vortex, which reduces the upper level

zonal (westerly) jet stream winds that encircle the Arctic. Often when the

polar vortex is weak, there is a tendency for higher atmospheric geopotential

heights over the Arctic and lower atmospheric geopotential heights over the

mid-latitudes. This tendency is indeed apparent throughout the winter peri-

ods of 1968/69 and 2009/10, with positive geopotential height anomalies (of

50-100 m) revealed over the Arctic (at 300 mb), and negative geopotential

height anomalies (ranging -50 m to -150 m) ubiquitous throughout the middle

latitudes, i.e. Eurasia and North America (Figures 3.14a and 3.14b).

The weakening of the upper level polar jet stream is also noticeable over

both periods; zonal wind anomalies (at 300 mb) north of 60◦ N show a reduc-

tion in upper-air wind speed of up to -15 m s−1 (Figures 3.14c and 3.14d). The

result of a weaker polar jet stream is that cold, Arctic air is able to push farther

south. Consequently, localised Arctic air masses may extend southwards into

Europe, eastern Russia and North America, thus leading to the spatial pattern

of temperature anomalies observed for both winters (Figures 3.12a and 3.12c).
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FIGURE 3.14 ‖ Anomaly of 300 mb geopotential height throughout the Northern Hemisphere
(north of 35◦ N, -180-180◦ W) for the winter (December-Febuary) seasons: (a)1968/69,
and (b)2009/10. The contour interval is 10 m. (c) Zonal wind speed anomalies at 300 mb
during the winter seasons: (c)1968/69, and (d)2009/10. Anomalies are presented over a
global latitude-longitude domain of -60-80◦ N, -180-180◦ W. The contour interval is 1 m
s−1.

During the subsequent winter seasons of 1969/70 and 2010/11, the large-

scale atmospheric circulation broadly matches that of the previous winter over

the North Atlantic and Eurasia. However, the magnitude of anomalies are

weaker; temperature anomalies ranging ±5 ◦C (Figures 3.12b, and 3.12d) and

pressure anomalies of the order ±5 hPa (Figures 3.13b and 3.13d) typify the

regional climate. Moreover, there is slight geographical disparity in the loca-

tion of the minimum temperature anomalies (e.g. over Western Europe for

Winter 1969/70 vs. Siberia for Winter 1968/69). The atmospheric circulation

patterns of Winter 1969/70 and 2010/11 both succeed the re-emergence of

North Atlantic SSTAs reminiscent of the previous (i.e. 1968/69 and 2009/10)

cold season (Figure 3.10b); thus advocating an ocean link to the anomalous

atmospheric circulation experienced thereafter. Overall, the atmospheric vari-

ables analysed here suggest the recent winter extremes of 2009/10 and early
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2010/11 are analogous to the earlier conditions experienced between 1968 and

1970.

3.5.3 Long-term changes in re-emergence

The focus surrounding the temporal variability of SSTA re-emergence now

shifts towards the diagnosis of possible long-term (decadal) changes in its oc-

currence within the North Atlantic. To address this topic, a running correlation

analysis between SSTAs for a given March (lag 0) and March SSTAs 12 months

later (lag 1) is undertaken, for temperature anomalies averaged over the ex-

tratropical North Atlantic (30-60◦ N, 10-70◦ W), between 1960 and 2010. The

chosen area of study is highly conducive to an occurrence of re-emergence (e.g.

Hanawa and Sugimoto, 2004), and therefore appropriate for the subsequent

analysis. Correlations are averaged over an 11-point window (see Section 3.2).

Consequently, this yields a time series of running correlation coefficients ex-

tending from 1966 to 2005 (Figure 3.15). Correlations are evaluated at only

the 90 % significance level due to the limited degrees of freedom available for

statistical analysis, i.e. 11 minus the effects of self-correlation within the data

(again, see Section 3.2).

FIGURE 3.15 ‖ Running correlations between SSTAs in March and SSTAs 12 months later,
averaged over the extratropical North Atlantic (30-60◦ N, 10-70◦ W), for the calender period
1960 through 2010. The dashed horizontal black line denotes the 90 % significance level (i.e.
0.73) for the correlation time series.
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Although 50 years of available data are insufficient for accurate derivation of

the re-emergence variability on decadal timescales, the correlation time series

in Figure 3.15 reveals a low-frequency (decadal-like) statistical signature for

the wintertime persistence of SSTAs in the extratropical North Atlantic, which

is significant at the 90 % significance level (i.e. >0.73). Specifically, there are

two distinct periods with high positive (and significant) correlation coefficients,

representing prolonged SSTA persistence: 1968-73 and 1995. These periods are

more conducive to an occurrence of SSTA re-emergence. Both active periods

are separated by a non-significant phase in the late 1970s through early 1990s,

during which very little re-emergence can occur. To strengthen previous asser-

tions relating the low-frequency running correlations in Figure 3.15 to varying

occurrences of re-emergence, corresponding analyses for sectors of the North

Atlantic where the MLD cycle is small and re-emergence is less probable (e.g.

the eastern tropical North Atlantic - Hanawa and Sugimoto, 2004) reveal neg-

ligible variability and insignificant correlations over the 50-year study period

(Figure 3.16).

FIGURE 3.16 ‖ As Figure 3.15 for the eastern tropical North Atlantic (0-25◦ N, 10-50◦

W). The 90 % signficance level is 0.55.

SSTA autocorrelations (for the extratropical North Atlantic) further sup-

port a low frequency signature of re-emergence in the extratropical North At-

lantic. In performing these analyses, two 11-year periods representing more ac-

tive re-emergence and less active re-emergence are chosen as follows: 1967-74 +
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1994-96 for more active re-emergence and 1980-90 for less active re-emergence.

Seasonal autocorrelation functions for SSTAs in March are then computed,

for both periods up to 12 months in advance. Results are presented in Fig-

ure 3.17; the blue (red) line represents the period-mean SSTA autocorrelation

during more (less) active re-emergence.

FIGURE 3.17 ‖ SSTA autocorrelation functions starting in March for 0-12 month lags,
averaged over the periods: 1967-74 + 1994-96 (representing more active re-emergence, blue
line), and 1980-90 (representing less active re-emergence, red line). SSTAs are spatially
averaged over the extratropical North Atlantic (30-60◦ N, 10-70◦ W). The black arrow is
added for visualisation purposes (see text for details). Correlations are tested at the 90 %
significance level.

The pattern of autocorrelation is noticeably different over the two periods

examined. Specifically, when re-emergence appears more active (i.e. during

1967-74 + 1994-96), SSTAs portray near-significant winter-to-winter persis-

tence; high positive correlations (of 0.75 in March) reoccur the following win-

ter after decreasing to a minimum (of 0.15 in November) during the interven-

ing summer months (blue line, Figure 3.17). An exceptionally long e-folding

timescale of 48 months (estimated by fitting an exponential function to the lag-

one correlation coefficient) supports the occurrence of SSTA re-emergence dur-

ing this time. Conversely, when re-emergence is inactive (i.e. during 1980-90),

SSTA patterns follow more closely the stochastic climate paradigm developed

by Frankignoul and Hasselmann (1977). Namely, SSTAs are damped back
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to atmospheric temperature by surface turbulent heat fluxes, and the ocean

steadily loses its memory of past winter atmospheric forcing. This is illustrated

by the near-steady decline in SSTA autocorrelations to non-significant values

(of 0.07) over longer lags (e.g. 12 months), which consequently reduces the

e-folding timescale for winter SSTA persistence, in this case, to just 5 months

(red line, Figure 3.17).

During periods of more or less active re-emergence, the percentage of ex-

plained SSTA variance correspondingly varies. Specifically, during the more

active decade (i.e. 1967-74 + 1994-96), re-emergence can contribute approx-

imately 56 % towards the total SSTA variability in March, within the ex-

tratropical North Atlantic (where explained SSTA variance is related to the

square of the correlation coefficient between March SSTAs at lag 0 and March

SSTAs 12 months later). Alternatively, when re-emergence is inactive (e.g. in

1980-90), a negligible fraction of the total March SSTA variance (in the extra-

tropical North Atlantic) may be attributed to the re-emergence process (i.e.

<1 %). Considering the perceived importance of the re-emergence mechanism

for seasonal forecasting (Rodwell and Folland, 2002), these periodic changes in

the strength of re-emergence could have implications for seasonal forecast skill,

and North Atlantic winter forecasting in particular. Depending on whether the

forecast model correctly captures the natural variation in re-emergence, peri-

ods governed by stronger (weaker) re-emergence may on average be typified

by more (less) skillful seasonal forecasts. This concept was originally noted in

the North Pacific by Namias et al. (1988). Ocean dynamics (e.g. horizontal

advection, subduction) may ultimately prove to be key to this slow variation

and episodic disruption of seasonal re-emergence. A better understanding of

the large-scale ocean processes that influence SSTA re-emergence is therefore

needed. This issue will be addressed in Chapter 5.
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3.6 Summary

The primary aim of this chapter was to re-evaluate the importance of re-

emergence for North Atlantic SST variability (SQ1). To address this aim,

quantitative analyses of SSTA re-emergence were performed. In addition,

the temporal variability of SSTA re-emergence over interannual and longer

(decadal) timescales was established. Observations of North Atlantic (5-65◦

N, 80◦ W-10◦ E) SST (0-25 m) and sub-surface temperature from the ENACT

dataset, and other key variables (e.g. anomalous sea level pressure and air

temperature from NCEP/NCAR reanalysis) were analysed. The key results

are as follows.

Section 3.4 presented quantitative evidence of SSTA re-emergence link-

ing the extreme cold conditions in early-winter 2010/11 to the former se-

vere cold winter of 2009/10. This is the first quantitative study of SSTA

re-emergence in the North Atlantic. Broad spatial maps of seasonal SSTA and

sub-surface temperature anomaly patterns (Figure 3.2), and regional (depth-

time and hovmöller) analyses of monthly-to-seasonal temperature evolution

(Figures 3.3-3.5) revealed the local and remote re-emergence of remnant neg-

ative SSTAs (ranging -0.5 ◦C to -1.5 ◦C), established in late-winter 2009/10,

during the following October through December 2010. Re-emergence prevailed

throughout most of the extratropical North Atlantic. It actively contributed

towards the winter-to-winter persistence of an anomalous SST tripole pattern,

characteristic of a negative NAO (Figure 3.1). Statistical analyses for the

whole North Atlantic further emphasised the enhanced persistence of winter

(2009/10) SSTAs, associated with the re-emergence (Figure 3.6a). They also

indicated that the re-emergence event in 2010 was unique over the last decade

(Figure 3.6c). A preliminary assessment of the atmospheric circulation (via

monthly NAO indices and NCEP/NCAR reanalysis), at the time of the 2010

re-emergence, suggested an oceanic contribution to the extreme winter weather

experienced over northern Europe, during December 2010-January 2011 (Fig-

ures 3.7-3.9). Further discussion on this topic can be found in Chapter 6
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(Section 6.1).

In Section 3.5, the interannual and long-term (decadal) variability of SSTA

re-emergence coherent over the whole North Atlantic was assessed. Lagged pat-

tern correlation analyses, for each March-to-March 12 month period ranging

from 1960/61 to 2010/11, were obtained to ascertain the interannual variabil-

ity of SSTA re-emergence across the whole North Atlantic, and the historical

significance of the large-scale event of 2010 (Section 3.4). Re-emergence events

as extensive as 2010 were infrequent over the last 50 years (Figure 3.10). Nev-

ertheless, a similar magnitude large-scale re-emergence episode was identified

in 1969 (Figures 3.10-3.11). Comparisons made between the winter seasons

bordering the re-emergence episodes of 1969 and 2010, chiefly in terms of their

NAO indices (Figure 3.1), anomalous sea-level pressure (Figure 3.13), 2m air

temperature (Figure 3.12), and 300 mb upper-air geopotential height and zonal

wind speed anomalies (Figure 3.14) subsequently imparted a strong likeness

between the events of recent years (i.e. late 2009-early 2011), and those ob-

served during late-1960s (i.e. late 1968-early 1970).

Following on from the analysis of interannual variability in SSTA re-emergence,

longer-term (decadal) changes in the occurrence of this process were then

diagnosed throughout the extratropical North Atlantic. A running correla-

tion analysis between SSTAs for a given March (lag 0) and March SSTAs 12

months later (lag 1) revealed period-dependent occurrences of enhanced SSTA

persistence, in the extratropical North Atlantic (Figure 3.15-3.17). Specifi-

cally, SSTA re-emergence was more likely during the late-1960s/early-1970s

and the mid-1990. These periods were interrupted by a period of negligible

re-emergence potential throughout the 1980s and early 1990s. The implica-

tions of periodic changes of re-emergence for seasonal climate prediction are

discussed further in Chapter 6 (Section 6.1).

To conclude, part of this chapter (Section 3.4) has presented observational

evidence for the actual re-emergence of North Atlantic SSTA patterns, associ-

ated with regional climate variability (e.g. Figure 3.3). For the remainder of
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this thesis (i.e. Chapters 4-5), investigation of the re-emergence process shifts

to the use of an OGCM. Chiefly, ocean model simulations (from NEMO), at

spatial resolutions of 1◦ (non eddy-permitting) and 1/4
◦ (eddy-permitting), will

be analysed using well-established diagnostics for re-emergence (e.g. Alexan-

der al, 2001), in order to answer the other key scientific questions outlined in

Section 1.2.
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Chapter 4

The Statistics of Re-emergence

in Ocean Model Hindcasts at

Two Horizontal Resolutions

In Chapter 3, observational evidence for the actual re-emergence of North

Atlantic SSTA patterns, associated with regional climate variability, was pre-

sented (see Section 3.4). Here, the ability to simulate SSTA re-emergence in

the Global Ocean/Sea-Ice GCM NEMO is explored. Specifically, this chapter

will address SQ2: ‘What is the effect of mesoscale processes on re-emergence?’

To address this question, ocean model hindcasts at different spatial resolutions,

i.e. 1◦ (non eddy-permitting) and 1/4
◦ (eddy-permitting) resolution, are exam-

ined using well-established diagnostics for local re-emergence. The following

study represents the first analyses of SSTA re-emergence at an eddy-permitting

resolution (see Section 1.3.5). This chapter focuses primarily on the local re-

emergence of North Atlantic SSTAs in NEMO, as the statistics of this process

are better established, and it is more widely studied throughout the literature

(see Section 1.3.2). Consequently, analyses of local re-emergence in NEMO are

subject to extensive model validation, permitting useful inter-study compar-

isons. The statistical analyses presented here will be supplemented with more

dynamical investigations of re-emergence in Chapter 5.
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The chapter is outlined as follows. A preliminary study of the primary

factors conducive towards re-emergence occurrence in the North Atlantic is

accomplished in Section 4.1. Suitable regions for further analysis are subse-

quently chosen. In Section 4.2, SSTA re-emergence in 1◦ NEMO is described

and contrasted against observations and previous studies. Accordingly, the

ability of 1◦ NEMO to simulate the re-emergence process, in the North At-

lantic, is assessed. The statistical properties of local re-emergence in an eddy-

permitting (1/4
◦) ocean model are then evaluated in Section 4.3. A summary

of the main findings concludes the chapter (Section 4.4). The overall analysis

period for this chapter is 1958-2007, unless specified otherwise.

4.1 Conditions for Re-emergence Occurrence

Several factors govern the extent of localised SSTA re-emergence in the global

ocean, namely the seasonal cycle of MLD, annual surface heat fluxes, SSTA

variance, and the surface circulation. These factors are analysed in the North

Atlantic with 1◦ NEMO ocean simulations, and validated against observations.

In Section 4.1.1, the seasonality of the surface mixed layer is assessed. There-

after, annual mean surface heat fluxes are evaluated in Section 4.1.2. Patterns

of SSTA variance, and the surface circulation are then examined, in Sections

4.1.3 and 4.1.4 respectively. In a summary of these attributes (Section 4.1.5),

the likely locations for local SSTA re-emergence in the North Atlantic (and

suitable regions of further study) are thus identified (Section 4.1.6).

4.1.1 Annual range of MLD

The most important process for determining whether local re-emergence arises

is the seasonal evolution of the mixed layer and thermocline. In a recent

observation-based study by Zhao and Li (2010), it was demonstrated that the

spatiotemporal distribution of local re-emergence in the North Atlantic was

highly consistent with the spatial distribution of mixed layer seasonality. A suf-
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ficiently large seasonal range in MLD will ensure that temperature anomalies

created in one winter are isolated (below the seasonal thermocline) from air-sea

interaction during the summer, prior to their subsequent re-entrainment back

into the surface layer the following winter. To see whether the spatial distribu-

tion of mixed layer seasonality is important for the local re-emergence of SSTAs

in NEMO, the annual range of the mixed layer throughout the North Atlantic

is validated against observations. Figure 4.1 illustrates the period-mean (1958-

2007) difference in MLD between March and September, for 1◦ NEMO ocean

simulations (Figure 4.1a) and ENACT observations (Figure 4.1b). A differ-

ence of 100 m is widely regarded as the minimum range of MLD necessary for

effective local re-emergence (e.g. Watanabe and Kimoto, 2000a; Hanawa and

Sugimoto, 2004); hence, only MLD differences > 100 m are shown. March is

used as the reference month, because the spatial extent of maximum MLD is

substantial in March (see Appendix 3.1, Figures A3.1a and A3.1c). Similarly,

the spatial extent of minimum MLD is significant in September (see Appendix

3.1, Figures A3.1b and A3.1d). The MLD criteria are set to 0.2 ◦C and 0.6 ◦C

for the NEMO and ENACT datasets respectively.

FIGURE 4.1 ‖ Climatological (1958-2007) MLD differences in the North Atlantic (10-65◦

N, 80◦ W-5◦ E) between March and September, for: (a) 1◦ NEMO, and (b) ENACT
observations. Only MLD differences > 100 m are shown (shading). The contour interval is
non linear and ranges 25 m between 100 m and 200 m, 50 m between 200 m and 400 m,
and 100 m between 400 m and 800 m.

Summer mixed layers reach depths no deeper than 50-100 m, across most

of the North Atlantic. Consequently, the seasonal range of MLD is demon-
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strative of the maximum MLD in both cases. For the mixed layer seasonality

in 1◦ NEMO (Figure 4.1a), the largest annual ranges of MLD (>800 m) are

simulated in the Labrador Sea. Elsewhere, substantial differences of 400-800

m dominate the Irminger Sea and northern North Atlantic (around 60◦ N),

extending southwards along the European continental shelf, into the Bay of

Biscay. In the mid-latitude North Atlantic (i.e. between 25-50◦ N), the annual

range of MLD is smaller, i.e. 100-300 m. Significant differences (of 200-300

m) also exist as a narrow band, from the Sargasso Sea to the Bay of Biscay.

South of 20◦ N, the annual range of MLD is too shallow for effective local

re-emergence (i.e. <100 m).

There is good correspondence between the annual range of MLD in NEMO

and ENACT (Figure 4.1b). However, the magnitude of the seasonal cycle in

the northern North Atlantic is shallower in ENACT, between 300 m and 500

m. Furthermore, the difference of MLD throughout most of the Sargasso Sea is

smaller (<100 m), and MLD ranges >100 m do not extend southward beyond

30◦ N. Corresponding analyses by Zhao and Li (2010) are also consistent with

the annual range of MLD in NEMO. Collectively, these results indicate that

the majority of the mid-latitude North Atlantic experiences a seasonal cycle

of MLD that is conducive to local re-emergence.

4.1.2 Annual mean heat flux

Another important factor affecting the local re-emergence of winter SSTAs

is the annual mean surface heat flux. For a successful re-emergence event,

the net annual mean heat flux into the ocean must be close to zero, and

ideally negative (Hanawa and Sugimoto, 2004; Sugimoto and Hanawa, 2005b,

2007b). Positive and/or negative annual heat fluxes that are too large can

prevent or disrupt the local re-emergence process by: (a) restricting mixed

layer deepening (and sub-surface re-entrainment) during the subsequent (re-

emergent) winter season; (b) swiftly eroding the winter SSTAs that do re-

emerge, thus negating their potential impact upon the resultant winter SST
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field. In Figure 4.2, the annual mean heat flux in 1◦ NEMO is validated

against observations from the NOC1.1 Flux Climatology (Josey et al., 1998, see

Appendix 3.2). Heat fluxes are validated over a 14-year period (1980-93), due

to the limited time-frame available in NOC1.1. Hanawa and Sugimoto (2004)

demonstrated that annual heat fluxes of ± 50 W m−2 were customary in their

global study of local re-emergence. Consequently, this acts as the maximum

threshold for favourable local re-emergence conditions in this analysis; annual

heat fluxes exceeding ± 50 W m−2 are shaded and considered too large for a

successful local re-emergence of winter SSTAs. Positive heat fluxes indicate a

gain of heat by the oceans due to surface warming.

FIGURE 4.2 ‖ Annual mean heat flux estimates for the North Atlantic (10-65◦ N, 80◦ W-5◦

E), as calculated from: (a) 1◦ NEMO, and (b) the NOC1.1 Flux Climatology (observations),
over the period 1980-93. Heat fluxes exceeding ± 50 W m−2 are shaded (see text for details).
Positive (Negative) heat fluxes indicate a gain (loss) of heat by the oceans due to surface
warming (cooling). The thick black line denotes the zero heat flux contour. The contour
interval is 10 W m−2. For details of the NOC1.1 dataset, see Appendix 3.2.

For annual surface heat fluxes in 1◦ NEMO (Figure 4.2a), a significant net

surface heat loss (of -50 W m−2 to -150 W m−2) is simulated in the northern

North Atlantic (55-65◦ N), and western extratropical North Atlantic (30-45◦

N, 50-80◦ W). This is consistent with the spatial distribution of large neg-

ative heat fluxes in NOC1.1 (Figure 4.2b) and equivalent heat flux analyses

by Hanawa and Sugimoto (2004). These regions are situated close to large

continents, which are characterised by frequent cold air outbursts during win-

ter (Déry and Yau, 1999). The cold air passes over adjacent ocean areas and

extracts considerable amounts of heat; hence the net surface flux is highly neg-
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ative. Local re-emergence in these regions will likely be hampered by intense

stochastic decay of the re-emerging temperature anomalies.

The NOC1.1 climatology exhibits positive annual heat fluxes (of 50-130

W m−2) in the tropical and eastern subtropical North Atlantic (Figure 4.2b).

The most pronounced warming (of 90-130 W m−2) occurs near the Caribbean

(i.e. 10◦ N, 70◦ W), and in the coastal upwelling area off northwest Africa.

Equivalent heat fluxes are not apparent in 1◦ NEMO ocean simulations (Fig-

ure 4.2a). Alternatively, an area of considerable warming (ranging 50-110 W

m−2) is simulated to the east of Newfoundland (i.e. 45-52◦ N 55-30◦ W), which

is largely absent in observations (Figure 4.2b). The latter feature in NEMO

is likely associated with poor representation of the strength and path of the

Gulf Stream/North Atlantic Current. This dynamical feature is typically not

well represented in ocean models such as NEMO (e.g. Hecht and Smith, 2008;

Chassignet and Marshall, 2008). Local re-emergence is less conducive in re-

gions of strong surface warming, as winter MLDs do not deepen sufficiently

to re-entrain remnant winter SSTAs. For the temperature anomalies that do

re-emerge, they also are sensitive to intense stochastic decay (by the large heat

fluxes); thus the impact of re-emergence on winter SST is negligible.

Favourable annual heat fluxes for the local re-emergence of SSTAs (not

shaded) are exhibited, in 1◦ NEMO and NOC1.1, in the eastern extratropical

North Atlantic (35-55◦ N, 35-10◦ W), the lower subpolar North Atlantic (50-

55◦ N, 55-30◦ W), and the western and central subtropical North Atlantic

(20-35◦ N, 70-20◦ W).

4.1.3 SSTA variance

Local re-emergence predominates in areas where the SSTA variance is low

(Timlin et al., 2002). Figure 4.3 shows the period-mean (1958-2007) temporal

variance of March SSTAs in the North Atlantic, for 1◦ NEMO ocean simula-

tions (Figure 4.3a), validated against ENACT observations (Figure 4.3b). For

consistency with previous analyses (i.e. Figures 4.1), March is again used as
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the reference month in this analysis.

FIGURE 4.3 ‖ Climatological (1958-2007) variance of March SSTAs in the North Atlantic
(10-65◦ N, 80◦ W-5◦ E), for: (a) 1◦ NEMO, and (b) ENACT observations. Contour
intervals are set to 10n log scale, where n ranges between -2 and 0.

There is reasonable correspondence between March SSTA variance in NEMO

and ENACT. Namely, regions of strong SSTA variance (>0.5 ◦C2) and there-

fore maximum temporal variability are exhibited in the Gulf Stream-North

Atlantic Current system, in both NEMO simulations and ENACT observa-

tions. Localised maxima of SSTA variance in NEMO are positioned further

to the east than the localised maxima of SSTA variance in observations; peak

variances of >1 ◦C2 reach 30-35◦ W in 1◦ NEMO (Figure 4.3a), whereas the

maxima in observed SSTA variance (ranging 0.5-1 ◦C2) centre around 50◦ N,

50◦ W and the Gulf Stream separation region at Cape Hatteras (Figure 4.3b).

As discussed previously in Section 4.1.2, the eastward displacement of the peak

SSTA variance in 1◦ NEMO is representative of the model’s failure to capture

realistic circulation features of the Gulf Stream/North Atlantic Current system

(e.g. Hecht and Smith, 2008; Chassignet and Marshall, 2008).

The coastal upwelling region off northwest Africa, and the Labrador Sea

basin are other areas of high SSTA variability in the North Atlantic (Figures

4.3a and 4.3b). As stated previously, local re-emergence is less favourable

here (and near the Gulf Stream-North Atlantic Current system), as the SSTA

variance is temporarily heterogeneous (Timlin et al., 2002). In contrast, SSTA

variance is more coherent (<0.5 ◦C2), and the likelihood for local re-emergence
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is greater, in the central and western subtropical North Atlantic (10-35◦ N, 80-

30◦ W), and the eastern extratropical North Atlantic (30-60◦ N, 30-10◦ W).

4.1.4 Surface circulation

Local re-emergence is less likely in the vicinity of strong surface currents,

where, over the duration of a single seasonal cycle, locally formed tempera-

ture anomalies can be advected (both horizontally and/or vertically) rapidly

away from their source (e.g. DeCoëtlogon and Frankignoul, 2003). Alterna-

tively, the spatial coverage of local re-emergence typically coincides with areas

of weaker near-surface current flow. To ascertain regions where the local re-

emergence of winter SSTAs is likely based on this criterion, surface currents in

NEMO are examined. Figure 4.4a shows the annual mean surface circulation

of the North Atlantic (10-60◦ N, 80◦ W-10◦ E), calculated using 1◦ NEMO

ocean simulations from 1993-2007. The simulated current field is evaluated

against observed current speeds derived from the OSCAR dataset (Bonjean

and Lagerloef, 2002, see Appendix 3.3) over same period (Figure 4.4b); the

limited period of analysis (i.e. 15 years compared to 50 years for Figures 4.1

and 4.3) is again due to temporal restrictions in the observations (i.e. OSCAR).

At first glance, NEMO does a reasonable job of reproducing the spatial

structure of observed surface currents in the North Atlantic. Namely, the

strongest circulation (of >0.1 m s−1) is simulated in the region of the Gulf

Stream and North Atlantic Current, with swift boundary currents (i.e. the

Labrador Current, East Greenland Current, and North Equatorial Current),

ranging 0.05-0.5 m s−1, also well represented at 1◦ resolution (Figure 4.4a).

Weaker, more sluggish current flow (of <0.05 m s−1) is revealed in both the

subtropical and subpolar gyre centres. Again, this is consistent with the obser-

vations (Figure 4.4b). Conversely, the Azores Current is not well simulated at

1◦ resolution, and the North Atlantic Current exhibits an anomalous eastward

extension towards Europe (rather than deflecting around Newfoundland, as

seen in observations). The model’s failure to replicate these confined circu-
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lation characteristics is demonstrative of poor Gulf Stream Separation at 1◦

resolution (Hecht and Smith, 2008; Chassignet and Marshall, 2008). Never-

theless, in view of the broader circulation patterns depicted in 1◦ NEMO, local

re-emergence is again most likely in the central and western subtropical North

Atlantic (20-35◦ N, 70-10◦ W, Box 1), the eastern extratropical North Atlantic

(30-50◦ N, 30-5◦ W, Box 2) to a certain extent, and within the interior of the

North Atlantic subpolar gyre (48-60◦ N, 50-20◦ W, Box 3).

FIGURE 4.4 ‖ Annual mean surface current speeds in the North Atlantic (10-60◦ N, 80◦

W-10◦ E), calculated using: (a) 1◦ NEMO ocean simulations, and (b) current data from
OSCAR (Ocean Surface Currents Analyses Real-time), over the period 1993-2007. The
NEMO data has been sub-resolved on to the OSCAR latitude-longitude grid to enable better
comparison with observations. The black boxes in Figure 4.4a are added for visualisation
purposes (see text for details). For details of the OSCAR dataset, see Appendix 3.3.

4.1.5 Conditions for re-emergence: summary

In summary, the Global Ocean/Sea-Ice GCM NEMO can broadly reproduce

the observed patterns of mixed layer seasonality (Section 4.1.1), annual-mean

heat flux forcing (Section 4.1.2), SST variance (Section 4.1.3), and annual-

mean surface circulation (Section 4.1.4) in the North Atlantic. Consistent

with previous observation-based studies (Watanabe and Kimoto, 2000a; Tim-

lin et al., 2002; Hanawa and Sugimoto, 2004; Sugimoto and Hanawa, 2005b,

2007b; Zhao and Li, 2010), the local re-emergence of winter SSTAs in NEMO

is therefore possible where (and when) the following conditions are met:
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(i) The seasonal cycle of MLD exceeds a minimum threshold of 100 m (Figure

4.1).

(ii) The net annual mean heat flux through the sea surface is close to zero,

i.e. <50 W m−2 (Figure 4.2).

(iii) SSTA variance is minimal (<0.5 ◦C2) and temporarily coherent (Figure

4.3).

(iv) Surface circulation is weak, i.e. <0.05 m s−1 (Figure 4.4).

Regions of the North Atlantic that satisfy criteria i through iv are shown in

Figure 4.5 (shaded grey), for 1◦ NEMO ocean simulations (Figure 4.5a) and

combined (NOC1.1 + ENACT + OSCAR) ocean observations (Figure 4.5b).

FIGURE 4.5 ‖ Regions of the North Atlantic (10-65◦ N, 80◦ W-5◦ E) that satisfy criteria
i through iv (see above text for details), and hence, are conducive to an occurrence of local
re-emergence (shaded). Favourable locations for local re-emergence are shown for: (a) 1◦

NEMO ocean simulations, and (b) ocean observations (NOC1.1 + ENACT + OSCAR).

The most favourable conditions for local re-emergence are exhibited in the

mid-latitude North Atlantic, namely central and western subtropical regions

(30-40◦ N, 70-35◦ W), and/or the eastern subtropics and extratropics (30-50◦

N, 35-15◦ W). Consistent with previous studies (e.g. Hanawa and Sugimoto,

2004), these regions match key areas of mode water formation in the North

Atlantic, i.e. for North Atlantic Subtropical Mode Water (e.g. Worthing-

ton, 1959), and North Atlantic Subpolar Mode Water (McCartney and Talley,
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1982). In contrast, local re-emergence is less probable near the Gulf Stream,

and/or other major boundary currents (e.g. North Atlantic Current, East

Greenland Current), as the re-emerging temperature anomalies are subject to

swift advection (over the seasonal cycle) by the fast flowing circulation.

Both NEMO and the observations are reasonably compatible in terms of the

spatial coverage of suitable local re-emergence locations. Key differences in-

clude the reduced local re-emergence potential in the lower eastern subtropical

North Atlantic (south of 30◦ N) and/or near the Labrador Sea, in observations

(Figure 4.5b), and the omission of favourable local re-emergence conditions to

the west of 20◦ W in the eastern extratropical North Atlantic (around 40-50◦

N), in 1◦ NEMO (Figure 4.5a). These differences underline the inability of 1◦

NEMO to simulate realistic features of the ocean circulation (e.g. the Azores

Current, Gulf Stream Separation).

In summary, the spatial pattern depicted in Figures 4.5a and 4.5b can be

viewed as the predicted coverage of North Atlantic local re-emergence. In the

following section (Section 4.1.6), standard statistical analyses will be under-

taken to ascertain the actual geographical coverage of local re-emergence (in

NEMO and ENACT) for comparison with these predictions.

4.1.6 Re-emergence areas in the North Atlantic

Having examined the background requirements for the local re-emergence of

winter SSTAs, and subsequently concluded that (1) the Global Ocean/Sea-

Ice GCM NEMO shows reasonable agreement with observations; (2) the mid-

latitude North Atlantic in NEMO is most conducive to an occurrence of local

re-emergence, the spatial extent of SSTA re-emergence in the North Atlantic

is now determined through lag correlation analyses. Suitable regions of further

study are subsequently chosen.

Lag correlation analyses of SSTAs and sub-surface temperature anoma-

lies provide a routine means for assessing re-emergence (e.g. Hanawa and

Sugimoto, 2004; Ciasto and Thompson, 2009). To ascertain the spatial distri-
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bution of local re-emergence in the North Atlantic, lag correlations between

monthly sub-surface temperature anomalies in March and SSTAs 12 months

later are made at each model/observational grid point. Sub-surface temper-

ature anomalies are defined (at each grid point) as the mean temperature

anomaly, depth-averaged between the sea surface and the base of the winter

(March) mixed layer. When detecting areas of local re-emergence, the follow-

ing criteria are adopted:

(i) Correlations acquire a minimum (insignificant) value in summer (July-

October), and then increase to a secondary maximum the following winter

(March).

(ii) Correlations in the following winter exceed a 95 % significance level, the

value of which depends on the length of the dataset used, and accounts

for the effects of temporal self-correlation (Section 2.3.1).

A fixed value of 1 is applied to all grid points that satisfy the above criteria.

Consistent with previous analyses (in Sections 4.1.1-4.1.4), March is used as

the reference month for re-emerging temperature anomalies here (and for the

remainder of this chapter), as the spatial extent of SSTA re-emergence is largest

for lag correlation analyses commencing in March, relative to earlier winter

months, i.e. December, January and February (see Appendix 3.1, Figure A3.2).

Figure 4.6a shows the period-mean (1958-2007) spatial distribution of local re-

emergence in March, calculated with 1◦ NEMO ocean simulations. Equivalent

analyses with ENACT observations are also presented to validate and compare

with NEMO (Figures 4.6b and 4.6c).
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FIGURE 4.6 ‖ Local re-emergence areas in the North Atlantic (10-65◦ N, 80◦ W-5◦ E)
evaluated by lag correlation, in: (a) 1◦ NEMO, and (b) ENACT. Correlations are between
monthly sub-surface temperature anomalies in March and SSTAs 12 months later. Sub-
surface temperature anomalies are defined (at each grid point) as the mean temperature
anomaly, depth-averaged between the sea surface and the base of the winter (March) mixed
layer. The total analysis period ranges from 1958-2007. Shading denotes the areas where
correlation coefficients exceed the 95 % significance level (see text for details). (c) As Figures
4.6a and 4.6b, superimposed to highlight common local re-emergence areas in both NEMO
and ENACT. The NEMO data has been sub-resolved on to the ENACT latitude-longitude
grid to enable better comparison with observations. Selected regions of further study, i.e.
the northeast Atlantic (40-50◦ N, 30-10◦ W, Box 1) and Sargasso Sea (25-35◦ N, 70-50◦

W, Box 2), are highlighted by the black boxes. The red circles in Figure 4.6c are added for
visualisation purposes (see text for details).

Local re-emergence in 1◦ NEMO is an important mode of SSTA variability

in the mid-latitude North Atlantic (i.e. north of 25-30◦ N). Its spatial distri-

bution is particularly compatible with the spatial distribution of mixed layer

seasonality (Figure 4.1), which strengthens previous assertions by Zhao and Li

(2010) about the importance of MLD for re-emergence occurrence in the North

Atlantic. The re-emergence areas identified in Figure 4.6 are also consistent

with the spatial coverage of North Atlantic re-emergence revealed by Hanawa

and Sugimoto (2004). However, correlation results do not agree wholly with

the former predicted spatial pattern of local re-emergence (i.e. Figure 4.5).

Indeed, further to the significant lag-one correlations exhibited in central and
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western subtropical regions, and/or the eastern extratropics (as expected), lo-

cal re-emergence is also exhibited throughout the northern subpolar North

Atlantic (north of 50◦ N), the Labrador Sea, and/or the western subtropical

North Atlantic (south of 30◦ N). These additional regions do not meet the

necessary background conditions for local re-emergence (Sections 4.1.1-4.1.4).

Their appearance emphasises the limitations of correlation-based analyses in

establishing clear cause (e.g. re-emergence) and effect (e.g. winter-to-winter

recurrences of SSTAs). This issue is discarded for now, however, it will be

discussed more thoroughly in Chapter 6 (Section 6.1).

Notwithstanding the above inconsistencies, there is some correspondence

between the spatial coverage of local re-emergence in NEMO (Figure 4.6a) and

ENACT (Figure 4.6b). Chiefly, both datasets portray no local re-emergence

throughout the wider tropical (i.e. south of 10◦ N), and the eastern subtropical

North Atlantic (20-35◦ N, 35-15◦ W). Vigorous salt-finger type mixing and

smaller seasonal cycles of MLD (<100 m - see Figure 4.1) are the likely reasons

for its nonexistence here (Sugimoto and Hanawa, 2005b, 2007b). The other

whitened (non shaded) areas prevalent in both 1◦ NEMO (Figure 4.6a) and

ENACT (Figure 4.6b), i.e. along US and European coastal margins and/or

the isolated patches near Newfoundland, are coincident with regions of swift

surface circulation (see Figure 4.4). Temperature anomalies here are subject

to rapid advection over the duration of a single seasonal cycle; hence local

re-emergence is absent.

The correspondence between NEMO and ENACT is further illustrated

by the superimposition of the two datasets (Figure 4.6c). This reveals three

common areas (red circles) where local re-emergence is detected: the western

subtropical North Atlantic, the eastern extratropical North Atlantic, and the

North Atlantic subpolar gyre. The northeast Atlantic (30-40◦ N, 30-10◦

W, Box 1) and Sargasso Sea (25-35◦ N, 70-50◦ W, Box 2) are selected

as suitable regions of further study, as they incorporate two of the above three

common areas. Moreover, these regions broadly agree with the predicted pat-
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tern of local re-emergence in Figure 4.5. Namely, the background ocean con-

ditions here are conducive towards an occurrence of local re-emergence (see

Sections 4.1.1-4.1.4 for details). This is not the case for correlations near the

North Atlantic subpolar gyre (discussed above). Consequently, this region is

not selected for further statistical analyses. The chosen areas of study also

closely match those of Timlin et al. (2002); thus enabling meaningful com-

parisons between the two studies. Subsequent analyses of SSTA re-emergence

for the remainder of this chapter will now focus in on the northeast Atlantic

and/or Sargasso Sea (black boxes, Figure 4.6c).

4.2 Re-emergence at a Non Eddy-Permitting

Scale

Regional depth-time lag correlation analyses are another well-established di-

agnostic of local re-emergence (e.g. Alexander and Deser, 1995; Alexander et

al., 1999, 2001; Ciasto and Thompson, 2009), revealing the vertical structure,

magnitude and timing of the re-emergence process in regions where previous

analyses suggest it is strong. Here, the spatial coverage of re-emergence, as a

local one-dimensional (vertical) process in the northeast Atlantic and Sargasso

Sea, is further evaluated with 1◦ NEMO ocean simulations. Following Ciasto

and Thompson (2009), the period-averaged (1958-2007) correlation between

March SSTAs (lag 0) and temperature anomalies up to 24 months in advance,

is computed at standard depths from the surface down to 500 m. The results

for the Sargasso Sea and northeast Atlantic are illustrated in Figures 4.7a

(for the top 250 m) and 4.7b (for the top 300 m) respectively. Corresponding

analyses with ENACT observations are also shown in Figures 4.10a (for the

Sargasso Sea) and 4.10b (for the northeast Atlantic). The mean (1958-2007)

seasonal cycle of MLD in both regions (as calculated by 1◦ NEMO or ENACT)

is superimposed (thick blue line).

Supplementing the lag correlation analyses in Figures 4.7 and 4.10 are
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seasonal autocorrelation functions for March SSTAs, obtained by correlating

SSTAs in March (lag 0) with equivalent anomalies in subsequent months. This

determines the impact of re-emergence on the persistence of winter SSTAs, and

reveals e-folding timescales that are evaluated in comparison with the stochas-

tic climate paradigm of Frankignoul and Hasselmann (1977). In this study,

e-folding timescales are estimated by fitting (via least squares) an exponen-

tial function to the maximum correlation found during the following winter

(lag 1); taken between November and April to allow for spatial variations

in timing of the re-emergence. Due to this limited sampling strategy, esti-

mates of the e-folding time (and the wintertime persistence of SSTAs) will

be biased high. Nevertheless, the analysis will provide useful comparisons of

the wintertime persistence at different locations more or less conducive to re-

emergence; regions where re-emergence is weaker and/or less favourable will be

characterised by shorter e-folding timescales, indicative of a more stochastic-

driven ocean environment (Frankignoul and Hasselmann, 1977). Figures 4.8a

and 4.8b show the period-mean (1958-2007) autocorrelation function up to 33

months in advance, for March SSTAs in the northeast Atlantic and Sargasso

Sea respectively. Results from both 1◦ NEMO ocean simulations (blue line)

and ENACT observations (green line) are shown, as is corresponding SSTA

persistence from the Frankignoul and Hasselmann (1977) stochastic climate

model equation (Equation 1.2 in Section 1.3.3).

All of the subsequent analyses are verified at the 95 % significance level,

with the significance threshold determined using the degrees of freedom calcu-

lated via the Zwiers and von Storch (1995) method (see Section 2.3.1). Corre-

lations are significance tested using a t-test (Section 2.3.2). The main findings

from 1◦ NEMO are initially described in Section 4.2.1. Comparison and valida-

tion of the local re-emergence process in 1◦ NEMO with ENACT observations

(and previous studies) follows in Section 4.2.2.
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4.2.1 Re-emergence in 1◦ NEMO

Starting with the (depth-time) lag correlation pattern for the Sargasso Sea

(Figure 4.7a), temperature anomalies in March (lag 0) are highly coupled (r

>0.9) throughout the top 100-125 m. At the surface, correlations remain sig-

nificant (>0.6) until May, indicating strong preservation of the March anomaly

pattern through spring. A subsequent decrease of correlation with increasing

lag length reveals SSTAs between June and October that are insignificantly

correlated (i.e. r ranges between 0.21 and 0.44) with winter SSTAs from the

previous March. Conversely, a significant correlation with March SSTAs (of

>0.75 between 30 m and 130 m) is maintained for temperature anomalies be-

low the mixed layer, over the same period. The decrease of correlation over

summer is consistent with the stochastic climate paradigm (Frankignoul and

Hasselmann, 1977), in which anomalous heat fluxes at the sea surface force

the decay of remnant winter (March) SSTAs. In contrast, the temperature

anomalies below the mixed layer are isolated from SSTA decay by air-sea in-

teraction; hence their physical properties, and the association with previous

winter (March) SSTAs, are better preserved.

FIGURE 4.7 ‖ Lag correlations between March SSTAs and temperature anomalies at stan-
dard depths for 0-24 month lags, averaged over: (a) the Sargasso Sea (25-35◦ N, 70-50◦

W), and (b) the northeast Atlantic (40-50◦ N, 30-10◦ W), for the period 1958-2007. Corre-
lations are shown for 1◦ NEMO ocean simulations. Correlation coefficients exceeding the 95
% significance level are shaded. Grey arrows are added for visualisation purposes; the thick-
ness of the arrow is proportional to the duration of re-emergence (see text for details). The
climatological MLD (∆T = 0.2 ◦C) is superimposed (thick blue line). The contour interval
is 0.1. Lags 0, 1 and 2 correspond to yearly lags.

Surface correlations reach a year-one minimum value of 0.21 in October,
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prior to increasing to a secondary (significant) maximum (of 0.61) in the fol-

lowing winter (January-February, lag 1). The occurrence of this secondary

maximum is coincident with mixed layer deepening in autumn (from 45-140

m), which allows the sequestered (and well-preserved) temperature anoma-

lies within the seasonal thermocline to be re-entrained back into the mixed

layer. Thus, mixed layer temperature anomalies in January and February are

influenced by remnant temperature anomalies from the previous winter via

re-emergence (grey dashed arrow, Figure 4.7a), and a significant correlation

with previous winter (March) SSTAs is restored.

FIGURE 4.8 ‖ Period-averaged (1958-2007) autocorrelations of SSTAs up to 33 months
in advance, averaged over: (a) the northeast Atlantic (40-50◦ N, 30-10◦ W), and (b) the
Sargasso Sea (25-35◦ N, 70-50◦ W), for 1◦ NEMO ocean simulations (blue line) and EN-
ACT observations (green line). Correlations are based on the reference month of March
SSTAs from year one (shaded green). The thick black line represents the Frankignoul and
Hasselmann (1977) classic stochastic climate model, which results in an exponential decay
of SSTAs via thermal damping in the absence of re-emergence. The exponential curve was
computed using the Frankignoul and Hasselmann (1977) stochastic climate model equation
(Equation 1.2 in Section 1.3.3), with March MLD averaged over the respective study domain.
The dot-dot-dash (dashed) horizontal black line illustrates the 95 % significance level for 1◦

NEMO (ENACT).

The local re-emergence process extends the persistence of winter SSTAs
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in the Sargasso Sea; an e-folding timescale of 25 months is yielded for March

SSTAs (blue line, Figure 4.8b), compared to the 4-5 month memory period

predicted by the stochastic SSTA paradigm (black line in Figure 4.8b). Corre-

lations associated with the re-emerging SSTA pattern decrease over subsequent

months, i.e. from March onwards (Figure 4.7a). This highlights progressive

mixing (and modification) of the re-entrained temperature anomalies by air-

sea interaction. Accordingly, the potential for long-range predictability is lost

locally after approximately one winter.

For the evolution of temperature anomalies in the northeast Atlantic, a

local re-emergence pattern is again simulated (Figure 4.7b). Initially, surface

correlations are high (>0.65) from March (lag 0) to May. They subsequently

decline rapidly with increasing lag and become non-significant (<0.53) after 2-

3 months. Surface correlations are insignificant (i.e. r ranges between 0.13 and

0.43) from June through the following January, whilst correlations at depth

(i.e. below the seasonal thermocline) remain significant (>0.75 between 25 m

and 200 m). From February-April (lag 1) significant correlations (of 0.53-0.57)

are re-established at the surface. This recurrence is again linked, via the local

re-emergence of sub-surface temperature anomalies (from within the seasonal

thermocline), to the winter SSTAs established during the previous March (grey

dashed arrow, Figure 4.7b).

An e-folding timescale of 22 months is computed for March SSTAs in the

northeast Atlantic (blue line, Figure 4.8a). As noted previously for the Sar-

gasso Sea, this period far exceeds the 5-month memory period predicted by the

1977 classic stochastic climate model of Frankignoul and Hasselmann (black

line in Figure 4.8a), within which the re-emergence process is not incorporated.

By May (December at depth), the SSTAs anomalies that were formed 14 (21)

months earlier are finally damped to the overlying atmosphere; lag correlations

decrease and remain nonsignificant (<0.53, Figure 4.7b).

The enhanced persistence of winter SSTAs, attributed to re-emergence oc-

currence, is also illustrated through comparison of the seasonal autocorrelation
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function for the northeast Atlantic with an equivalent expression for the east-

ern tropical North Atlantic (5-25◦ N, 20-45◦ W), of which the latter region is

non-conducive to re-emergence (see Figure 4.6).

FIGURE 4.9 ‖ As Figure 4.8 for (a) 1◦ NEMO ocean simulations and (b) ENACT obser-
vations, averaged over the northeast Atlantic (40-50◦ N, 30-10◦ W, NEA - blue line) and the
eastern tropical North Atlantic (5-25◦ N, 20-45◦ W, TEA - red line), for 0-14 month lags.
Regions of TEA and NEA are illustrated on a regional map of the North Atlantic (inset).
The dot-dot-dash (dashed) horizontal black line illustrates the 95 % significance level for
NEA (TEA). Lags 0 and 1 correspond to yearly lags.

In regions such as the eastern tropical North Atlantic, the seasonal au-

tocorrelation function for March SSTAs is typical of stochastic SSTA decay

(Frankignoul and Hasselmann, 1977). Correlations decrease near-continuously

toward near-zero values with increasing time lag (red line), and a secondary

peak in surface correlation - which exemplifies re-emergence (e.g. blue line)

- is absent (see Figure 4.9). An e-folding timescale of just of just 8 months
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(compared to 22 months for the northeast Atlantic) further emphasises the

reduced wintertime persistence in areas where re-emergence is lacking.

A geographical shift in the timing (and duration) of local re-emergence is

apparent in the North Atlantic. The re-emergence timing (duration) in the

Sargasso Sea is earlier (shorter) than that simulated in the northeast Atlantic.

Specifically, in the Sargasso Sea, re-emergence begins in January and persists

for 2 months (Figure 4.7a and blue line in Figure 4.8b), whilst in the northeast

Atlantic, re-emergence begins in February and persists for 3 months (Figure

4.7b and blue line in Figure 4.8a). Similar spatial differences in local re-

emergence timing are also noted by Zhao and Li (2010) in their observation-

based study of the spatiotemporal characteristics surrounding SSTA recurrence

in the Northern Hemisphere. The timing of local re-emergence in this study

is also consistent with the peak re-emergence periods documented by Hanawa

and Sugimoto (2004) for the northern North Atlantic (i.e. January-March

between 41-53◦ N, 19-35◦ W), however not for the southern North Atlantic

(i.e. October-November between 33-39◦ N, 45-65◦ W).

For the temperature anomalies that do not re-emerge, but instead remain

subducted below the permanent thermocline, they are diffused and/or ad-

vected away by the prevailing circulation, and may potentially contribute to-

wards SSTA persistence elsewhere, and/or at a later time (Junge and Haine,

2001; DeCoëtlogon and Frankignoul, 2003; Zhao and Haine, 2005; Sugimoto

and Hanawa, 2005a, 2007a; Junge and Fraedrich, 2007).

4.2.2 Re-emergence in ENACT observations

There is good agreement between the statistical signature of local re-emergence

in the northeast Atlantic, in 1◦ NEMO and ENACT (compare Figures 4.7b

and 4.10b). The magnitude of correlation (i.e. strength of re-emergence),

and the vertical correlation structure show the greatest similarity between

the two datasets, whilst the duration of local re-emergence is shorter by one

month in the observations; the shorter period of local re-emergence in EN-
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ACT is emphasised schematically by the thinner grey dashed arrow in Figure

4.10b. An equivalent e-folding timescale for (March) SSTA persistence (of 20

months) is computed, as SSTA autocorrelations in 1◦ NEMO (blue line) and

ENACT (green line) show reasonable agreement over the first 12 months (Fig-

ure 4.8a). Over longer lags (>16 months), correspondence between ENACT

and the model diminishes, and SSTAs are not significantly autocorrelated in

either case.

There are some differences in statistical properties of local re-emergence,

between the model and observations. Specifically, the magnitudes of correla-

tion between temperature anomalies in the seasonal thermocline (over summer)

and SSTAs from the previous March are slightly weaker in ENACT observa-

tions (between 0.65 and 0.85, compared to >0.75 in 1◦ NEMO). Moreover, the

mean seasonal cycle of MLD (thick blue line) is larger (by 80 m) in ENACT.

An underestimation of the magnitude of maximum winter MLD in 1◦ NEMO

may thus explain the extended re-emergence signal simulated relative to EN-

ACT; temperature anomalies situated at shallower depths in the water column

are more likely to re-emerge than those that are subducted deeper. Notwith-

standing the above differences, local re-emergence in the northeast Atlantic is

well represented by the Global Ocean/Sea-Ice GCM NEMO, at 1◦ resolution.

FIGURE 4.10 ‖ As Figure 4.7 for: (a) the Sargasso Sea (25-35◦ N, 70-50◦ W), and (b)
the northeast Atlantic (40-50◦ N, 30-10◦ W), using ENACT observations. The black cross
is added for visualisation purposes, and signifies a non-occurrence of SSTA re-emergence
(see text for details). The climatological MLD (∆T = 0.6 ◦C) is superimposed (thick blue
line).

The existence of a local re-emergence signature in the northeast Atlantic
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supports previous EOF based re-emergence analyses by Timlin et al. (2002).

They also observed a local re-emergence of remnant winter SSTAs in a similar

region (i.e. 40-50◦ N, 35-10◦ W), albeit the re-emergence was significant at

an earlier time (i.e. November), and persisted for longer (i.e. 4-5 months).

The differences in re-emergence signature between this study and Timlin et al.

(2002) are probably due to variations in the study region and/or the type of

statistical analysis technique employed. Timlin et al. (2002) examined SSTA

re-emergence through EOF analyses. EOF analyses are very sensitive to the

choice of regional boundary. Namely, different results can arise for selected

regions of varying size and position. The selected region of study in Timlin et

al. (2002) was offset further to the west (i.e. 40-50◦ N, 35-10◦ W), and is larger

in size, than the reference area for this study (i.e. 40-50◦, 30-10◦). Thus, this

small regional discrepancy (in the timing and duration of re-emergence) may

explain the varying local re-emergence signals observed here for the northeast

Atlantic. The results from this study are also consistent with the basin-wide

re-emergence analyses of DeCoëtlogon and Frankignoul (2003).

For local re-emergence in the Sargasso Sea, the correspondence between 1◦

NEMO and ENACT is poor (compare Figures 4.7a and 4.10a). Lag correla-

tions obtained with the ENACT dataset are devoid of a clear local re-emergence

signature (as simulated in Figure 4.7a). Alternatively, a near-continuous de-

crease of correlation strength at the sea surface (from 1 to -0.05) is observed

from March (lag 0) through December. Surface correlations remain insignif-

icant with previous winter (March) SSTAs until the following March (lag 1,

Figure 4.10a). The return of significant correlations (equating 0.4) at the sea

surface in March one year later (lag 1) is largely decoupled from the former

winter season via localised SSTA re-emergence (black cross, Figure 4.10a).

The reduced impact of local re-emergence is exhibited more clearly in the

observed seasonal autocorrelation function for the Sargasso Sea (green line,

Figure 4.8b), which resembles more the Frankignoul and Hasselmann (1977)

stochastic climate paradigm (black line, Figure 4.8b). An e-folding timescale
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of 14 months, 11 months fewer than the equivalent e-folding timescale for 1◦

NEMO ocean simulations, strengthens earlier assertions of a weaker (near-

negligible) impact of local re-emergence.

The absence of local re-emergence in the Sargasso Sea, in ENACT obser-

vations, is inconsistent with other observational studies (e.g. Timlin et al.,

2002), which revealed a coherent local re-emergence signature in an equiva-

lent region (i.e. 25-35◦ N, 65-45◦ W) of the Sargasso Sea domain. This may

due to subjective differences in the choice of study region (25-35◦ N, 70-50◦

W in this study vs. 25-35◦ N, 65-45◦ W for Timlin et al., 2002), and/or re-

emergence analysis technique (lag correlation of SSTAs vs. EOF analyses)

between both studies (discussed above). Conversely, the observational anal-

yses here are broadly consistent with the basin-wide re-emergence analyses

of DeCoëtlogon and Frankignoul (2003). These authors revealed no poten-

tial for re-emergence in the Sargasso Sea region, presumably because of strong

subduction of the re-emerging temperature anomalies into the permanent ther-

mocline.

The statistical evidence in Figure 4.10a ultimately demonstrates that the

significant local re-emergence pattern simulated in 1◦ NEMO (Figure 4.7a)

is unrealistic, and (contrary to the northeast Atlantic) re-emergence variabil-

ity in the Sargasso Sea is less well represented by the Global Ocean/Sea-Ice

GCM NEMO, at 1◦ resolution. Does the statistical signature of local re-

emergence here improve in an eddying regime? A better representation of

the re-emergence process in ocean simulations at 1/4
◦ resolution would indi-

cate mesoscale processes (which are not explicitly resolved in 1◦ NEMO, but

partially resolved in 1/4
◦ NEMO) play an important role in the re-emergence

variability of the North Atlantic Ocean. The statistical signature of local

re-emergence at 1/4
◦ spatial resolution will now be investigated in the next

section.
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4.3 Re-emergence at Higher Horizontal Reso-

lution

In Section 4.2, the ability of 1◦ NEMO to realistically simulate local re-

emergence statistically in selected regions of the North Atlantic was addressed.

The analysis incorporated common statistical methods (e.g. Ciasto and Thomp-

son, 2009), and was performed at an orthodox (horizontal) spatial resolution

(i.e. 1◦), compatible with the resolution of datasets used in the initial estab-

lishment of the statistical signature of local re-emergence, and its spatial cov-

erage (e.g. Alexander and Deser, 1995; Alexander et al., 1999, 2001; Watanabe

and Kimoto, 2000a; Kushnir et al., 2002; Timlin et al., 2002; DeCoëtlogon and

Frankignoul, 2003; Deser et al., 2003; Hanawa and Sugimoto, 2004; Ciasto and

Thompson, 2009). Here, a novel contribution to localised SSTA re-emergence

is presented, through further analyses of its statistical signature at 1/4
◦ spa-

tial resolution. By comparison with the coarse-resolution (1◦) simulation (from

Section 4.2), the influence of model horizontal resolution on SSTA re-emergence

(i.e. SQ2) is revealed.

4.3.1 Re-emergence in 1/4
◦ NEMO

Figure 4.11a (4.11b) shows period-mean (1958-2007) lag correlations between

1/4
◦ NEMO temperature anomalies at 0 m in March and at 0-250 m (0-300

m) for 0-24 month lags, within the Sargasso Sea (northeast Atlantic). The

associated March SSTA autocorrelation functions (red lines) are presented in

Figures 4.13a (for the northeast Atlantic) and 4.13b (for the Sargasso Sea),

alongside the observed March SSTA autocorrelation from ENACT observations

(green lines).

The key differences surrounding the (depth-time) lag correlation pattern in

1/4
◦ NEMO, from 1◦ NEMO, are (1) the lack of a secondary (significant) peak

in surface correlation (the following winter) in the Sargasso Sea (Figure 4.11a),

and (2) the shorter duration statistical signature of local SSTA re-emergence
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shown in the northeast Atlantic (Figure 4.11b).

FIGURE 4.11 ‖ As Figure 4.7 for (a) the Sargasso Sea (25-35◦ N, 70-50◦ W), and (b) the
northeast Atlantic (40-50◦ N, 30-10◦ W), using 1/4

◦ NEMO ocean simulations.

For lag correlations in the Sargasso Sea, a decrease in surface correlation

strength to insignificant values (of <0.38) is depicted within 3 months (red line,

Figure 4.13b). Surface correlations remain low (i.e. ±0.1) over the intervening

summer months (July-October), increasing steadily thereafter to 0.36 by the

following February (Lag 1). This secondary peak in correlation does not exceed

the nominal 95 % significance level; hence local re-emergence in Sargasso Sea

is not visible (black cross, Figure 4.11a).

At depth, temperature anomalies are isolated from atmospheric damping

over the summer by the seasonal thermocline (thick blue line, Figure 4.11a).

They remain coupled with SSTAs from the previous March (i.e. significant

correlations >0.7 persist between 25 m and 140 m). However, the rate at

which correlations (and therefore the local persistence of temperature anoma-

lies) decline in the ocean interior (over summer) is greater at 1/4
◦ resolution,

especially nearer the surface. In particular, the strength of correlation between

50 m and 100 m, declines from 0.95 (in May) to 0.74 (in November) in 1/4
◦

NEMO, compared to 0.93 (in May) to 0.87 (in November) in 1◦ NEMO. The

reduced local persistence (over summer) of upper (50-100 m) ocean temper-

ature anomalies in 1/4
◦ NEMO, compared to 1◦ NEMO, is illustrated more

clearly in Figure 4.12 below. Since temperature anomalies that are situated at

shallower depths in the water column are more likely to re-emerge than those

which are subducted deeper, the weaker persistence of temperature anomalies
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between 50-100 m supports the negligible occurrence of local re-emergence in

Sargasso Sea, at 1/4
◦ resolution.

FIGURE 4.12 ‖ As Figure 4.8b, for temperature anomalies in the Sargasso Sea (25-35◦

N, 70-50◦ W), averaged over 50-100 m depth (red line) and 100-150 m depth (blue line).
Results are presented for both coarse (1◦, solid lines) and eddy-permitting (1/4

◦, dashed
lines) NEMO simulations, over 0-12 month time lags. Lags 0 and 1 correspond to yearly
lags.

Additional supportive evidence for a non occurrence of local re-emergence

in the Sargasso Sea is provided through estimates of the wintertime persistence

of March SSTAs in 1/4
◦ NEMO (red line, Figure 4.13b). A comparatively short

e-folding timescale of 12 months at 1/4
◦ resolution (relative to 25 months at 1◦

resolution) denotes substantially reduced winter-to-winter persistence of March

SSTAs in the Sargasso Sea, and an ocean environment that exhibits stochastic

decay (Frankignoul and Hasselmann, 1977).

Overall, the depth-time lag correlation and seasonal autocorrelation re-

sults for 1/4
◦ NEMO are closer to observations (Figure 4.10) in the Sargasso

Sea. The lack of a credible local re-emergence signature in the Sargasso Sea

at 1/4
◦ resolution also further contradicts previous analyses by Timlin et al.

(2002), who revealed robust statistical evidence for local re-emergence of winter

(March) temperature anomalies in an equivalent region of the Sargasso Sea.

However, these findings are compatible with DeCoëtlogon and Frankignoul

(2003) (see above).
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FIGURE 4.13 ‖ As Figure 4.8 for 1/4
◦ NEMO ocean simulations (red line) and ENACT

observations (green line) in: (a) the northeast Atlantic (40-50◦ N, 30-10◦ W), and (b) the
Sargasso Sea (25-35◦ N, 70-50◦ W). The dashed horizontal black line in Figure 4.13a illus-
trates the 95 % significance level for 1/4

◦ NEMO and ENACT. The dot-dot-dash (dashed)
horizontal black line in Figure 4.13b illustrates the 95 % significance level for 1/4

◦ NEMO
(ENACT).

In the northeast Atlantic, statistical evidence for a local re-emergence of

winter (March, Lag 0) SSTAs is apparent in February and March of the follow-

ing year (Figure 4.11b and red line in Figure 4.13a). The local re-emergence

signature is marginally weaker at 1/4
◦ resolution than 1◦ resolution; i.e. signifi-

cant lag-one correlations of 0.51 (in February) and 0.53 (in March) characterise

the surface mixed layer in 1/4
◦ NEMO, compared to 0.53 (in February) and

0.57 (in March) in 1◦ NEMO (Figure 4.7b). Nevertheless, the strength of the

lag-one correlations in 1/4
◦ NEMO better match the lag-one correlations ob-

tained from the observations (Figure 4.10b). The mixed layer seasonality in

1/4
◦ NEMO (thick blue line, Figure 4.11b) is also more consistent with the

observed mixed layer seasonality for the northeast Atlantic (thick blue line,

Figure 4.10b), and the re-emerging temperature anomalies persist for a shorter

period in the eddy-permitting ocean model, i.e. 2 months (thin grey dashed
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arrow, Figure 4.11b) like in the observations, compared to 3 months in the non

eddy-permitting ocean model (thick grey dashed arrow, Figure 4.7b). In the

seasonal thermocline, significant correlations (>0.75) are maintained over a

wider depth range (of 30-300 m) through summer, representative of the larger

seasonal cycle of MLD at 1/4
◦ resolution. The persistence of March SSTAs in

the seasonal thermocline is higher in the model than in observations.

An e-folding timescale of 20 months is yielded for March SSTAs in the

northeast Atlantic, at 1/4
◦ resolution. This, and the corresponding seasonal

autocorrelation function (red line, Figure 4.13a), also displays better agreement

with ENACT observations (green line, Figure 4.13a) than equivalent analyses

at 1◦ resolution (blue line, Figure 4.8a). On balance, whilst both models agree

closely with observations in the northeast Atlantic, the 1/4
◦ NEMO simulation

again provides the best overall agreement with ENACT.

The better correspondence between the statistical signature of local re-

emergence in 1/4
◦ NEMO and observations, than 1◦ NEMO and observations

(in both the Sargasso Sea and northeast Atlantic), suggests an important con-

tribution from mesoscale processes (which are not explicitly resolved in the

1◦ model) towards the re-emergence variability of the North Atlantic Ocean.

The eddy-permitting ocean model is subsequently favoured, over the coarser

(1◦) resolution model, for more accurate representation of local re-emergence.

Variations in the large-scale ocean circulation at 1◦ and 1/4
◦ resolution most

likely explain the statistical differences in SSTA re-emergence noted above. It

is likely that the large scale ocean circulation is better (i.e. more realistically)

represented at a higher spatial resolution (i.e. 1/4
◦ relative to 1◦) as important

ocean current systems (e.g. the Gulf Stream), and the thermohaline circula-

tion and other vertical mixing processes are also most likely better (i.e. more

realistically) represented.

To augment the above statistical analyses, and directly quantify the ef-

fects of mesoscale processes on SSTA re-emergence, a series of tracer release
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experiments are performed in the Sargasso Sea and northeast Atlantic, with

NEMO at 1◦ and 1/4
◦ spatial resolution. The results are described in Chap-

ter 5, with further discussion in Chapter 6 (Section 6.2). A summary of the

above-mentioned local re-emergence statistics for 1◦ NEMO and 1/4
◦ NEMO,

relative to ENACT observations, is presented in Table 4.1 below.

Sargasso Sea Northeast Atlantic

Data Lag-one Duration of e-folding Lag-one Duration of e-folding

Source Max. Corr. Re-emergence timescale Max. Corr. Re-emergence timescale

Obs. 0.4 N/A 14- 0.53 2- 20-

(ENACT) months months months

1◦ 0.61 2- 25- 0.57 3- 22-

NEMO months months months months
1/4

◦ 0.36 N/A 12- 0.53 2- 20-

NEMO months months months

TABLE 4.1 ‖ Summary of the local re-emergence statistics computed through 1◦ NEMO
ocean simulations, 1/4

◦ NEMO ocean simulations, and ENACT observations, in the Sargasso
Sea (25-35◦ N, 70-50◦ W) and northeast Atlantic (40-50◦ N, 30-10◦ W) study regions.

4.4 Summary

In this chapter the ability to simulate local re-emergence in the Global Ocean/

Sea-Ice GCM NEMO was explored. Ocean model hindcasts at different spatial

resolutions, i.e. 1◦ (non eddy-permitting) and 1/4
◦ (eddy-permitting) resolu-

tion, were analysed statistically using well-established diagnostics for local re-

emergence, and key gaps in the scientific literature of SSTA re-emergence were

addressed. Namely, what is the effect of mesoscale processes on re-emergence?

In Section 4.1, analyses and observational validation of the primary fac-

tors controlling local re-emergence occurrence in the North Atlantic (e.g. an-

nual MLD range, annual heat flux, SSTA variance, surface circulation), in 1◦

NEMO, were performed (Figures 4.1-4.4, and A3.1 in Appendix 3.1). Rea-

sonable agreement was acquired between the model and observations for each

criterion. That is, the prerequisite conditions influencing local re-emergence
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occurrence in the North Atlantic were well reproduced in 1◦ NEMO. Standard

statistical techniques for studying re-emergence were subsequently performed

to diagnose the spatial distribution of local re-emergence in the North Atlantic

(Figure 4.6 and A3.2 in Appendix 3.1). Consistent with previous statistical

studies of local re-emergence (e.g. Hanawa and Sugimoto, 2004), significant

lag-one correlations were exhibited primarily in the mid-latitude North At-

lantic. Localised regions of further study, i.e. the northeast Atlantic and

Sargasso Sea, were subsequently chosen.

In Section 4.2, a further assessment (with ENACT observations) of the

model’s ability to simulate local re-emergence in selected regions of the North

Atlantic was undertaken through depth-time lag correlation and seasonal au-

tocorrelation analyses (Figures 4.7-4.10). In the northeast Atlantic, significant

statistical signatures of local re-emergence were revealed in both 1◦ NEMO

ocean hindcasts and ENACT observations. Both the statistical strength of

re-emergence and the vertical correlation structure were well simulated by

NEMO. There were slight differences in the duration of local re-emergence.

Namely, local re-emergence was shorter by one month in the observations.

Underestimates of the maximum winter MLD in 1◦ NEMO (by 80 m) may

have accounted for the extended re-emergence signal here relative to ENACT.

The e-folding timescales (a measure of persistence) for March SSTAs were com-

parable in 1◦ NEMO and ENACT (i.e. 22 months and 20 months respectively),

and revealed an enhanced persistence of winter SSTAs.

For local re-emergence in the Sargasso Sea, the association between lag

correlations in 1◦ NEMO and ENACT observations was poor. Whereas signif-

icant statistical evidence for an occurrence of local re-emergence was evident in

the 1◦ NEMO ocean simulation, regional depth-time lag correlations obtained

with the ENACT dataset did not indicate a clear local re-emergence signature.

A reduced e-folding timescale of 14 months was computed for observed March

SSTAs. This was 11 months shorter than the equivalent e-folding timescale for

1◦ NEMO (i.e. 25 months), and indicated an ocean environment characterised
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by stochastic decay (Frankignoul and Hasselmann, 1977). The observational

results were inconsistent with previous observed regional studies (e.g. Timlin

et al., 2002).

In Section 4.3, standard diagnostics of local re-emergence were obtained

for eddy-permitting (1/4
◦) ocean simulations. The results were compared and

contrasted with equivalent analyses at a non eddy-permitting (1◦) resolution

and observations, and a novel assessment of the statistical signature of local

re-emergence in an eddying regime was made (Figures 4.11-4.13). The key dif-

ferences regarding local re-emergence in 1/4
◦ NEMO, compared to 1◦ NEMO,

were (1) the lack of a secondary (significant) peak in surface correlation (the

following winter) in the Sargasso Sea, and (2) the shorter duration statisti-

cal signature of local SSTA re-emergence shown in the northeast Atlantic. In

both regions, the spatial pattern of local re-emergence in 1/4
◦ NEMO demon-

strated better agreement with ENACT observations, than 1◦ NEMO. This

supported an important contribution from mesoscale processes (which are not

explicitly resolved in 1◦ NEMO) towards the re-emergence variability of the

North Atlantic Ocean. The eddy-permitting ocean model was subsequently

favoured, over the coarser (1◦) resolution, for more accurate representation of

local re-emergence in the North Atlantic. Variations in the large-scale ocean

circulation at 1◦ and 1/4
◦ resolution most likely explain the statistical differ-

ences in SSTA re-emergence noted above, with the 1/4
◦ model expected to be

more representative of the actual ocean. Further investigation of the effects of

mesoscale processes on SSTA re-emergence is undertaken in Chapter 5.
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Chapter 5

Examining the Role of Upper

Ocean Dynamics on

Re-emergence

The roles of other upper ocean processes, i.e. horizontal advection, subduction,

and mesoscale processes, on SSTA re-emergence in the North Atlantic have not

been extensively studied (see Section 1.3.5). Generally, their influences have

been implied and/or examined through statistics (e.g. Watanabe and Kimoto,

2000a; DeCoëtlogon and Frankignoul, 2003; Chapter 4). The few studies that

have explored SSTA re-emergence more dynamically have primarily focused

on the effects of horizontal advection on re-emergence occurrence (e.g. Junge

and Haine, 2001; Zhao and Haine, 2005; Junge and Fraedrich, 2007).

This chapter will further investigate the re-emergence process in a dynamic

framework. Specifically, it will address SQ3: ‘How do upper ocean dynamics

influence the re-emergence of remnant North Atlantic SSTAs?’ To address this

topic, a new experimental technique that partitions horizontal advection, sub-

duction and re-emergence in the North Atlantic, is presented. The technique,

which involves the use of passive tracers in the Global Ocean/Sea-Ice GCM

NEMO, at 1◦ and 1/4
◦ resolution, provides a more dynamic approach to quan-

tifying re-emergence, opposed to the traditional statistical procedures utilised
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in Chapter 4, and throughout previous studies (see Section 1.3.2). This study

is the first to explicitly quantify the effects of subduction on the re-emergence

process. By jointly examining the effects of horizontal advection and subduc-

tion on the re-emergence process, it also provides a more complete dynamical

investigation of re-emergence, than the former dynamical analyses of Junge

and Haine (2001), Zhao and Haine (2005), and Junge and Fraedrich (2007).

Moreover, tracer analyses at 1◦ and 1/4
◦ spatial resolution reveal differences in

the dispersion of tracer between the coarse and eddy-permitting ocean scales.

This quantifies the effect of mesoscale processes on re-emergence. This has not

been considered in previous dynamical studies of re-emergence (see Section

1.3.5).

The chapter is structured as follows. The methodology behind the passive

tracer experiments is initially described in Section 5.1. Thereafter, the use

of passive tracers to study the effects of upper ocean dynamics on the re-

emergence process is justified in Section 5.2. In Sections 5.3 and 5.4, tracer

partitions at 1◦ resolution are shown for the northeast Atlantic and Sargasso

Sea respectively. A comparison of the 1◦ tracer inventory with corresponding

higher resolution (1/4
◦) experiments is subsequently undertaken, in Section 5.5.

The chapter concludes with a summary of the main findings (Section 5.6).

5.1 Tracer Experiment Methodology

One-year tracer experiments in the North Atlantic are undertaken using the

following method (Figure 5.1). Passive tracer is introduced uniformly into a

specified region of the North Atlantic. The tracer is initialised throughout

the winter mixed layer in March (lag zero), and is allowed to evolve and dis-

perse throughout the North Atlantic, in accordance with upper ocean physics,

through to the following March (lag-one year). Thereafter, the relative par-

tition of tracer situated locally within the source mixed layer, versus that

which has been advected and/or subducted to remote locations, is determined.

Specifically, the tracer inventory after one year will establish the following:
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(i) The fraction of tracer present within the winter (March) mixed layer

in the specified source region, which will represent potential LR (Local

Re-emergence).

(ii) The fraction of tracer present within the winter (March) mixed layer, out-

side the specified source region, which will represent horizontal advection

and potential RR (Remote Re-emergence).

(iii) The fraction of tracer situated beneath the winter (March) mixed layer,

in and outside the specified source region, which will represent LS (Local

Subduction) and RS (Remote Subduction) respectively.

An arbitrary concentration value of 1 is assigned to the passive tracer as it is

introduced into the mixed layer at the start of the tracer experiment. Concen-

trations will subsequently vary from 0-1 across the North Atlantic, associated

with the advection and diffusion of tracer away from the source region, over the

duration of the analysis. Zero tracer represents the background ocean state.

The use of passive tracers can further enhance scientific understanding of

the spatial coverage of re-emergence throughout the North Atlantic, through

changes in the vertical distribution of tracer. Moreover, they can clarify the

notion of negligible SST recurrence in the central North Atlantic because of

strong subduction, as asserted by others (e.g. Watanabe and Kimoto, 2000a;

DeCoëtlogon and Frankignoul, 2003). The horizontal dispersion associated

with a re-emerging anomalous water parcel can ascertain the importance of

horizontal advection on the re-emergence process, which enables comparisons

with previous (North Atlantic) advection-based re-emergence studies (Junge

and Haine, 2001; DeCoëtlogon and Frankignoul, 2003; Zhao and Haine, 2005;

Junge and Fraedrich, 2007).
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FIGURE 5.1 ‖ Schematic illustration of the NEMO passive tracer experiments performed
within the northeast Atlantic (40-50◦ N, 30-10◦ W, Box 1) and Sargasso Sea (25-35◦ N,
70-50◦ W, Box 2), in: (a) plan view form and (b) depth-time perspective. Arrows depict
the likely direction of tracer spreading, associated with horizontal advection (in Figure 5.1a),
and in the vertical (in Figure 5.1b), over a one-year tracer experiment. The tracer inventory
is shaded grey. In Figure 5.1b, dark grey tracer is permanently subducted into the ocean
interior; mid grey tracer undergoes winter re-emergence; light grey tracer remains within the
surface mixed layer over the course of a seasonal cycle. The seasonal cycle of the surface
mixed layer is represented by the thin black line.

A total of 50 x one-year tracer simulations are performed over the period

1958-2007. This enables temporal variations in upper ocean dynamics and

re-emergence to be identified. Due to heavy computational costs, and time

constraints associated with developing multiple time series of high-resolution,

three-dimensional, global ocean data, the investigation primarily focuses on

tracers simulated at 1◦ (non eddy-permitting) resolution. Tracer experiments

at an eddy-permitting (1/4
◦) scale are restricted to two case study years in
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the selected regions of interest, to permit comparison between a non-resolved

and partially resolved eddying ocean. The chosen case study years will depend

on the findings of the more comprehensive 1 ◦ tracer experiments (see Section

5.5). Analogous to Chapter 4, the experiments focus on two regions of the

North Atlantic that are conducive to re-emergence (see Section 4.1 in Chapter

4), namely, the northeast Atlantic (40-50◦ N, 30-10◦ W) and Sargasso Sea

(25-35◦ N, 70-50◦ W).

5.2 Justifying the use of Passive Tracers in

Process-Based Studies of Re-emergence

It is important to recognize that ocean temperature anomalies do not behave

exactly like a passive tracer; temperature is a dynamically active variable,

whose properties are constantly modified by, and modify, advection, diffusion,

and/or air-sea interaction. Consequently, for the fraction of tracers that expe-

rience a re-emergence-like trajectory, passive tracers cannot confirm the occur-

rence of re-emergence, since the evolution of ocean temperature anomalies are

not analysed explicitly. Nevertheless, the purpose of this process-based study

is to examine the role of upper ocean dynamics (i.e. horizontal advection, sub-

duction, mesoscale processes) on the ability of re-emergence to proceed locally

within a select region of interest (i.e. the Sargasso Sea and/or northeast At-

lantic). Variations in the spatial distribution of a passive tracer water parcel,

which will move in the same manner as an active tracer (temperature) water

parcel, can address this objective. This therefore justifies the use of passive

tracers to study re-emergence behaviour here.

To further justify investigating the effects of upper ocean dynamics on the

re-emergence process via passive tracers, two key assumptions are made:

A1: The role of diffusion for water mass spreading is negligible, in comparison

with advection, over seasonal timescales.
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A2: The majority of the water mass (to be followed by the tracer) is isolated

from air-sea interaction over summer, i.e. it is sequestered into seasonal ther-

mocline before re-entraining back into the surface mixed layer, or undergoing

permanent subduction, the following winter season.

To test these assumptions, a sensitivity analysis of the response of the lag-

one tracer inventory to a change of model parameters e.g. for advection and

diffusion, is performed (Section 5.2.1). This will address the validity of as-

sumption A1. Thereafter, the primary pathway of the tracer as it evolves over

the seasonal cycle is assessed (Section 5.2.2). This will examine the validity of

assumption A2.

5.2.1 Passive tracer sensitivity analyses

The lag-one tracer inventory is evaluated and contrasted when different numer-

ical advection and diffusion schemes are used in NEMO. This will establish the

relative importance of advection and diffusion for water mass transport over

seasonal timescales. Sensitivity results are summarised in Table 5.1. They

depict the percentage difference from a default tracer simulation, whose ad-

vection and diffusion scheme are as chosen for subsequent analyses. Refer to

Chapter 2 (Section 2.2.2) for a description of the default tracer advection-

diffusion scheme chosen. Refer to Appendix 4.1 for details of the other advec-

tion/diffusion schemes associated with NEMO (and listed in Table 5.1).

A low sensitivity (of ±1 %) accompanies the lag-one tracer inventory when

simulations are performed under different numerical advection schemes. Equiv-

alent sensitivities are obtained for the various numerical diffusion settings,

whilst switching off tracer diffusion entirely generates a slightly higher lag-one

tracer sensitivity, of ±4 %. Visually, there is no difference to the spatial dis-

tribution of tracer after one year of simulation. Based on these results, the

following conclusions are reached:

(i) Passive tracer spreading is largely insensitive to the different numerical

advection and diffusion schemes in NEMO.
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(ii) Advection is the dominant transport mechanism of water masses, due to

the low sensitivity (<4 %) of the lag-one tracer inventory to no diffusion.

This supports both assumption A1, and the use of passive tracers here

to investigate the influences of upper ocean dynamics (i.e. horizontal

advection, subduction and mesoscale phenomena) on the re-emergence

process.

Passive Tracer Sensitivity Analysis

Parameter Lag One Tracer Partition

Settings LR (%) RR (%) LS (%) RS (%)

Default: TVD Advection and 40.44 53.58 3.31 2.67

Isopycnal Diffusion (600 m2 s−1)

Different Advection Schemes

MUSCL +0.3 -0.34 -0.04 +0.08

MUSCL2 +0.35 -0.35 -0.05 +0.05

CEN2 -0.35 -0.84 +0.49 +0.70

Different Diffusion Schemes

Iso-Level (600 m2 s−1) +1.39 -0.29 -0.67 -0.43

Geopotential (600 m2 s−1) +0.11 -0.37 -0.3 +0.56

No Diffusion (0 m2 s−1) +3.45 -3.17 -0.29 +0.01

TABLE 5.1 ‖ Sensitivity of the lag-one (year) tracer (τ) inventory to varying physical
parameter settings for advection and diffusion. LR, RR, LS and RS are as defined in Section
5.1. Analyses were evaluated using a single reference year, from March 1969 to March
1970, for tracer experiments initialised in the northeast Atlantic (40-50◦ N, 30-10◦ W).
The parameter changes applied specifically to tracer dynamics; they did not affect the model
physics. See Chapter 2 (Section 2.2.2) and Appendix 4.1 for descriptions of the different
tracer advection-diffusion schemes associated with NEMO.

5.2.2 Tracer trajectory over the seasonal cycle

The monthly partitioning of tracer above and below the seasonal thermocline

provides a first-order measure of the primary tracer trajectory. It also quanti-

fies the relative period of isolation of a water mass (from air-sea interaction)

over the duration of a seasonal cycle, which is important for the verification of

assumption A2 (above). In order to successfully investigate the effects of upper

ocean dynamics on the re-emergence process via passive tracers, and to provide
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supporting evidence for assumption A2, the majority of the tracer inventory

must undergo seasonal sequestration beneath the surface mixed layer, during

the summer. Thereafter, the sequestrated tracer can either re-entrain back into

the surface layer (as MLDs deepen during the following autumn and winter) or

remain permanently subducted in the ocean interior. Figure 5.2 illustrates the

vertical spread of tracer above and below the seasonal thermocline, in March

(lag zero) and each of the subsequent 12 months, as a percentage bar chart for

each year from 1958 to 2007. The percentage of tracer present in the surface

mixed layer (for each month) is shaded red. Alternatively, the percentage of

tracer located below the mixed layer (for each month) is shaded white. The

results shown below are from the one-year tracer experiments initialised in the

northeast Atlantic (see Figure A4.5 for the Sargasso Sea).

FIGURE 5.2 ‖ Percentage of tracer above (red bars) and below (white bars) the mixed layer
in March (lag 0) and each of the subsequent 12 months, for all years within the period
1958-2007. Partitions are shown for one-year tracer experiments initialised in the northeast
Atlantic (40-50◦ N, 30-10◦ W).
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For tracer experiments initialised in the northeast Atlantic, there is con-

siderable interannual variability in the seasonal spreading of tracer, over the

50-year study period. The largest variation occurs throughout spring, i.e. April

and May; standard deviations in the vertical partitioning of tracer of 17 % (for

April) and 11 % (for May) are computed, as seasonally sequestered tracer par-

titions range between 4 % and 80 % (for April), and 46 % and 91 % (for May)

respectively. Interannual variability is minimum (with standard deviations for

the vertical spread of tracer ranging between 2-3 %) over the summer months

of June through August, increasing thereafter (to 5 %) as MLDs increase into

winter (September-March).

For tracer experiments initialised in the Sargasso Sea, standard deviations

in the vertical partitioning of tracer amount to 3 % and 12 % over the summer

and winter seasons respectively (see Figure A4.5). Vertical variations are again

largest during the early spring. For example, the standard deviation for the

tracer partition is 17 % for April. The larger standard deviations simulated

over spring (autumn) are indicative of interannual variations in the rate of

shoaling (deepening) of the winter (summer) mixed layer during stratification

(destratification).

Notwithstanding the interannual variations evident in Figures 5.2 and A4.5,

a substantial proportion of the tracer inventory is sequestered within the sea-

sonal thermocline, over the summer months (May-September). Specifically,

in the northeast Atlantic, the seasonally sequestered tracer partition ranges

between 74 ± 11 % (i.e. ± one standard deviation) and 90 ± 2 %, for May

through September (averaged over the period 1958-2007). A relatively small

fraction of tracer (between 10 ± 2 % and 26 ± 11 %) therefore persists in

the surface mixed layer over the equivalent period. For tracer experiments in

the Sargasso Sea, between 75 ± 6 % and 91 ± 2 % of the tracer inventory

is sequestered below the seasonal thermocline over the summer months (see

Figure A4.5).

The seasonal sequestration of tracer into the seasonal thermocline over
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summer supports assumption A2; hence further strengthens the use of passive

tracers to investigate the influences of horizontal advection, subduction, and/or

mesoscale phenomena upon the re-emergence process in these regions.

5.3 Tracer Partitions in the Northeast Atlantic

Having justified the use of passive tracers for this process-based study of re-

emergence, changes in the lateral and vertical spreading of tracer can subse-

quently be used to diagnose the variable effects of upper ocean dynamics (i.e.

horizontal advection, subduction and mesoscale processes) on the re-emergence

process. The 1◦ passive tracer experiments that quantify SSTA re-emergence

variability in the northeast Atlantic are now described as follows. In Sec-

tion 5.3.1, the tracer inventory after one year is revealed. The importance of

horizontal advection for re-emergence variability in northeast Atlantic is then

addressed, in Section 5.3.2.

5.3.1 The tracer inventory after one year

On the basis of the different inventory categories outlined in Section 5.1 (i.e.

LR, RR, LS and RS), Figure 5.3 illustrates the 4-way partitioning of tracer

after one year, for each March-to-March 12 month period ranging from 1957/58

to 2006/07.

Significant interannual variability is evident in the lag-one tracer inventory

between 1958-2007. The maximum-to-minimum difference in the percentage

of tracer attributed to LR is 27 %, as partition estimates vary between 21

% and 48 %. Equivalent estimates for RR range 39-68 %, a difference of 29

%. For LS, the maximum-to-minimum difference in tracer partitions is 14 %

(partition estimates vary between 2 % and 16 %). Finally for RS, a percentage

difference of 11 % is apparent, as tracer partitions range 3-14 %.
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FIGURE 5.3 ‖ Percentage of tracer partitioned between the 4 inventories assigned for passive
tracer analysis, in March (lag one-year), over the period 1958-2007. LR, RR, LS and RS are
as defined in Section 5.1. Partitions are shown for one-year tracer experiments initialised
in the northeast Atlantic (40-50◦ N, 30-10◦ W).

When examining the relative partitioning of the lag-one tracer inventory,

the largest fraction (averaging 54 ± 7 % between 1958-2007) is associated with

mixed layer regions remote from the northeast Atlantic (i.e. RR). The pro-

portion of tracer remaining local to the northeast Atlantic winter mixed layer

after one year (i.e. LR) is comparatively less, i.e. 34 ± 6 %. Jointly, both

mixed layer partitions contribute between 70-94 % of the total tracer inven-

tory. Such a dominant partitioning within the mixed layer signifies that the

relative amount of subducted tracer is relatively small. Indeed, the combined

contribution of both local (LS) and remotely (RS) subducted tracer averages

just 12 ± 5 % over the 50-year study period. Nonetheless, there are isolated

periods, namely 1961, 1973, 1987, and 1997, in which the relative partition of

subducted tracer is notably larger, between 24-30 % (for LS + RS). The occur-

rence of these anomalous years is linked to considerable interannual changes

in surface heat flux. Figures 5.4a and 5.4b show the winter-to-winter differ-
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ences in downward heat flux and MLD for all years inclusive of 1958-2007.

Results are arranged methodically from most negative to most positive heat

flux (MLD) disparity.

FIGURE 5.4 ‖ Winter-to-winter difference in: (a) downward heat flux and (b) MLD, aver-
aged over the northeast Atlantic (40-50◦ N, 30-10◦ W), for all years between 1958 and 2007.
Winter corresponds to heat fluxes/MLD in March. Positive (Negative) differences represent
increased (decreased) heat input into the ocean, and mixed layer deepening (shoaling), over
the subsequent winter (e.g. 1958), relative to the former (e.g. 1957). Results for 1961, 1973,
1987 and 1997 are coloured red, green, blue and pink respectively.

Essentially, the winter-to-winter heat flux differences for 1973 (green bar),

1987 (blue bar), 1997 (pink bar), and to a lesser extent 1961 (red bar), are

associated with a substantial heat gain into the ocean, of the order 65 W

m−2, 50 W m−2, 56 W m−2, and 22 W m−2 respectively (Figure 5.4a). Such

large increases in downward heat flux can cause stronger, more stable thermal

stratification, and mixed layer shoaling accordingly (e.g. Niiler and Kraus,
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1977). Subsequent examination of the winter MLDs over these periods reveals

large interannual shoaling (of 40-75 m), relative to the former winter season

(Figure 5.4b).

FIGURE 5.5 ‖ (a) Regression analysis between winter-to-winter (March) differences in
MLD and winter-to-winter (March) differences in heat flux, within the northeast Atlantic
(40-50◦ N, 30-10◦ W), over the period 1958-2007. Data are fitted via linear regression
(blue line). The data are de-trended via the first differencing method. The r2 value and
regression equation are also shown. (b) The winter-to-winter difference in MLD averaged
over the northeast Atlantic (40-50◦ N, 30-10◦ W), from NEMO (red line), and the regression
equation in Figure 5.5a (blue line), between 1958 and 2007.

Further investigation of the relationship between winter MLD and surface

heat fluxes (by linear regression) reveals winter mixed layer stratification in the

northeast Atlantic is dominated by the surface heat flux. Chiefly, an r2 value

of 0.64 (significant at the 95 % confidence level) demonstrates that surface

heat fluxes explain 64 % of the variance in interannual winter MLD variability,

within the northeast Atlantic (Figures 5.5a, 5.5b). This reinforces the earlier

modelling study by Alexander et al. (2000, 2001), who investigated MLD

variability in the North Atlantic using an AGCM coupled to an upper ocean

mixed layer model. It is also consistent with recent observational analyses by

Carton et al. (2008), examining MLD variability from 1960 through 2004.

To summarise, interannual changes in surface heat flux (in the northeast

Atlantic) explain the increased partition of subducted tracer apparent during

1961, 1973, 1987, and 1997.
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5.3.2 The importance of horizontal advection

The large percentage of remotely displaced tracer demonstrates an important

contribution from horizontal advection to the re-emergence process in and

around the northeast Atlantic. It can be concluded that around 50 % of

the anomalies formed locally in the northeast Atlantic during one winter may

influence the following winter SSTA variance elsewhere (i.e. at locations remote

from the anomalies’ source). This concurs with the earlier statistical findings of

DeCoëtlogon and Frankignoul (2003), and the numerical simulations of Junge

and Haine (2001), Zhao and Haine (2005), and Junge and Fraedrich (2007),

who each demonstrated a significant influence from horizontal advection upon

winter SSTAs and/or re-emerging temperature anomalies in the vicinity of

the North Atlantic Current. To recognize the likely locations of winter re-

emergence, associated with previous winter SSTAs sourced from the northeast

Atlantic, the mixed layer tracer concentration at lag-one year, throughout the

extratropical North Atlantic (30-70◦ N, 60◦ W-10◦ E), is shown in Figure 5.6.

Only the results for one year (i.e. 1970) are presented here (see Appendix 4.2,

Figures A4.6-A4.7 for other years). The following interpretation is however

valid for all years over the 50-year (1958-2007) study period.

FIGURE 5.6 ‖ Tracer depth-integrated through the mixed layer after one year, throughout
the extratropical North Atlantic (30-70◦ N, 60◦ W-10◦ E), for March 1970. Tracer con-
centrations are depth-integrated over the winter (March) MLD. Contour intervals are set at
2 tracer units. The northeast Atlantic (40-50◦ N, 30-10◦ W, where tracer is initialised) is
highlighted by the black box.
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The mixed layer tracer partition after a one-year lag reveals a north-south

displacement in the eastern extratropical North Atlantic. Within the northeast

Atlantic (black box), tracer is persistent in easternmost regions (i.e. east of

20-25◦ W), probably because of the sluggish nature of the surface circulation

in this region (see Figure 4.4a). The re-emergence here is regarded as local, as

tracer is re-entrained in the same region as it was initialised the previous winter.

Alternatively, tracer initialised further to the west is advected to remote re-

emergence locations over the duration of the seasonal cycle. Most of the tracer

(between 42-80 % of RR) is distributed further north (as far as 65◦ N), following

the prevailing surface currents (i.e. the North Atlantic Current). A smaller

fraction (between 4-12 % of RR) is advected eastwards into the Bay of Biscay,

and southwards (between 16-48 % of RR) towards the subtropics (near 30◦ N).

The latter tracer displacement is associated with the surface return flow of the

North Atlantic Subtropical Gyre.

There is evidence for an inverse relationship between local and remote re-

emergence potential around the northeast Atlantic. Namely, the likelihood for

remote re-emergence appears enhanced (reduced) during the early 1980s/1990s

(1960s/early 1970s), at the expense of reduced (enhanced) local re-emergence

(see Figure 5.3). Period-mean (20-year) partitions of local and remote mixed

layer tracer are summarised (together with the local and remote subducted

tracer partition) in Figures 5.7a and 5.7b, for 1958-77 and 1980-99 respectively.

As noted previously, the largest partition of tracer after one year of simu-

lation (> 50% for both periods) is in the mixed layer at locations remote from

the northeast Atlantic. Moreover, subduction has little impact upon the total

tracer inventory; a total subducted tracer partition (LS + RS) of 11 % (1958-

77) and 12 % (1980-99) is computed for the two case study periods analysed.

Focusing on percentage variations accompanying the two mixed layer tracer

partitions over both periods, the 8 % decline in locally retained tracer through-

out 1980-99 (from 38-30 %) is offset predominately by a 7 % increase in remote

re-emegence (from 51-58 %). A small (1 %) contribution from increased sub-
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duction (i.e. RS) closes the tracer budget for the latter period. A partial

recovery for local re-emergence, between 1983-92 (see Figure 5.3), accounts for

the relatively minor discrepancies between the two reference periods. Exclud-

ing this period of recovery, a more significant percentage decrease (of 15 %)

accompanies the local mixed layer tracer partition during the 1980s/90s, rela-

tive to 1958-77. Specifically, LR tracer proportions decrease from 38 % to 23

%. Simultaneously, the remote mixed layer tracer increases by a comparable

amount, from 51 % to 65 %. Post 1999, a second local re-emergence recovery

is evident; a partition averaging 34 % (+4 % from LR in 1980-99) is simulated

over the period 2000-07 (see Figure 5.3).

FIGURE 5.7 ‖ The relative proportion of tracer partitioned between the 4 inventories di-
agnosed for passive tracer analysis, in March (lag one-year), averaged over: (a) 1958-77
and (b) 1980-99. Partitions are shown for one-year tracer experiments initialised in the
northeast Atlantic (40-50◦ N, 30-10◦ W).

To further show the apparent inverse relationship between local and remote

re-emergence, consider temporal changes in the spatial coverage and concen-

tration of mixed layer tracer, throughout the northeast Atlantic. Figure 5.8

illustrates the mean mixed layer tracer concentration after one year, through-

out the extratropical North Atlantic, for 1970 (representing a case study year

for the period 1958-77) and 1994 (representing a case study year for the period

1980-99). Only these periods are considered here; additional analyses for all

other years can be found in Appendix 4.2 (Figures A4.8-A4.9, Table A4.1).
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Note, the term ‘higher tracer concentration’ here represents mean mixed layer

tracer concentrations >0.5 (i.e. half of the initial concentration).

FIGURE 5.8 ‖ Mean mixed layer tracer concentration after one year, for (a) 1970 and
(b) 1994, across the extratropical North Atlantic (30-65◦ N, 60◦ W-10◦ E). The northeast
Atlantic (40-50◦ N, 30-10◦ W, where tracer is initialised) is highlighted by the black box.
Contour intervals are set at 0.1 tracer units. Tracer concentrations >0.5 are shaded for
visual aid. Zero (no contour) represents the background ocean state.

For tracer distribution in 1970, the highest mixed layer concentrations per-

sist in the northeast Atlantic. Specifically, tracer occupies 57 % of the total

northeast Atlantic study domain, with 63 % of the local partition still exceed-

ing 0.5 (shaded). At the same time, tracer concentrations are weaker (i.e. <

0.5) throughout remote mixed layer regions. The equivalent analysis for 1994

reveals a decrease in the spatial coverage and proportion of higher tracer con-

centration within the northeast Atlantic, to 48 % (a decrease of 9 % from 1970)

and 25 % (a decrease of 38 % from 1970) respectively. Conversely, a larger

percentage of higher tracer concentration occupies the mixed layer in remote

locations; tracer concentrations > 0.5 comprise 18 % of the total RR partition

in 1994, compared to just 6 % for 1970.

The case study periods analysed here are extreme examples of the inverse

relationship between local and remote re-emergence, in the northeast Atlantic.

Nevertheless, a larger spatial coverage of the local mixed layer tracer partition,

and an enhanced proportion of higher tracer concentration within the northeast

Atlantic, is broadly representative of alternative case study periods between

1958 and 1977 (see Figure A4.8). Alternatively, an increased displacement of

higher tracer concentration to remote mixed layer locations, and a reduction
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in the local persistence of tracer (within the northeast Atlantic), is generally

characteristic of other years between 1980 and 1999 (excluding the partial

recovery period for local re-emergence between 1983-92, see Figure A4.9). Av-

eraged over the period 1958-77 (1980-99), tracer appears more (less) locally

preserved in the northeast Atlantic, with a larger (smaller) spatial coverage,

averaging 57±7 % (49±4 %), and enhanced (reduced) proportion of higher

tracer concentration in the mixed layer, i.e. 58±11 % (53±17 %). These lo-

calised changes are offset predominately by less (more) tracer displacement to

distant mixed layer locations, beyond the northeast Atlantic (see Table A4.1).

Correlation analyses investigating the shift towards less local re-emergence

in the northeast Atlantic, over 1980-99, are broadly consistent with the previ-

ous tracer findings. That is, significant correlations (of >0.8) between March

mixed layer temperature anomalies in the northeast Atlantic, and North At-

lantic SSTAs the following winter are exhibited locally in the northeast At-

lantic, over the period 1958-77 (Figure 5.9a). Equivalent correlations in the

same region are much less significant (i.e. <0.5) between 1980 and 1999,

thereby supporting a weaker prevalence of local re-emergence at this time

(Figure 5.9b). Nevertheless, there are some inconsistencies between the above

tracer findings and the statistical analyses shown here. Specifically, the region

of the significant local correlations in 1958-77 (i.e. in the western northeast At-

lantic) does not agree with the predominantly eastward location of the locally

retained lag-one tracer inventory (e.g. Figures 5.6, A4.6-A4.7). Moreover,

the increased likelihood for remote re-emergence, at the expense of reduced

local re-emergence, is not apparent during 1980-99. Both periods support the

re-emergence of northeast Atlantic temperature anomalies remote from the

anomalies’ source, with the extent of significant remote correlations greater

during 1958-77 (when the advective influence inferred from tracers is less -

see Figure 5.7). This indicates that the strengthening influence of horizontal

advection is detrimental to the re-emergence process (both local and remote)

over the latter period (1980-99). Further, more quantitative investigation of
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the role of horizontal advection on the re-emergence process is therefore nec-

essary. This notion will be discussed more thoroughly in Chapter 6 (Section

6.5).

FIGURE 5.9 ‖ (a) Lag correlation between March mixed layer temperature anomalies aver-
aged over the northeast Atlantic (40-50◦ N, 30-10◦ W, black box), and North Atlantic (5-65◦

N, 80◦ W-10◦ E) SSTAs at each grid point the following winter. The analysis technique per-
formed is a standard diagnostic of remote re-emergence (e.g. DeCoëtlogon and Frankignoul,
2003). Correlations are computed with ocean model (NEMO) temperature anomalies at 1◦

spatial resolution over the period 1958-77. (b) As Figure 5.9a for the period 1980-99. The
dashed circle highlights potential areas of remote re-emergence.

Decadal changes in ocean circulation

Periodic changes in LR and RR supported a time-varying influence of horizon-

tal advection on re-emergence occurrence in the North Atlantic. To further

investigate this variability, near-surface (0-500 m) currents are averaged over

periodic (20-year) intervals. In accordance with the former tracer analyses,

the time-averaging periods are the same (i.e. 1958-77 and 1980-99). Figures

5.10a and 5.10b illustrate the large-scale anomalies in North Atlantic annual

current speed, averaged over 1958-77, and 1980-99 respectively.
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FIGURE 5.10 ‖ Upper Panels: Large-scale anomalies in North Atlantic (30-65◦ N, 60◦

W-10◦ E) annual current speed, averaged over the top 500 m, for (a) 1958-77 and (b)
1980-99. Current speeds for each year are computed relative to a long-term (1958-2007)
mean. Contour intervals are set at 0.005 m s−1. The northeast Atlantic (40-50◦ N, 30-10◦

W, where tracer experiments are initialised) is highlighted by the black box. Lower Panel
(c): Quiver plot representative of the period mean North Atlantic (30-65◦ N, 60◦ W-10◦

E) annual current velocity, averaged over the top 500 m, for 1958-77 (thin red arrows) and
1980-99 (thin blue arrows). Arrows are scaled upwards by a magnitude of 15 to improve
their clarity. Thick coloured (red, blue and black) arrows are also superimposed for visuali-
sation purposes (see text for details). The northeast Atlantic (40-50◦ N, 30-10◦ W), where
tracer experiments are initialised, is highlighted by the dashed box. (d): Time series of the
winter (December-March) NAO index from 1958-2010. The index is based on the difference
in normalised sea-level pressure between Lisbon, Portugal and Stykkisholmur/Reykjavik, Ice-
land (see http://www.cgd.ucar.edu/cas/jhurrell/nao.stat.winter.html). Winter indices are
presented, as NAO forcing is strongest during the winter. Positive (negative) NAO scores
are shaded red (blue).

A clear feature of the North Atlantic near-surface circulation is the anti-

correlation between near-surface currents of the subtropical and the subpolar

gyres. In particular, positive circulation anomalies, ranging 0-0.02 m s−1, bor-

der the subpolar gyre throughout 1980-99, whereas corresponding anomalies

near the subtropical gyre are negative (between 0 and -0.02 m s−1); the circu-

lation anomalies for 1958-77 are broadly opposite. Further to this antiphase in

near-surface circulation is an eastward displacement of the North Atlantic Cur-

rent into the northeast Atlantic domain (black box), as it shifts towards higher
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latitudes. Specifically, during 1958-77, the strongest currents (with anomalies

ranging 0.01-0.02 m s−1) occur in western regions of the northeast Atlantic (i.e.

west of 20◦ W), whilst quieter conditions are prevalent further east (anomalies

here are between -0.01 m s−1 and -0.02 m s−1). This supports the retention

of a larger partition of tracer in eastern regions of the northeast Atlantic, dur-

ing the 1960s/early 1970s (see Figures 5.7a, 5.8a). In contrast, an enhanced

circulation is simulated in the eastern northeast Atlantic throughout 1980-99;

current speeds exceed the long-term (1958-2007) average flow by 0.01-0.02 m

s−1. Moreover, the near-surface circulation in the western northeast Atlantic

is weaker, with current anomalies ranging between -0.01 m s−1 and -0.02 m

s−1. An eastward extension of the North Atlantic Current (further into the

northeast Atlantic) would explain the increased partition of RR, and decreased

partition of LR, over this latter period, relative to 1958-77 (see Figures 5.7,

5.8).

The eastward shift of the North Atlantic Current is further illustrated

through vector graphs of the annual current velocity accompanying both case

study periods (Figure 5.10c). Larger vectors, indicative of a stronger circula-

tion, are observed in the eastern northeast Atlantic throughout 1980-99 (blue

arrows), compared to 1958-77 (red arrows). Such a displacement may originate

through changes in ocean gyre strength. Hatun et al. (2005) demonstrated

that when the relative strengths of the subpolar and subtropical gyre are en-

hanced and decreased, as is apparent during 1980-99, the frontal zone between

both gyre systems (along which the North Atlantic Current flows) is orientated

in a more east-to-west direction across the North Atlantic. Consequently, this

enables stronger extensions of the North Atlantic Current into the eastern

basins. Conversely, a weaker subpolar gyre and stronger subtropical gyre, as

is the case during 1958-77, creates a more north-to-south orientated frontal

margin, and reduces the eastward extension of the North Atlantic Current

accordingly.

The temporal variations in ocean circulation documented here are con-
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sistent with the observation-based findings of Curry and McCartney (2001).

These authors presented evidence for an (interdecadal) antiphase relationship

between subtropical and subpolar gyre circulations in the North Atlantic,

based on anomalous potential energy differences between the gyre centers.

They also observed a stronger Gulf Stream and North Atlantic Current during

the 1980s/90s, relative to the 1960s/70s, which they attributed to changes in

the leading NAO index, from negative to positive (see Figure 5.10d).

5.4 Tracer Partitions in the Sargasso Sea

Equivalent tracer analyses for the Sargasso Sea are now described and con-

trasted against the former experiments in the northeast Atlantic (Section 5.3).

In Section 5.4.1, the tracer inventory after one year is described. Thereafter, a

diagnostic assessment of subduction, and its relative influence on re-emergence

in the Sargasso Sea, is undertaken in Section 5.4.2.

5.4.1 The tracer inventory after one year

To identify the variable effects of horizontal advection and subduction on re-

emergence occurrence in the Sargasso Sea, the lag-one (year) partition of tracer

for each year, over the period 1958-2007, is presented in Figure 5.11. Supple-

menting this analysis is the mixed layer tracer concentration (and likely re-

emergence locations), associated with the lag-one tracer inventory for March

1970 (Figure 5.12, see Appendix 4.2, Figures A4.10-A4.11 for other years).

Finally, to better compare the tracer findings for the Sargasso Sea and the

northeast Atlantic, a summary of the mean (1958-2007) lag-one tracer parti-

tions for both regions is provided in Table 5.2.

The interannual variability accompanying the Sargasso Sea (lag-one) tracer

inventory between 1958 and 2007 is substantial. Year-to-year tracer partitions

for LR and RR differ by as much as 24 % and 19 % respectively. Equivalent

variations for LS and RS are 30 % and 12 % respectively. A maximum-to-
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minimum difference in tracer partitions of 36 % is computed for LR, as lag-one

estimates vary between 24 % and 60 %. The corresponding difference for RR

is 25 %; partition estimates vary between 17 % and 42 %. Tracer partitions

for LS and RS differ by 33 % and 19 %, as their lag-one estimates range 5-38

%, and 3-22 % respectively.

FIGURE 5.11 ‖ As Figure 5.3 for tracer experiments initialised in the Sargasso Sea (25-35◦

N, 70-50◦ W).

Notwithstanding the above interannual variations, the dominant partition

of tracer in the Sargasso Sea is once again associated with the surface mixed

layer. This is comparable with the vertical spread of tracer in the northeast

Atlantic (see Figure 5.3 and Table 5.2), although the relative partitioning of

LR and RR varies considerably between regions. Chiefly, the largest fraction

of tracer (averaging 43 ± 9 % over the period 1958-2007) resides locally within

the Sargasso Sea (i.e. LR). The tracer persists throughout most of the Sargasso

Sea region (black box), except around the northern and/or northwest border

(see Figure 5.12).
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In contrast, the remote mixed layer tracer partition (i.e. RR), and rela-

tive influence of horizontal advection on re-emergence in the Sargasso Sea, is

reduced compared to the northeast Atlantic; RR constitutes 28 ± 7 % of the

total tracer inventory, relative to 54 ± 7 % for the northeast Atlantic (see

Table 5.2). The majority of RR (i.e. 39-81 % of the RR partition) is advected

eastwards into the central North Atlantic (again, see Figure 5.12). Occasion-

ally, the tracer bifurcates near the eastern edge of the Sargasso Sea (black

box), and disperses either to the northeast, or southeast. Smaller fractions of

RR (i.e. ≤ 27 % of the RR partition) are situated beyond the western margin

of the Sargasso Sea, and/or southwards (5-48 % of the RR partition) towards

the tropics.

FIGURE 5.12 ‖ Tracer depth-integrated through the mixed layer after one year, throughout
the subtropical North Atlantic (10-55◦ N, 80◦ W-30◦ W), for March 1970. Tracer con-
centrations are depth-integrated over the winter (March) MLD. Contour intervals are set
at 2 tracer units. The Sargasso Sea (25-35◦ N, 70-50◦ W, where tracer is initialised) is
highlighted by the black box.

A reduced influence from horizontal advection reflects the sluggish nature

of the upper ocean flow in the Sargasso Sea; the region is characterised by

a weak Gulf Stream recirculation, with a net flow of 0.02 m s−1 (see Figure

4.4a) towards the southwest. This concurs with the observational findings of

Michaels and Knap (1996), albeit their current speeds for the Sargasso Sea are

slightly faster, i.e. 0.05 m s−1. A stronger influence of horizontal advection,
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on SSTA re-emergence in the Sargasso Sea, is again simulated during the late

1980s/90s, relative to the 1960s/70s; tracer partitions for RR average 32 % be-

tween 1980 and 2000, compared to 26 % for 1960-1980. This is consistent with

a stronger near-surface circulation in 1980s/90s, compared to the 1960s/70s

(see Section 5.3).

Lag-one Tracer Inventory: NEA and SS

Tracer Inventory 1) Northeast Atlantic (NEA) 2) Sargasso Sea (SS)

LR 34 ± 6 % 43 ± 9 %

RR 54 ± 7 % 28 ± 7 %

LS 5 ± 3 % 19 ± 9 %

RS 7 ± 3 % 10 ± 4 %

TABLE 5.2 ‖ Percentage of tracer partitioned between the 4 inventories assigned for pas-
sive tracer analysis, in March (lag one-year), for tracer experiments initialised in (1) the
northeast Atlantic (40-50◦ N, 30-10◦ W, NEA), and (2) the Sargasso Sea (25-35◦ N, 70-50◦

W, SS). Partitions are averaged over the period 1958-2007 (± one standard deviation). LR,
RR, LS and RS are as dened in Section 5.1.

The most significant changes to the lag-one tracer inventory (for the Sar-

gasso Sea) involve the proportion of tracer that is permanently subducted

below the winter mixed layer (see Figure 5.11). Namely, a combined tracer

partition of 29 ± 12 % is simulated for LS (19 ± 9 %) and RS (10 ± 4 %) in the

Sargasso Sea, which exceeds the equivalent partition for the northeast Atlantic

(i.e. 12 ± 5 %, comprising 5 ± 3 % for LS and 7 ± 3 % for RS - see Table

5.2) by more than a factor of 2. The stronger influence of subduction in the

Sargasso Sea is heavily biased by 9 anomalous years, whose total subducted

tracer inventory surpass 40 %. Excluding these years, the relative amount of

subducted tracer averages 25 ± 7 %, which still exceeds mean subducted tracer

partition for the northeast Atlantic by twofold.

5.4.2 The importance of subduction

Passive tracer experiments demonstrate that temperature anomalies estab-

lished in the Sargasso Sea are twice as likely to subduct into the main thermo-
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cline, than temperature anomalies local to the northeast Atlantic (see Table

5.2). To further understand these variable influences of subduction, annual

subduction rates (Sann) throughout the North Atlantic are diagnosed. They are

computed using the kinematic subduction equation of Marshall et al. (1993):

Sann = −wH − uH .∇H −
∂H

∂t
, (5.1)

where H is the thickness of the winter (March) mixed layer (i.e. the winter

MLD); uH is the lateral motion of fluid at depth H, averaged over the year;

−wH is the vertical velocity at depth H, averaged over the year; t is time;

overbars denote annual averages. The contribution via mixed layer shoaling

is represented by the temporal mixed-layer expression -∂H
∂t

; specifically, the

-∂H
∂t

term denotes the interannual variability in winter MLD. The lateral in-

duction of fluid across the sloping mixed layer is given by -uH .∇H; vertical

pumping is represented by the vertical velocity term −wH . All of the following

subduction analyses include both the mean- and eddy-velocity components in

their computation; the eddy-induced velocity component is represented by a

Gent and McWilliams (1990) parameterisation, set at 600 m2 s−1 (see Section

2.2). The Gent and McWilliams (1990) scheme is a natural choice for param-

eterising eddy subduction since it explicitly parameterises the bolus velocity -

the vehicle for eddy subduction (Marshall, 1997). Figure 5.13c illustrates the

annual subduction rate into the main thermocline, averaged over the period

1958-2007. This is mathematically represented by the following equation:

< Sann >=
2007∑

n=1958

(−wH − uH .∇H −
∂H

∂t
)/n, (5.2)

where n is the number of years inclusive of the period 1958-2007. The relative

contributions made by -uH .∇H and −wH to the 50-year period mean Sann are

also shown in Figures 5.13a and 5.13b respectively. The relative contribution
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of -∂H
∂t

to <Sann> in the North Atlantic is not discussed here however, as,

averaged over the 50-year study period, its relative contribution is very small.

Before focusing on the 50-year mean annual subduction rate, the spatial char-

acteristics of the 50-year mean -uH .∇H and −wH are initially discussed.

FIGURE 5.13 ‖ Period-mean (1958-2007) transport rates for: (a) lateral induction (-
uH .∇H), (b) vertical pumping (−wH) and (c) annual subduction (Sann), throughout the
North Atlantic (5-65◦ N, 80◦ W-10◦ E). Transport rates are calculated annually using 1◦

NEMO ocean simulations, and subsequently averaged over the 50-year study period of 1958-
2007 (see Equation 5.2). Negative (positive) values represent flow into the main thermocline
(surface mixed layer), and/or downward (upward) pumping of water. The Sargasso Sea (25-
35◦ N, 70-50◦ W) and northeast Atlantic (40-50◦ N, 30-10◦ W), where tracer experiments
are initialised, are highlighted by the dashed and solid black boxes respectively.

Period-mean lateral induction

Fluid is subducted into the ocean interior through the horizontal advection of

a water parcel to regions characterised by shallower winter mixed layers (the

following year). Since this depends upon horizontal gradients of MLD, the spa-

tial structure surrounding the 50-year mean -uH .∇H is broadly representative

of the 50-year mean spatial pattern of North Atlantic winter MLD. Within the

North Atlantic (i.e. south of 35◦ N), alternating bands of positive and nega-

tive -uH .∇H are apparent (see Figure 5.13a). Negative rates (of -10 m year−1
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to -50 m year−1) occur between 5-10◦ N and 15-25◦ N, with minimum values

(of -90 m year−1) prevalent along the southern border of the Gulf Stream.

In contrast, -uH .∇H is positive (ranging 10-20 m year−1) between 10-15◦ N,

25-35◦ N, and throughout much of subpolar North Atlantic. Maximum lateral

induction rates (of 100 m year−1) are evident off the U.S. east coast, and near

the UK. In the northeast Atlantic (solid black box) and Sargasso Sea (dashed

black box), the 50-year mean -uH .∇H averages -6 ± 14 m year−1 and -21 ±

7 m year−1 respectively. -uH .∇H is negative across most of the Sargasso Sea

domain, excluding the southern edge, whilst a positive-to-negative -uH .∇H

transition is simulated within the northeast Atlantic, from west-to-east.

Period-mean vertical pumping

In addition to subduction by lateral induction, vertical pumping rates at the

base of the winter mixed layer also play an important role in the subduction

process. This may be regarded as subduction in an Eulerian context; fluid is

transferred to the ocean interior through the downward movement of a water

parcel, in the same location as the parcel was sourced. Broadly speaking,

the results of Figure 5.13b reflect the 50-year mean distribution of Ekman

pumping and Ekman suction in the North Atlantic. Namely, −wH is negative

(downward) in the subtropical North Atlantic (between -10 m year−1 and -30

m year−1), and positive (upward) in the subpolar North Atlantic (between

10-30 m year−1). Highly positive values of −wH (up to 100 m year−1) are

also simulated in the coastal upwelling region off the west coast of Africa, and

north coast of South America. In the northeast Atlantic and Sargasso Sea,

the 50-year mean −wH averages -18 ± 8 m year−1 and -24 ± 5 m year−1

respectively.

Period-mean annual subduction

The combined influences of the 50-year mean -uH .∇H and −wH are now con-

sidered as a fully integrated measure of the 50-year mean annual subduction
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rate (Figure 5.13c). Similar in appearance to Figure 5.13b, subduction pre-

dominates over the subtropical gyre. The 50-year mean annual subduction rate

ranges between -10 m year−1 and -70 m year−1, with maximum transports (of

-100 m year−1) evident along the southern edge of the Gulf Stream. In con-

trast, positive values of <Sann> (i.e. entrainment), ranging 10-100 m year−1,

are apparent along the northern border of the Gulf Stream, within the subpo-

lar gyre, and off the west coast of Africa. Both the Sargasso Sea (dashed box)

and northeast Atlantic (solid box) are regions of net annual subduction, albeit

with different magnitude period-mean transport rates. In the Sargasso Sea,

the 50-year mean annual subduction rate averages -45 ± 8 m year−1. This ex-

ceeds the 50-year mean annual subduction rate for the northeast Atlantic (i.e.

-24 ± 16 m year−1) by -21 m year−1. This factor of two difference is consistent

with the twofold increase in the subducted tracer partition in the Sargasso Sea,

relative to the northeast Atlantic (see Table 5.2). Large variability (ranging ±

350 m year−1) accompanies the 50-year mean annual subduction rate (and its

components) along major boundary currents of the northern North Atlantic

(i.e. north of 25◦ N). This may be attributed to strong eddy kinetic energy in

these regions.

The relative contributions of period-mean (1958-2007) -uH .∇H and −wH

to the 50-year mean annual subduction rate are comparable throughout most

of the North Atlantic, including the Sargasso Sea. On average, the 50-year

mean component for -uH .∇H contributes 47 % of the period-mean (1958-2007)

annual subduction rate of the Sargasso Sea, compared to 53 % from the 50-

year mean component for −wH . The period-mean (1958-2007) contributions

of -uH .∇H and −wH , to <Sann> in the Sargasso Sea, are listed below (in

the legend) in the 50-year time series plot of the annual subduction rate and

its individual components (-∂H
∂t

, -uH .∇H, and −wH), from 1958-2007 (Figure

5.14a).
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FIGURE 5.14 ‖ (a) Annual subduction rates (Sann, black line) for the Sargasso Sea (25-35◦

N, 70-50◦ W), from 1958-2007. The relative contributions made by mixed layer shoaling (-
∂H
∂t , green line), the lateral induction term (-uH .∇H, blue line), and vertical pumping term

(−wH , red line) are also shown, as are the 50-year mean transport rates for Sann, -uH .∇H,
and −wH . (b) As Figure 5.14a for the northeast Atlantic (40-50◦ N, 30-10◦ W).

There are, however, locations where the influences of -uH .∇H and −wH

are not equal. Specifically, the lateral induction term is more dominant near

the Gulf Stream, contributing as much as -90 m year−1 (100 m year−1) to

the total subduction (entrainment) rate in that region (Figure 5.13a). Con-

versely, towards the coastline, the relative influence of −wH is more significant

than -uH .∇H; chiefly −wH (Figure 5.13b) contributes up to 100 m year−1 to

the subduction process off the west coast of Africa and north coast of South

America, whilst -uH .∇H there is minor (typically < 30 m year−1 - Figure

5.13a). This is consistent with Trossman et al. (2009) who investigated North

Atlantic ventilation rates around the Gulf Stream Extension, using a suite of

observational data (e.g. ARGO, scatterometry, altimetry) from 2002-06. In

the northeast Atlantic, the relative influence of −wH is also more dominant.

Chiefly, 75 % of the mean subduction rate is provided by the vertical pumping
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term, compared to just 25 % from lateral induction (see Figure 5.14b).

The relative contribution of -∂H
∂t

to the annual rate of subduction in the

northeast Atlantic (green line, Figure 5.14b) is highly variable and ranges from

-72 m (which signifies winter-to-winter mixed layer shoaling and increased sub-

duction) to +78 m (which signifies winter-to-winter mixed layer deepening and

decreased subduction). In the Sargasso Sea, the relative contribution (of -∂H
∂t

)

ranges between -94 m and +80 m. Again, the influence from -∂H
∂t

(upon Sann)

is highly variable (green line, Figure 5.14a).

Overall, the simulated field of annual subduction is broadly consistent with

the climatological estimates of Marshall et al. (1993) and Qiu and Huang

(1995), although NEMO subduction rates are lower on average, by 30-40 m

year−1. A stronger influence from subduction (on the partitioning of tracers)

in the Sargasso Sea reaffirms earlier assumptions by Watanabe and Kimoto

(2000a), and DeCoëtlogon and Frankignoul (2003), relating to a detrimental

impact of subduction on SSTA re-emergence around the central North Atlantic.

However, subduction does not fully preclude re-emergence here, as previously

assumed (Watanabe and Kimoto, 2000a; DeCoëtlogon and Frankignoul, 2003).

The majority (i.e. 70 %) of the tracer still resides in the surface mixed layer

(see Figures 5.11 and A4.5).This may be due to the underestimation of the

annual subduction rate of the Sargasso Sea, in 1◦ NEMO, compared to obser-

vations (Marshall et al., 1993; Qiu and Huang, 1995). The inclusion here of the

Gent and McWilliams (1990) parameterisation to represent the eddy contri-

bution to annual subduction may explain the 30-40 m year−1 underestimation

of Sann exhibited by 1◦ NEMO, relative to the climatological observations of

Marshall et al., (1993) and Qiu and Huang (1995). The influences of eddy sub-

duction are not included in these earlier studies. This exclusion provides an

incomplete picture of subduction in the ocean, particularly in regions of intense

baroclinic instability (i.e. mesoscale activity) such as the Sargasso Sea and -

to a lesser extent - the northeast Atlantic. It has been shown (e.g. throughout
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the Gulf Stream region) that the contribution to Sann from eddy-scale motions

is comparable in scale to (and in some cases larger than) the Eulerian mean

component of Sann (e.g. Hazeleger and Drijfhout, 2000); hence its contribution

should not be neglected. The relative contribution of eddy subduction can ei-

ther enhance or reduce the mean contribution of subduction. Consequently,

earlier studies that did not include its influence in the computation of Sann

may have overestimated the total subduction contribution in the ocean. The

period mean Sann estimates obtained here (with 1◦ NEMO) may therefore be

more accurate then former estimates of Marshall et al., (1993) and Qiu and

Huang (1995). Further estimates of the period-mean annual subduction rate

at higher resolution are necessary to confirm this assertion.

Variability of tracer experiments in the Sargasso Sea

The 9 anomalous years (i.e. 1959, 1971, 1976-78, 1982-83, 1989, 2003) in which

the total subducted tracer partition surpasses 40 % emphasises significant in-

terannual variability in the occurrence of SSTA re-emergence, in (and around)

the Sargasso Sea (see Figure 5.11). Understanding the dynamics that accom-

pany these changes is important for seasonal climate prediction (Alexander,

2010). Considering that subduction is achieved through either a shallowing

of the winter mixed layer (-∂H
∂t

), the later transfer of fluid across the sloping

mixed layer base (-uH .∇H), and/or vertical motion (−wH), the significant in-

terannual variability exhibited by the lag-one tracer partition (in the Sargasso

Sea) may be explained by significant interannual variations in one (or each) of

these mechanisms. Here, this notion is further investigated through sensitivity

analyses of the response of the subducted (LS+RS) lag-one tracer inventory

(of the Sargasso Sea) to a change of subduction by either -∂H
∂t

or −wH .

The dominance of either mixed layer dynamics or vertical pumping can, in

effect, ascertain the relative contributions of -∂H
∂t

, -uH .∇H, and −wH towards

the interannual variability of Sann (and therefore SSTA re-emergence) in the

Sargasso Sea. Whereas the theory and/or climatology of subduction through-
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out the North Atlantic Ocean is relatively well understood (e.g. Woods, 1985;

Huang, 1990; Williams, 1991; Marshall et al., 1993; Qiu and Huang, 1995;

Williams et al., 1995; Marshall, 1997; Nurser et al., 1999; Williams, 2001), its

interannual-to-decadal variability, and the resultant impacts of this temporal

variation for other upper ocean processes (such as SSTA re-emergence) is less

well established (e.g. McLaren and Williams, 2001; Trossman et al., 2009).

The following analyses will therefore also examine the nature and causes of

interannual variations of annual subduction in the Sargasso Sea.

To firstly ascertain the causes of significant interannual variability in the

lag-one tracer inventory of the Sargasso Sea, year-to-year differences in the

subducted (LS+RS) tracer partition (from Figure 5.11) are compared and con-

trasted against annual estimates of -∂H
∂t

and −wH (Figure 5.15). The anoma-

lous years characterised by > 40 % subducted tracer are highlighted red.

Annual subduction via vertical pumping - in the Sargasso Sea - varies

considerably over the 50-year study period (see Figure 5.15b). Year-to-year

changes as large as ± 15 m year−1 are computed, as −wH ranges between -15

m year−1 and -36 m year−1. Significant interannual changes (of -94 m to +80

m) also accompany subduction via the temporal mixed-layer expression -∂H
∂t

;

(see Figure 5.15c); winter (March) MLDs range from 66 m to 223 m, with a

period-mean (1958-2007) winter MLD of 163 ± 30 m. There is evidence for

long-term shoaling of the winter mixed layer, since 1958. A first-order linear

regression (r = 0.25, significant at 90 %) reveals an annual MLD shoaling rate

of -0.5 m year−1. These trends concur with the observational (bottle data)

findings of Michaels and Knap (1996), who investigated decadal changes of

the mixed layer properties at Hydrostation S (32◦ N, 64◦ W), in the Sargasso

Sea. Specifically, Michaels and Knap (1996) observed deeper MLDs (of 200-450

m) in the 1950s/60s, compared to the 1970s-90s (when MLDs ranged 100-300

m). More recent analyses by Carton et al. (2008) revealed a deepening of the

winter mixed layer (at Hydrostation S) since 1990. This is also apparent in

Figure 5.15; through first-order linear regression (r = 0.45, significant at 90
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%), a deepening rate of 1.7 m year−1 is computed for MLDs between 1990-

2007. The recent deepening of winter MLDs would consequently explain the

more gentle linear trend of winter mixed layer shoaling computed for the whole

period (1958-2007).

FIGURE 5.15 ‖ (a) Time series of the annual subducted tracer partition (blue line), and its
year-to-year difference (bars), for tracer experiments initialised in the Sargasso Sea (25-35◦

N, 70-50◦ W), throughout the period 1958-2007. Negative (Positive) differences represent
less (more) subducted tracer. (b) Time series of annual subduction via the vertical pump-
ing term (−wH , blue line), and year-to-year differences in −wH (bars), averaged over the
Sargasso Sea (25-35◦ N, 70-50◦ W), for the period 1958-2007. Negative (Positive) differ-
ences represent stronger (weaker) −wH . (c) Time series of the winter (March) MLD (blue
line), and winter-to-winter differences in MLD (bars) - also described as subduction via the
temporal mixed-layer expression -∂H∂t - averaged over the Sargasso Sea (25-35◦ N, 70-50◦

W), for the period 1958-2007. Negative (Positive) differences represent wintertime shoaling
(deepening) of the surface mixed layer. Red bars highlight years characterised by > 40 %
subducted tracer (see Figure 5.11).

When comparing interannual differences in −wH with interannual differ-

ences in the subducted tracer inventory, an increase in −wH accompanies an
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increased partition of subducted tracer for only 30 out the 49 years, since

1959. Conversely, 39 years exhibit mixed layer shoaling (i.e. -∂H
∂t

) when the

subducted tracer inventory is enhanced. Focusing on the 9 anomalous years in

which the subducted tracer partition exceeds 40 %, 8 out of the 9 years coincide

with winter-to-winter mixed layer shoaling (i.e. -∂H
∂t

ranging -9 m to -94 m).

In contrast, only 4 of the 9 years are associated with stronger −wH (exceeding

previous year estimates by only -1 m year−1 to -4 m year−1). Collectively, these

results highlight the importance of the -∂H
∂t

term for interannual variations in

the lag-one tracer inventory of the Sargasso Sea. In contrast, interannual vari-

ations in −wH are less significant. To strengthen this interpretation, consider

the following linear regression analyses between −wH and the subducted tracer

inventory, and between -∂H
∂t

and the subducted tracer inventory (Figure 5.16).

FIGURE 5.16 ‖ Regression analysis between: (a) year-to-year differences in the subducted
tracer partition and year-to-year differences in annual subduction via the vertical pumping
term (−wH); (b) year-to-year differences in the subducted tracer partition and year-to-year
differences in winter (March) MLD (-∂H∂t ), within the Sargasso Sea (25-35◦ N, 70-50◦ W),
over the period 1958-2007. The data in Figure 5.16b are fitted via linear regression (blue
line). The data are de-trended by the first differencing method. The r2 values and the
regression equation are shown.

An insignificant (at the 95 % confidence level) correlation of 0.18 is appar-

ent between interannual variations in −wH and interannual variations in the

subducted tracer inventory of the Sargasso Sea. An r2 value of 0.03 predicts

that < 4 % of the interannual variance accompanying the vertical partitioning

of tracer (around the Sargasso Sea) is explained in terms of annual subduction

via −wH . Conversely, a negative correlation (of -0.88) exists between the tem-
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poral mixed-layer expression -∂H
∂t

and interannual variations in the subducted

tracer inventory. An r2 value of 0.78 reinforces annual mixed layer shoaling as

the dominant source of the interannual variability in passive tracer subduction

within Sargasso Sea, contributing 78 % of the total variance. The variability

accompanying mixed layer shoaling in this region is predominantly driven by

air-sea heat exchange.

FIGURE 5.17 ‖ (a) Regression analysis between winter-to-winter (March) differences in
MLD and winter-to-winter (March) differences in heat flux, within the Sargasso Sea (25-35◦

N, 70-50◦ W), throughout the period 1958-2007. Data are fitted via linear regression (blue
line). The data are de-trended via the first differencing method. The r2 value and regression
equation are also shown. (b) The winter-to-winter difference in MLD averaged over the
Sargasso Sea (25-35◦ N, 70-50◦ W), from NEMO (red line), and the regression equation in
Figure 5.17a (blue line), between 1958 and 2007.

In an earlier thermodynamical study of subduction by McLaren and Williams

(2001) it was demonstrated that changes in local buoyancy forcing were more

important than an Ekman redistribution of buoyancy for interannual varia-

tions of Sann (see their Figure 8). Specifically, atmospheric heat fluxes were

more significant than advective (horizontal and vertical) heat fluxes for driving

year-to-year variations in winter MLD, and corresponding changes in the an-

nual subduction rate accordingly. Here, over 50 % of the interannual changes

in MLD (-∂H
∂t

) are forced by interannual heat flux variations, ranging -90 W

m−2 to +140 W m−2 (see Figure 5.17). Consequently, the findings of this

study are consistent with those of McLaren and Williams (2001). Moreover,

they also support the process-based modelling study of Alexander et al. (2000,

2001) and the global observational analysis of MLD variability by Carton et
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al. (2008), discussed previously in Section 5.3.

The significance of -∂H
∂t

for interannual variations in passive tracer dynamics

supports an important contribution from -∂H
∂t

or -uH .∇H towards the interan-

nual variability of (actual) annual subduction in the Sargasso Sea. To verify

this assertion, anomalies of annual subduction (Sann), mixed layer shoaling

(-∂H
∂t

), lateral induction (-uH .∇H), and vertical pumping (−wH) are examined

in Figure 5.18.

1960 1965 1970 1975 1980 1985 1990 1995 2000 2005

Time (years)

20

-10

1 -
S

u
b
d
u
ct

io
n
 r

a
te

 (
m

 y
r

) 

-20
Sann -uH. H� -wH

0

10

∂H/∂t

-100

100

∂
∂

H
/

t 
(m

)

-50

50

0

FIGURE 5.18 ‖ Annual subduction rate anomalies (Sann, black line) for the Sargasso Sea
(25-35◦ N, 70-50◦ W), from 1958-2007. Anomalies associated with the individual compo-
nents of subduction, i.e. mixed layer shoaling (-∂H∂t , green line), lateral induction (-uH .∇H,
blue line) and vertical pumping (−wH , red line), are also shown. Anomalies are computed
relative to the 50-year (1958-2007) mean value for Sann, -∂H∂t , -uH .∇H, and −wH .

As implied by the high standard deviations of the 50-year mean transport

rates (e.g. see Figure 5.14a), there is significant interannual variability in the

subduction rate of the Sargasso Sea. Here, anomalies range from a maximum

of +16 m year−1 in 1963 to a minimum of -18 m year−1 in 1997. Equivalent

changes for lateral induction are from +11 m year−1 (in 1963) to -12 m year−1

(in 1981) respectively, whilst vertical pumping, ranges between +9 m year−1

and -13 m year−1 over the 50-year study period. For -∂H
∂t

, the time series ranges

from +80 m (in 1979) to -94 m (in 1989), over the 50-year study period.

A strong correlation of 0.78 is computed between the annual subduction

rate (black line) and the lateral induction term (blue line). The corresponding

relationship between Sann and −wH (red line) is comparatively weaker, at 0.56,

whereas, an insignificant correlation coefficient of 0.01 is computed between
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Sann and -∂H
∂t

(green line). Collectively, these analyses highlight an important

contribution from -uH .∇H towards the interannual variability of Sann in the

Sargasso Sea. Namely, whereas -uH .∇H and −wH contribute almost equally

to the 50-year mean annual subduction rate of the Sargasso Sea (see Figure

5.14a), the magnitudes and patterns of annual subduction, over interannual

timescales, are governed mainly by the lateral induction term. The significance

of -uH .∇H for the interannual variability of Sann in the Sargasso Sea should

not discard any influence from −wH . Indeed, a correlation with Sann of 0.56

suggests−wH contributes a considerable proportion of the interannual variance

(i.e. around 30 %). Nevertheless, its relative contribution is far less significant

than that of -uH .∇H (i.e. > 60 %). For -∂H
∂t

, an insignificant correlation of

0.01 (between the anomalies of Sann and -∂H
∂t

) supports a negligible contribution

from -∂H
∂t

towards the interannual variability of (actual) Sann in the Sargasso

Sea.

In conclusion, the interannual variability of annual subduction in the Sar-

gasso Sea is mostly dominated by interannual variations in the lateral induction

term. Earlier investigations by Qu and Chen (2009) and Li (2012) deduced

similar conclusions about the interannual-to-decadal variability of Sann in the

North and South Pacific respectively. Similarly, in the global study of annual

subduction by Liu and Huang (2012), a dominant contribution from -uH .∇H

to the globally integrated annual subduction rate was documented over inter-

annual timescales.

5.5 Passive Tracers with an Eddy-Permitting

Model

Until now the focus has been on tracer experiments at 1◦ resolution, to quantify

the relative influences of horizontal advection and/or subduction on the re-

emergence process. Here, passive tracer experiments at 1/4
◦ resolution are

examined, to quantify the effects of mesoscale processes on SSTA re-emergence.
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The high resolution tracer work presented in this section will supplement the

earlier statistical analyses of re-emergence carried out at 1◦ and 1/4
◦ resolution

(Chapter 4). In Section 5.5.1, a comparison is made between the lag-one tracer

inventories at 1◦ and 1/4
◦ resolution. Corresponding analyses for the spatial

distribution of tracer are then presented in Section 5.5.2. The differences in

tracer partitioning at 1◦ and 1/4
◦ resolution are representative of the model’s

ability to simulate realistic features of ocean circulation (e.g. Gulf Stream

separation), and this is discussed further in Section 5.5.3.

5.5.1 The lag-one tracer inventory at 1◦ and 1/4
◦ reso-

lution

Figure 5.19 compares the lag-one tracer inventory of March 1971 and March

1996, for tracer experiments initialised in the Sargasso Sea and northeast At-

lantic, at 1◦ and 1/4
◦ resolution. The specific time periods chosen highlight

the interesting dynamical features of the (former) 1◦ experiments, namely a

stronger influence of subduction in the Sargasso Sea (see Figure 5.11 and Sec-

tion 5.4), and the varying impacts of horizontal advection in the northeast

Atlantic (see Figure 5.3 and Section 5.3). Consequently, they provide useful

case studies to compare and contrast 1◦ NEMO and 1/4
◦ NEMO. To facilitate

the comparison of model resolution on tracer dispersion (and therefore SSTA

re-emergence), the lag-one tracer partitions for both regions at 1◦ and 1/4
◦

resolution are summarised in Table 5.3. Notable differences are highlighted in

bold.

Consider first the lag-one tracer inventory for the Sargasso Sea in March

1971 (see Figure 5.19a, Table 5.3). Tracer partitions representing local re-

emergence (i.e. LR) are comparable at both resolutions, between 36-37 %.

Similarly, remote subduction (i.e. RS) shows equivalent-sized partitions at

1◦ and 1/4
◦ resolution, i.e. 13 % and 14 % respectively. The key difference

between the tracer inventories for the Sargasso Sea in March 1971 concern the

remaining two processes, LS and RR. At 1/4
◦ resolution, a larger proportion of
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tracer (35 %) is shifted to remote mixed layer locations (i.e. RR). This exceeds

the corresponding measure at 1◦ (of 17 %), by 18 % (a factor of 2). In contrast,

the locally subducted tracer partition (i.e. LS) is reduced (by 20 %) at 1/4
◦

resolution; LS is 14 %, relative to 34 % at 1◦. The partition changes simulated

for the Sargasso Sea tracer inventory in March 1996 are very similar to March

1971 (see Figure 5.19b, Table 5.3). Namely, an increased proportion of tracer

is situated remote from its source; RR is 35 % at 1/4
◦ resolution, compared

to 25 % at 1◦ resolution. Additionally, the local subduction of tracer (LS) at

1/4
◦ resolution is reduced by 9 % (LS is 14 %, relative to 23 % at 1◦ spatial

resolution). Tracer partitions for LR and RS are again comparable at both

resolutions, i.e. between 45-47 %, and 5-6 % respectively.

FIGURE 5.19 ‖ (a) Percentage of tracer attributed to LR, RR, LS and RS in March (lag
one-year) 1971, for tracer experiments conducted in the Sargasso Sea (25-35◦ N, 70-50◦ W)
and northeast Atlantic (40-50◦ N, 30-10◦ W), at 1◦ and 1/4

◦ spatial resolution. LR, RR,
LS and RS are as defined in Section 5.1. (b) As Figure 5.19a for March 1996.

For the northeast Atlantic, approximately 91-95 % of the passive tracer in-

ventory re-emerges in the surface mixed layer at 1◦ and 1/4
◦ spatial resolution,

over the two case study periods analysed (see Figures 5.19a, b, Table 5.3). Con-

sequently, a minor influence from subduction (LS + RS) is simulated here for

both resolutions, between 5-9 %. Within the mixed layer, a larger percentage

of tracer (i.e. 50 % for March 1971; 41 % for March 1996) remains local to the

northeast Atlantic at the eddy-permitting resolution. This is 12-15 % higher

than the corresponding fraction (i.e. 38 % for March 1971; 26 % for March
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1996) at 1◦ spatial resolution. Conversely, remote re-emergence accounts for

more tracer at 1◦ resolution compared to 1/4
◦ resolution: 53 % (March 1971)

and 67 % (March 1996) for 1◦ NEMO, versus 43 % (March 1971) and 54 %

(March 1996) for 1/4
◦ NEMO. The relative impact of horizontal advection (on

re-emergence) is therefore less substantial at 1/4
◦ resolution, than at 1◦ reso-

lution. This implies a different pathway for the North Atlantic Current (and

a different large-scale circulation pattern for the North Atlantic in general) in

the 1/4
◦ model (discussed more later). An increased (decreased) remote dis-

placement (local persistence) of tracer in March 1996, i.e. 54 % (41 %) relative

to 43 % (50 %) in March 1971, for the eddy-permitting tracer experiments in

the northeast Atlantic, is consistent with the stronger influence of horizontal

advection on re-emergence occurrence in the 1980s/90s, as discussed (for 1◦

NEMO) in Section 5.3.

Lag-one Tracer Inventory at 1◦ and 1/4
◦ Resolution

1) Northeast Atlantic (NEA) 2) Sargasso Sea (SS)

1971 1996 1971 1996

Inventory 1◦ 1/4
◦ 1◦ 1/4

◦ 1◦ 1/4
◦ 1◦ 1/4

◦

LR 38 % 50 % 26 % 41 % 36 % 37 % 47 % 45 %

RR 53 % 43 % 67 % 54 % 17 % 35 % 25 % 35 %

LS 5 % 3 % 2 % 2 % 34 % 14 % 23 % 14 %

RS 4 % 4 % 5 % 3 % 13 % 14 % 5 % 6 %

TABLE 5.3 ‖ Percentage of tracer attributed to LR, RR, LS and RS in March (lag one-
year) 1971 and March 1996, for tracer experiments conducted in the Sargasso Sea (25-35◦ N,
70-50◦ W) and northeast Atlantic (40-50◦ N, 30-10◦ W), at 1◦ and 1/4

◦ spatial resolution.
LR, RR, LS and RS are as defined in Section 5.1. Notable differences are highlighted in
bold.

5.5.2 The spread of tracer at 1◦ and 1/4
◦ resolution

To further elucidate the differences in tracer spreading at 1◦ and 1/4
◦ resolution,

mixed layer tracer concentrations for the Sargasso Sea and northeast Atlantic,

in March 1971, are shown in Figure 5.20. The lag-one tracer concentration

that is permanently subducted throughout the Sargasso Sea in March 1971 is
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also illustrated (inset in Figures 5.20a and 5.20b).

FIGURE 5.20 ‖ Mixed layer tracer concentration after one year, for tracer experiments in
(a) the Sargasso Sea (25-35◦ N, 70-50◦ W) at 1◦ spatial resolution, (b) the Sargasso Sea (25-
35◦ N, 70-50◦ W) at 1/4

◦ spatial resolution, (c) the northeast Atlantic (40-50◦ N, 30-10◦ W)
at 1◦ spatial resolution, and (d) the northeast Atlantic (40-50◦ N, 30-10◦ W) at 1/4

◦ spatial
resolution. The figures for the Sargasso Sea are presented over a latitude-longitude domain
of -10-45◦ N, 85-0◦ W (5-50◦ N, 80-30◦ W inset). The figures for the northeast Atlantic
Sea are presented over a latitude-longitude domain of 30-70◦ N, -10-50◦ W. Figures show
the tracer distribution for March 1971. The subducted tracer concentration after one year
is also shown for tracer experiments in the Sargasso Sea, at 1◦ and 1/4

◦ spatial resolution
(inset in Figures 5.20a and 5.20b). The Sargasso Sea and northeast Atlantic (where tracer
experiments are initialised) is highlighted by the black box. Dashed circles are added for
illustrative purposes (see text for details).

For the Sargasso Sea, 70 % of the total tracer inventory remains local to its

initialisation region (black box) at 1◦ resolution (see Table 5.3, Figure 5.20a).

Accordingly, a considerable proportion of this local inventory (i.e. 49 %) is

subducted into the ocean interior, mainly as a result of lateral induction via

winter MLD shoaling (see Section 5.4). In the eddy-permitting tracer simula-

tion, only 51 % of the total tracer inventory remains within the Sargasso Sea
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(black box) after one year. The increased percentage of tracer that undergoes

remote re-emergence (i.e. 35 % compared to just 17 % for 1◦ NEMO) is ad-

vected predominately to the east (as far as 30◦ W, along 30-35◦ N - dashed

circle in Figure 5.20b), with smaller displacement southwards (at 25◦ N, 60-50◦

W), and diffusive transport around the peripheral edges of the Sargasso Sea

(Figure 5.20b).

The eastward extension of tracer at 1/4
◦ resolution indicates the existence of

an Azores Current in this model, which is not well represented at 1◦ resolution;

hence, the absence of an eastward displacement of tracer in that experiment

(see dashed circle in Figure 5.20a). At 1/4
◦ resolution, the Azores Current ap-

pears as a zonal jet meandering between 32◦ N and 35◦ N (at rates of 0.05-0.2

m s−1), with its origins at Cape Hatteras around 35◦ N (see Figure 5.21b).

The current flows eastward through the northern border of the Sargasso Sea

(around 32-33◦ N), and bifurcates around 35◦ W into two branches; the north-

ern branch continues to flow eastwards (at 35◦ N) to the Gulf of Cadiz, whilst

the southern branch flows southeastward towards the Canary Isles. Conversely,

at 1◦ resolution, the jet structure is absent and the Azores Current is repre-

sented by a broader eastward flow, with slower circulation rates (of 0.01-0.1

m s−1), and sources from numerous locations along the Gulf Stream (i.e. be-

tween 35◦ N, 70◦ W to 40◦ N, 35◦ W, see Figure 5.21a). This eastward flow

is negligible (< 0.05 m s−1) in the Sargasso Sea. A stronger and more zonal

Azores Current system at higher resolution is consistent with an earlier mod-

elling study by Jia (2000) examining the characteristics of the Azores Current,

using MICOM (Miami Isopycnic Coordinate Ocean Model) at 1/3
◦ and 4/3

◦

resolution.

A stronger influence from horizontal advection subsequently limits the rel-

ative amount of tracer permanently subducted below the winter mixed layer

in the eddy-permitting tracer simulation (compare insets in Figures 5.20a,

5.20b). This lessens the detrimental impact of subduction on the re-emergence

process, suggested previously by others (e.g. Watanabe and Kimoto, 2000a,
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DeCoëtlogon and Frankignoul, 2003), and confirmed through the 1◦ tracer

experiments in Section 5.4. Moreover, the location of the subducted tracer

partition is shifted further southwards (by 1-2◦) at 1/4
◦ resolution than at 1◦

resolution (whose subducted inventory is actually situated within close prox-

imity of the overlying mixed layer tracer partition). This indicates that the

thermocline recirculation is faster in the 1/4
◦ model; indeed near-surface (0-

500 m) current speeds for the Sargasso Sea average 0.06 m s−1 in 1/4
◦ NEMO,

compared to 0.02 m s−1 in 1◦ NEMO.

FIGURE 5.21 ‖ (a) Annual current velocity of the subtropical North Atlantic (20-40◦ N,
80◦ W-0◦), calculated from 1◦ NEMO ocean simulations. Velocities are averaged over the
period March 1970 to March 1971, and depth-integrated to 500 m. The Sargasso Sea (25-
35◦ N, 70-50◦ W, where tracer experiments are initialised) is highlighted by the grey box.
(b) As Figure 5.21a, calculated from 1/4

◦ NEMO ocean simulations. The position of an
anticyclonic stationary meander (labelled), an artefact of poor modelled ocean circulation, is
highlighted by the grey arrow (see text for details).

For the northeast Atlantic, a north-south spreading of tracer is revealed

in the eastern extratropical North Atlantic, at both 1◦ (Figure 5.20c) and

1/4
◦ (Figure 5.20d) resolution. However, the magnitude of the advected tracer

concentration at 1/4
◦ resolution is appreciably lower than the corresponding

concentration at 1◦ resolution, especially beyond the northern border of the

northeast Atlantic (e.g. compare concentrations in the dashed circles of Figure

5.20c and 5.20d). This indicates that the North Atlantic Current is less in-

trusive (into the northeast Atlantic) at 1/4
◦ resolution (also revealed in Figure
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5.22). A wider spatial coverage of tracer within the northeast Atlantic, i.e. 83

% for 1/4
◦ NEMO compared to 57 % for 1◦ NEMO, strengthens this assertion.

For the tracer that is advected northwards, a small proportion shows displace-

ment around the Reykjanes Ridge, in the 1/4
◦ experiment. Similar to the

Sargasso Sea, this demonstrates ocean currents are swifter around the north-

east Atlantic in the 1/4
◦ model, than in the 1◦ model (Figure 5.22). The local

distribution of tracer (in both the non eddy-permitting and eddy-permitting

tracer simulation) reaches its highest concentration in the eastern half of the

northeast Atlantic domain (i.e. 20-10◦ W), emphasizing the slower rates of

circulation in these regions, compared to further west.

FIGURE 5.22 ‖ As Figure 5.21 for the extratropical northeast Atlantic (35-70◦ N, 40◦ W-
0◦). The northeast Atlantic (40-50◦ N, 30-10◦ W, where tracer experiments are initialised)
is highlighted by the grey box.

The resolution differences inferred from the mixed layer tracer concentra-

tions for March 1996 are broadly similar to March 1971, for both the Sargasso

Sea and northeast Atlantic. Namely: (1) there is a stronger influence of hori-

zontal advection on re-emergence occurrence in the Sargasso Sea at 1/4
◦ resolu-

tion, particularly to the east via the Azores Current; (2) the relative influence

of horizontal advection on re-emergence in the northeast Atlantic is reduced at

1/4
◦ resolution (see Figure 5.23). Nevertheless, there are subtle differences in

the spatial distribution of tracer over both periods. Chiefly, for the Sargasso
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Sea in March 1996, the mixed layer (and subducted) tracer after one-year has

spread further southward (by 2-3◦) in the 1◦ experiment (Figure 5.23a), than

the corresponding partition for March 1971 (Figure 5.20a). Equivalent cir-

cumstances are also apparent in the 1/4
◦ experiment for March 1996 (Figure

5.23b), relative to March 1971 (Figure 5.20b). Specifically in March 1996, the

1/4
◦ tracer has traveled all the way round the recirculation gyre, and into the

Caribbean Sea; the further displacement of tracer at 1/4
◦ resolution (compared

to 1◦ resolution) is again representative of the faster circulation regime in the

1/4
◦ model. Elsewhere, the location of the Azores Current has shifted south-

ward (to around 28-30◦ N) in the later (i.e. March 1996) 1/4
◦ experiment,

emphasizing its perceived variability over interannual timescales.

FIGURE 5.23 ‖ As Figure 5.20 for March 1996.

For the northeast Atlantic in March 1996, both 1◦ (Figure 5.23c) and 1/4
◦

(Figure 5.23d) experiments reveal a higher tracer concentration for the RR
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inventory, relative to March 1971 (Figures 5.20c, 5.20d). However, the re-

mote mixed layer tracer concentration in the eddy-permitting experiment is

again lower than the remote mixed layer tracer concentration in the non eddy-

permitting experiment; this underlines the reduced influence of horizontal ad-

vection on re-emergence potential in northeast Atlantic, at 1/4
◦ resolution.

Collectively, the above differences in tracer spreading in March 1996 (for

tracer experiments in the Sargasso Sea and the northeast Atlantic) are indica-

tive of the more vigorous large-scale circulation evident in the North Atlantic

during the 1980s/90s, associated with a negative-to-positive phase change in

the leading NAO index (discussed previously in Section 5.3).

In summary, the effect of mesoscale processes on SSTA re-emergence in the

North Atlantic involves significant reorganisations of the upper ocean circu-

lation. Namely, the differences in tracer partitioning between 1◦ NEMO and

1/4
◦ NEMO suggest different regional influences of horizontal advection on the

re-emergence process at an eddy-permitting resolution. Whilst there exists a

greater potential for remote re-emergence outside the Sargasso Sea, a more

quiescent ocean environment (which favours increased local re-emergence) is

characteristic of the northeast Atlantic, at 1/4
◦ resolution.

5.5.3 Changes in ocean circulation at an eddy-permitting

resolution

The differences in re-emergence behavior at 1◦ and 1/4
◦ resolution highlight

the model’s ability to simulate realistic features of ocean circulation in the

North Atlantic. Specifically, accurate representation of Gulf Stream separation

at the observed location of Cape Hatteras (around 35◦ N) is imperative for

realistic ocean circulation in GCMs (Dengg et al., 1996). Figures 5.24a and

5.24b show the time-mean (1993-2007) surface circulation model-observations

(OSCAR; Bonjean and Lagerloef, 2002, see Appendix 3.3) difference in the

North Atlantic (10-60◦ N, 80◦ W-5◦ E), for 1◦ NEMO and 1/4
◦ NEMO ocean

simulations respectively.
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Both models fail to reproduce the correct extension of the Gulf Stream at

Cape Hatteras (dashed ovals). Instead, they show an overshoot of the Gulf

Stream along the U.S. coast, and subsequent separation too far north (i.e.

around 40◦ N). An anticyclonic stationary meander is commonly simulated at

the observed separation point of Cape Hatteras, as a result of the incorrect

model physics. A pronounced example of this artefact is indicated by the

labelled grey arrow in Figure 5.21b (around 35◦ N, 70◦ W). Possible reasons for

this numerical failure include incorrect subgrid scale mixing parameterisations

and/or inadequate grid resolution (Chassignet and Marshall, 2008).

FIGURE 5.24 ‖ Time-mean (1993-2007) surface circulation model-observations difference
in the North Atlantic (10-60◦ N, 80◦ W-5◦ E), for: (a) 1◦ NEMO and (b) 1/4

◦ NEMO ocean
simulations. Observations are from the OSCAR (Ocean Surface Currents Analyses Real-
time) dataset (Bonjean and Lagerloef, 2002). The 1◦ and 1/4

◦ model data are sub-resolved
onto the 1◦ OSCAR latitude-longitude grid to enable better comparison with observations.
The Sargasso Sea (Box 2: 25-35◦ N, 70-50◦ W) and northeast Atlantic (Box 1: 40-50◦ N,
30-10◦ W), where passive tracer experiments are performed, are highlighted by the solid black
boxes. The dashed shapes are added for visualisation purposes (see text for details). (c) The
path of the Gulf Stream (v >0.1 m s−1) throughout the extratropical North Atlantic (30-50◦

N, 80-30◦ W) in 1◦ NEMO (shaded) and observations (contoured). (d) As Figure 5.24c for
1/4

◦ NEMO (shaded) and observations (contoured). For details of the OSCAR dataset, see
Appendix 3.3.

A closer inspection of the Gulf Stream (and its separation) in 1◦ and 1/4
◦

NEMO, relative to observations, is provided in Figures 5.24c (for 1◦ NEMO

and observations) and 5.24d (for 1/4
◦ NEMO and observations). It appears
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a more realistic pathway for the Gulf Stream is simulated in the 1/4
◦ model.

A pattern correlation of 0.7 is computed between the observed and simulated

surface currents in Figure 5.24d, compared to 0.59 for Figure 5.24c. Note, the

position of the Gulf Stream (in Figures 5.24c and 5.24d) is defined by current

speeds >0.1 m s−1. This is a rudimentary criterion. Nevertheless, it delineates

the position of the current’s main axis, which subsequently can be validated

against observations.

A more realistic separation of the Gulf Stream in 1/4
◦ NEMO subsequently

leads to major improvements in the surface circulation downstream. In partic-

ular, key surface currents (e.g. the Azores Current and North Atlantic Current)

are better resolved, and flow rates are more intense at an eddy-permitting res-

olution, featuring major frontal structures and large-scale meandering eddies

propagating off from the western boundary current, which are not explicitly

represented at non eddy-permitting resolution (Figure 5.25). The pathways for

surface currents are also more realistic at eddy-permitting resolution. Specifi-

cally, the deflection of the North Atlantic Current around Newfoundland, and

poleward penetration of subtropical gyre waters into the northwest Atlantic,

is better simulated in the 1/4
◦ model (compare dashed squares, Figures 5.24a,

b). This contributes towards the quieter circulation regime of the northeast

Atlantic (Box 1) at 1/4
◦ resolution, with current anomalies of 0.01 m s−1 with

respect to observations. In the 1◦ model, the North Atlantic Current extends

too far eastwards, towards Western Europe; hence it establishes a stronger

circulation system in the northeast Atlantic (compared to observations), and

larger circulation anomalies (averaging 0.02 m s−1) accordingly. The circula-

tion error in Sargasso Sea (Box 2) is also lower at 1/4
◦ resolution, i.e. 0.01 m

s−1 compared to 0.02 m s−1 at 1◦ resolution. Averaged over the entire North

Atlantic (10-60◦ N, 80◦ W-5◦ E), the model-observations surface circulation

difference is 0.03 m s−1 for 1◦ NEMO, and 0.02 m s−1 for 1/4
◦ NEMO. Overall,

the North Atlantic surface circulation is better represented at 1/4
◦ resolution.
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FIGURE 5.25 ‖ Annual mean surface current speeds in the North Atlantic (10-65◦ N, 80◦

W-10◦ E), calculated from: (a) 1◦ NEMO and (b) 1/4
◦ NEMO ocean simulations.

5.6 Summary

In this chapter, the influence of horizontal advection, subduction, and mesoscale

processes on SSTA re-emergence in the North Atlantic, was investigated using

passive tracers in the Global Ocean/Sea-Ice GCM NEMO. A series of one-year

tracer simulations, between 1958 and 2007, were initialised in the northeast

Atlantic (40-50◦ N, 30-10◦ W) and Sargasso Sea (25-35◦ N, 70-50◦ W), at 1◦

and 1/4
◦ spatial resolution. The tracer inventory after one year diagnosed dif-

ferences in the lateral and vertical spreading of temperature anomalies over

seasonal timescales. Consequently, the relative and competing influences of

subduction and horizontal advection on re-emergence occurrence, were deter-

mined.

For the tracer experiments in the northeast Atlantic, horizontal advection

was found to exert a significant influence on SSTA re-emergence. After one year

of simulation, more than half of the lag-one tracer inventory (i.e. 54 ± 7 %)

was associated with mixed layer regions remote from the tracer’s source (Fig-

ures 5.3, 5.6, A4.6-7). This reinforced earlier suggestions by DeCoëtlogon and

Frankignoul (2003), about an important role from horizontal advection upon

the re-emergence process in regions of strong surface flow. It also supported

previous dynamical studies of re-emergence by Junge and Haine (2001), Zhao

and Haine (2005), and Junge and Fraedrich (2007). Whilst horizontal advec-

tion was significant, a negligible influence of subduction on SSTA re-emergence
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was simulated; tracer partitions averaged 12 ± 5 % over the 50-year study pe-

riod. However, there were 4 isolated periods (in 1961, 1973, 1987 and 1997), in

which a greater impact of subduction was identified; tracer partitions for LS

and RS ranged between 24 % and 30 % over these periods. The occurrence of

these anomalous years was attributed to large interannual shoaling of the win-

ter MLD (of 40-75 m, Figure 5.4b), as a result of sizable interannual changes

in surface heat flux (of 22-65 W m−2, Figures 5.4a and 5.5).

The influence of horizontal advection on SSTA re-emergence in the north-

east Atlantic varied periodically throughout the 50-year study period. Chiefly,

the likelihood for remote re-emergence appeared enhanced (reduced) during

the early 1980s/90s (1960s/early 1970s), at the expense of reduced (enhanced)

local re-emergence (Figures 5.7-5.8, A4.8-9, Table A4.1). A strengthening of

the near-surface circulation (associated with phase shifts in the leading NAO

index), and an eastward extension of the North Atlantic Current (further into

the northeast Atlantic) was recognized as the primary cause of the periodic

variation in local and remote re-emergence occurrence. (Figure 5.10).

For the tracer experiments in the Sargasso Sea, the role of horizontal ad-

vection on SSTA re-emergence was again significant (RR = 28 ± 7 %, Fig-

ures 5.11-5.12, A4.10-11), albeit less significant than in the northeast Atlantic

(Table 5.2). A notable and detrimental impact of subduction on SSTA re-

emergence was also identified in the Sargasso Sea, with nearly 1/3 (i.e. 29 ±

12 %) of the lag-one tracer inventory permanently subducted into the ocean

interior. This exceeded the mean subducted tracer partition for the northeast

Atlantic (i.e. 12 ± 5 %) by more than a factor of 2. Diagnostic analyses of

the annual subduction rate over the North Atlantic were undertaken to ex-

plain these varying influences of subduction (Figure 5.13). Consistent with

the more than twofold increase in subducted tracer partition in the Sargasso

Sea, period-mean (1958-2007) rates of Sann were around double (i.e. -45 ± 8

m year−1) the period-mean annual subduction rate for the northeast Atlantic

(i.e. -24 ± 16 m year−1). The relative contributions of lateral induction and
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vertical pumping (to Sann) were comparable, i.e. -21 ± 7 m year−1 and -24 ±

5 m year−1 respectively, in Sargasso Sea (Figure 5.14a), whilst a 3:1 ratio for

−wH (-18 ± 8 m year−1) relative to -uH .∇H (-6 ± 14 m year−1) characterised

the northeast Atlantic (Figure 5.14b). Results confirmed earlier hypotheses

(Watanabe and Kimoto, 2000a; DeCoëtlogon and Frankignoul, 2003) about a

negative impact of subduction on re-emergence potential in and around the

Sargasso Sea. However, subduction did not fully preclude the re-emergence

process as previously assumed; the majority (i.e. 70 %) of the tracer still

resided in the surface mixed layer. This may have been due an underestima-

tion of the annual subduction rate of the Sargasso Sea, in 1◦ NEMO, compared

to observations (Marshall et al., 1993; Qiu and Huang, 1995). The inclusion of

the Gent and McWilliams (1990) scheme to parameterise the eddy contribu-

tion to Sann may have, in turn, explained the 30-40m year−1 underestimation

of Sann apparent in 1◦ NEMO, relative to the climatological observations of

Marshall et al., (1993) and Qiu and Huang (1995). A significant contribution

from the mixed layer shoaling expression, -∂H
∂t

, to the interannual variability

of passive tracer subduction in Sargasso Sea was revealed (Figure 5.15-5.16).

Most of the variability in -∂H
∂t

(>50 %) was forced by interannual changes in

air-sea heat flux (of -90 W m−2 to +140 W m−2, Figure 5.17). Consistent

with other studies, interannual variations in the (actual) annual subduction

rate of the Sargasso Sea were predominantly driven by interannual variations

in lateral induction (Figure 5.18).

Having quantified the relative and competing influences of subduction and

horizontal advection on SSTA re-emergence at 1◦ resolution, select passive

tracer experiments at 1/4
◦ resolution (in the northeast Atlantic and Sargasso

Sea) were then executed to: (a) compare and contrast the lag-one tracer inven-

tory at coarse and eddy-permitting resolution, and (b) diagnose the potential

impacts of mesoscale processes on SSTA re-emergence (supplementing the sta-

tistical analyses in Chapter 4). The primary effect of increased resolution (and

therefore partially-resolved mesoscale processes) was to reform the large-scale
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near-surface circulation, advocating different regional influences of horizontal

advection on the re-emergence process (Figures 5.19-5.23, Table 5.3). In the

Sargasso Sea, a greater potential for remote re-emergence was simulated at

1/4
◦ resolution (e.g. RR = 35 %, compared to just 17 % at 1◦ in March 1971).

This was mainly due to the existence of a narrow jet-like Azores Current in the

eddy-permitting model (Figure 5.21), which subsequently reduced the negative

impact of subduction on SSTA re-emergence in this region, as ascertained by

the 1◦ experiments (e.g. LS + RS totalled 47 % for 1◦ NEMO vs. 28 % for 1/4
◦

NEMO in March 1971). In the northeast Atlantic, the relative influence of hor-

izontal advection on re-emergence occurrence at 1/4
◦ resolution was reduced,

supporting a more quiescent ocean environment in the vicinity, and enhanced

local re-emergence accordingly (e.g. LR = 50 % at 1/4
◦ resolution, compared

to 38 % at 1◦ resolution in March 1971). This quiescence was associated with

a different pathway for the North Atlantic Current in the 1/4
◦ model (Figure

5.22). Collectively, the differences in re-emergence behavior, at 1◦ and 1/4
◦

resolution, were representative of the model’s ability to simulate realistic fea-

tures of ocean circulation (e.g. Gulf Stream separation), to which the higher

resolution model demonstrated better comparison with observations (Figures

5.24-5.25).
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Discussion and Conclusions

The primary aim of this thesis was to achieve a more comprehensive and dy-

namic understanding of SSTA re-emergence in the North Atlantic. Analyses

were undertaken with a new observational product (ENACT) and ocean model

hindcasts (NEMO). Specifically, ENACT observations (1960-2011) were anal-

ysed to provide direct evidence for the re-emergence of actual SSTA patterns,

associated with regional climate variability, and to assess the interannual and

long-term (decadal) variability of SSTA re-emergence throughout the North

Atlantic. The influences on re-emergence of key oceanic processes, such as

horizontal advection, subduction and mesoscale processes, were then evalu-

ated both statistically and dynamically, with the Global Ocean/Sea-Ice GCM

NEMO.

In this chapter the main findings of this thesis are discussed in the context

of the key scientific questions outlined in Section 1.2, and in relation to exist-

ing studies from the literature. In Section 6.1, the importance of re-emergence

for North Atlantic SST variability is reviewed. The role of mesoscale pro-

cesses upon SSTA re-emergence is then considered in Section 6.2, followed by

corresponding discussions for horizontal advection and subduction in Section

6.3. Finally, the key conclusions from this thesis and areas of future work are

explored in Sections 6.4 and 6.5 respectively.
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6.1 How Important is the Re-emergence Pro-

cess for North Atlantic SST Variability,

and Seasonal-to-Interannual Forecasting?

The key and/or novel contributions from this thesis are as follows:

i Quantitative evidence for actual SSTA re-emergence in the North

Atlantic (Section 6.1.1)

ii Analysis of the temporal (interannual-to-decadal) characteristics

of SSTA persistence in the North Atlantic (Section 6.1.2)

The statistical signature for re-emergence and the background ocean condi-

tions that favour its occurrence have been extensively studied throughout the

literature (see Section 1.3.2). In contrast, direct evidence for the re-emergence

of actual SSTA patterns is rare. Previous studies of re-emergence have also

focused primarily on its spatial (Hanawa and Sugimoto, 2004), and/or cli-

matological characteristics (e.g. Ciasto and Thompson, 2009), and little is

known about the temporal (i.e. interannual-to-decadal) variability of SSTA

re-emergence, particularly in the North Atlantic. This study has provided

quantitative evidence for actual SSTA re-emergence in the North Atlantic. It

has also revealed (qualitatively) that the occurrence of such an event (coher-

ent over the whole North Atlantic) is unusual. Both analyses are discussed

extensively in Sections 6.1.1 and 6.1.2 respectively. The limitations surround-

ing the use of statistical correlations in the study of SSTA re-emergence, and

the necessity for more quantitative assessments of the mechanism, are subse-

quently discussed in Section 6.1.3. Finally, a general discussion and synthesis

is presented in Section 6.1.4.
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6.1.1 Direct evidence for SSTA re-emergence

Using temperature observations from the ENACT dataset (Ingleby and Hud-

dleston, 2007), direct quantitative evidence was presented for oceanic re-emerg-

ence linking the extreme cold conditions in early-winter 2010/11 (see www.met

office.gov.uk/climate/uk/2011/winter.html) to the former severe cold winter

of 2009/10 (see www.metoffice.gov.uk/climate/uk/2010/winter.html). Broad

spatial maps of seasonal SSTA and sub-surface temperature anomaly patterns,

and regional (depth-time and hovmöller) analyses of monthly-to-seasonal tem-

perature evolution revealed the local and remote re-emergence of remnant neg-

ative SSTAs (ranging -0.5 ◦C to -1.5 ◦C), established in late-winter 2009/10,

during the following October through December 2010 (Taws et al., 2011). Re-

emergence prevailed throughout most of the extratropical North Atlantic. To

date, the analyses of Taws et al. (2011) represent the only actual observation

of SSTA re-emergence in the North Atlantic.

The large-scale re-emergence event in 2010 actively contributed towards

the winter-to-winter persistence of an equivalent SSTA tripole pattern, as ver-

tical mixing re-entrained the well-preserved sub-thermocline anomaly patterns

back into a deepening winter mixed layer. The anomalous tripole pattern ex-

hibited in this instance was characteristic of a negative NAO (Wallace et al.,

1990). The winter-to-winter persistence of a SSTA tripole pattern was also

noted by Watanabe and Kimoto (2000a) and Timlin et al. (2002), in for-

mer re-emergence studies throughout the North Atlantic. However, unlike this

analysis, the earlier studies of Watanabe and Kimoto (2000a) and Timlin et

al. (2002), together with many other previous studies of SSTA re-emergence

(Ciasto and Thompson, 2009 and references therein), did not show direct ev-

idence for the re-emergence of actual SSTAs; hence, they were not certain

that the recurring winter SSTA patterns were positively attributed to the oc-

currence of ocean re-emergence. These earlier studies of re-emergence relied

heavily on period-mean correlation, regression and/or EOF-based statistics,

which recognized associations between variables (e.g. re-emergence and the
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winter-to-winter persistence of SSTAs) without establishing specific cause and

effect. That is, these studies did not confirm the occurrence of a re-emergence

event at any time. The results of this thesis are unique in that they provide

one of the first direct observations of SSTA re-emergence, through quantitative

examination of the seasonal evolution of upper-ocean temperature anomalies

in the North Atlantic. Evidently, this has been assisted greatly by recent

improvements in the amount and quality of sub-surface ocean observations

(IPCC, 2007).

This more direct analysis of SSTA re-emergence does not fully neglect the

use of correlation statistics during the 2010 re-emergence study. Indeed, lagged

pattern correlation analyses between the spatial pattern of North Atlantic (5-

65◦ N, 80◦ W-10◦ E) SSTAs and sub-surface temperature anomalies in March

2010 and each of the subsequent 12 months augmented the more quantitative

re-emergence observations, and revealed an enhanced persistence of winter

(2009/10) SSTAs beyond the traditional timescales of SSTA decay (Frankig-

noul and Hasselmann, 1977). This enhanced persistence is consistent with pre-

vious numerical (Deser et al., 2003) and observation-based (DeCoëtlogon and

Frankignoul, 2003), studies on SSTA behavior in the North Atlantic. Lagged

pattern correlation analyses also indicated that the re-emergence in 2010 was

unique over the last decade (discussed further in Section 6.1.2).

The 2010 re-emergence event (Taws et al., 2011) was succeeded by the

return of severe wintry conditions over northern Europe during December 2010-

January 2011, following on from the extreme cold weather that characterised

the former winter period of December 2009 through February 2010 (e.g. Seager

et al., 2010; Wang et al., 2010). The harsh weather patterns experienced over

northern Europe in December 2010-January 2011 were ultimately associated

with the NAO in an extreme negative phase (Visbeck et al., 2001). Although

other factors controlling the early 2010/11 winter atmospheric circulation, such

as changes in sea-ice concentration (Petoukhov and Semenov, 2010; Balmaseda

et al., 2010), soil moisture memory (Koster et al., 2010), ENSO stratospheric
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dynamics (Ineson and Scaife, 2009), anomalous autumnal snow cover over

Eurasia (Cohen et al., 2010), and direct radiative forcing effects (Jung et al.,

2011), cannot be neglected, an active influence of the ocean, through remnant

SSTA re-emergence, may have also been important.

An abrupt shift in the monthly NAO index toward more extreme nega-

tive values (of -4.62 in December 2010) occurred during the 2010 re-emergence

episode (i.e. October-December 2010). The timing of this NAO shift suggests

that the occurrence of re-emergence might have provided an impetus for a

more extreme atmospheric response than otherwise expected. Specifically, the

re-emerging temperature anomalies (and the resulting SSTA tripole pattern

that they stimulated) may have projected upon the overlying atmospheric

circulation (i.e. 500 hPa geopotential height variability) via transient eddy

fluxes, and/or through the emergence of key teleconnection patterns that sub-

sequently aided the return of a extreme negative NAO (Cassou et al., 2007). A

significant impact of re-emergence upon the North Atlantic climate system is

widely supported throughout the literature; namely in the statistical analyses

of Czaja and Frankignoul (1999, 2002), Kushnir et al. (2002), and Rodwell

and Folland (2002), and more recently, the coupled ocean-atmosphere exper-

iments of Cassou et al. (2007), who directly quantified a significant winter

atmospheric response to re-emerging remnant ocean temperature anomalies in

the North Atlantic (see Section 1.3.4).

In a recent sensitivity study examining the dominant air-sea interaction

processes associated with the period Summer 2009 through Summer 2010, Hu

et al. (2011a) revealed an important contribution from Atlantic SST forcing

towards the persistence of the negative phase of the NAO prevalent during

this time. SST forcing was particularly effective in January-May 2010, and

August 2010, supporting an ocean-driven return to negative monthly NAO

values in late summer (see Figure 3.7). The analysis of Hu et al. (2011a) was

based on AGCM simulations (from the National Centres for Environmental

Prediction Global Forecast System) forced with observed SST patterns in the
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Atlantic (north of 30◦ S), and climatological SST forcing elsewhere. It did not

encompass the 2010 re-emergence period (October-December 2010).

Preliminary experiments using the coupled GCM FORTE (Fast Ocean

Rapid Troposphere Experiment, Sinha and Smith, 2002), forced with the dom-

inant pattern of re-emerging SSTAs from the 2010 event (Taws et al., 2011),

have subsequently revealed favourable (and significant) evidence for an ocean-

forced NAO shift towards more extreme negative values in December 2010

(Hirschi, pers. comm.). These experiments are based on the observed re-

emerging temperature anomaly pattern being added to a climatological mean

ocean state (computed from a control experiment), and subsequently comput-

ing the ensemble-mean model response. These analyses are preliminary and

further simulations (e.g. testing the relative contributions of local Atlantic

SSTA and remote ENSO forcing (Ineson and Scaife, 2009) on the resultant

winter NAO response) are required to guarantee robustness. Firm confirma-

tion of a significant ocean-atmosphere feedback mechanism would strengthen

the validity and usefulness of the model experiments of Cassou et al. (2007) by

(1) reproducing equivalent results in a different coupled model (thereby reduc-

ing the likelihood for model selection bias); (2) providing a direct (real-world)

example for an active influence of re-emergence on the winter atmospheric cir-

culation of the North Atlantic (opposed to a winter atmospheric response to

theoretical re-emergence, as in Cassou et al., 2007). The above experiments

would also underpin the earlier statistical work of Rodwell and Folland (2002),

which supported the use of the re-emergence mechanism as a seasonal predic-

tor of North Atlantic winter climate. A significant contribution from SSTA

re-emergence to the atmospheric circulation of December 2010-January 2011

is also supported by Maidens et al. (2012).

6.1.2 Temporal variability of re-emergence

In this thesis, the interannual and long-term (decadal) variability accompany-

ing SSTA re-emergence coherent over the whole North Atlantic has been in-
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vestigated. Observations of the ENACT temperature field, from 1960 through

2011, were analysed. Due to the larger uncertainty of the sub-surface temper-

ature data during the early part of the ENACT record (see Section 2.1.4), only

SST fields (which have better in-situ data coverage and accuracy) were used

to characterise the temporal variation of re-emergence in the North Atlantic.

Specifically, analyses focused on temporal variations in wintertime SSTA per-

sistence, deduced from lag correlation statistics. The interannual and long-

term (decadal) variability of North Atlantic re-emergence is now discussed in

more detail, in the subsequent sections below.

Interannual variability

To examine the interannual variability of SSTA re-emergence coherent over

the whole North Atlantic, lagged pattern correlation analyses were computed

for each March-to-March 12 month period ranging from 1960/61 to 2010/11.

Lagged pattern correlation analyses were used here rather than conventional

diagnostics of re-emergence involving autocorrelation statistics (e.g. Alexander

et al., 2001; Ciasto and Thompson, 2009), in order to increase the degrees of

freedom available for significance testing. The pattern correlation analyses

were based on the pattern of SSTAs over the entire North Atlantic domain

(i.e. 5-65◦ N, 80◦ W-10◦ E). Pattern correlations were segregated into two

categories; those that display a re-emergence-like signature opposed to non-re-

emergence pattern correlations (see Chapter 3 for details).

Overall, SSTA persistence throughout the whole North Atlantic has shown

considerable interannual variability over the last 50-years. As highlighted pre-

viously, the 2010 re-emergence event (Taws et al., 2011) was unique in its oc-

currence over the last decade to-date. It also exhibited an infrequent incidence

since the 1960s. Specifically, there was only one other year (i.e. 1969) where the

pattern correlation function for March SSTAs displayed a clear re-emergence-

like signature. Anomalous fields of SST and sub-surface temperature demon-

strated that the enhanced persistence of March SSTAs in 1969 might have
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been caused by re-emergence, although caution (due to the limited coverage

of sub-surface temperature observations during the 1960s) is warranted. As

for the 2010 re-emergence event (see Section 6.1.1), it is not certain that the

oceans (through re-emergence) actively forced the resultant atmospheric cir-

culation in Winter 1969/70. However, previous studies have demonstrated a

negative NAO response from the atmosphere to a North Atlantic SSTA horse-

shoe pattern, analogous in character to the SSTA pattern that typified the

winter period of 1969/70 (Czaja and Frankignoul, 1999, 2002).

Such an infrequent occurrence of strong and extensive re-emergence events

(like 1969 and 2010) suggests the use of re-emergence (and North Atlantic

SST in general) in the seasonal predictability of the winter NAO is somewhat

limited. This view is shared by Hu and Huang (2006), who re-evaluated the

association between North Atlantic SSTAs and the early winter (November-

January) NAO, focusing in particular on years whose NAO index was more

extreme (i.e. greater than ± one standard deviation from the mean NAO in-

dex). Hu and Huang (2006) revealed very little predictability to the winter

NAO, from North Atlantic SSTAs up to 7-9 months in advance, except during

a few anomalous years, in which the calendar year of 1969 was included. For

these anomalous years, Hu and Huang (2006) suggested that the enhanced

seasonal predictability of the NAO is related to the large-scale re-emergence

of remnant SSTAs from the previous spring. In consideration of the 57-year

(1948-2004) study period examined by these authors, the sole large-scale re-

emergence episode identified in 1969, in this thesis, is consistent with, and

strengthens the former assertions made by Hu and Huang (2006). The en-

hanced seasonal predictability of the NAO in 1969 identified by Hu and Huang

(2006) also endorses further an active involvement of the 1969 re-emergence

episode upon the winter atmospheric circulation of December 1969 through

February 1970 (discussed above).

Notwithstanding the above discussions, it is important to acknowledge that

the detection of only two significant re-emergence events (i.e. in 1969 and 2010)
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over the whole North Atlantic does not exclude a more frequent re-emergence

occurrence over smaller spatial scales. The spatial area chosen for the pattern

correlation analyses (i.e. 5-65◦ N, 80◦ W-10◦ E) encompasses the tropical North

Atlantic, an area deemed less favourable to re-emergence occurrence due to an

insufficient seasonal cycle of MLD (Zhao and Li, 2010). The inclusion of this

unfavourable region could shift the correlation results towards less significant

values, which would therefore support a lower rate of occurrence of SSTA

re-emergence in the basin. The statistical signature (and hence interannual

variability) accompanying SSTA re-emergence may be more significant in more

limited spatial domains where the potential for re-emergence is greater (e.g.

the extratropics and/or the northeast Atlantic).

An intriguing association was identified between the re-emergence events of

1969 and 2010, chiefly in terms of the anomalous (winter) atmospheric forcing

experienced prior to re-emergence. Namely, both winters prior to re-emergence

(i.e. the winters of 2009/10 and 1968/69) were governed by exceptionally

negative (record-breaking for their time) phases of the NAO, and very sim-

ilar, extreme circulation patterns of 2m (surface-level) air-temperature, sea

level pressure, 300 mb (tropopause-level) geopotential heights, and 300 mb

(tropopause-level) zonal wind speeds. Before Winter 2009/10, the extreme

atmospheric anomalies accompanying the winter season of 1968/69 were con-

sidered a unique event since at least 1850 (Hirschi and Sinha, 2007). The

analyses shown in this thesis have subsequently revealed near-equivalent cir-

cumstances for the winter season of 2009/10. The re-emergence episodes that

superseded the winter seasons of 1968/69 and 2009/10 were themselves pro-

ceeded by a recurrence of the former winter atmospheric circulation patterns

over the North Atlantic (during the early winters of 1969/70 and 2010/11).

The strong resemblance of the large-scale re-emergence episodes in 1969 and

2010, chiefly in terms of the anomalous (winter) atmospheric forcing experi-

enced prior to re-emergence, suggest similar physical processes are involved in

their occurrence. Recognizing these processes may help to enhance operational
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seasonal forecasts of European winter climate.

Long-term variability

In addition to interannual changes of winter re-emergence over the whole

North Atlantic, longer-term (decadal) changes in the occurrence of this process

throughout the extratropical North Atlantic were also diagnosed. Following

the analytical procedures of Sugimoto and Hanawa (2007a), an 11-point run-

ning correlation analysis between observational (ENACT) SSTAs for a given

March (lag 0) and March SSTAs 12 months later (lag 1) was computed for

temperature anomalies averaged over the extratropical North Atlantic (30-60◦

N, 10-70◦ W), a region highly conducive to re-emergence (e.g. Hanawa and

Sugimoto, 2004).

Two significant (at the 90 % level) periods of enhanced SSTA persistence,

hence greater re-emergence occurrence potential, were identified: 1968-73 and

1995. They were interrupted by a period of negligible re-emergence poten-

tial throughout the 1980s and early 1990s. Attribution of these low-frequency

running correlations to varying occurrences of re-emergence was strengthened

when equivalent analyses for the eastern tropical North Atlantic (0-25◦ N, 10-

50◦ W - where re-emergence occurrence is less probable) revealed minimal vari-

ability and insignificant correlations over the 50-year study period. SSTA auto-

correlations further supported a low frequency signature of re-emergence in the

extratropical North Atlantic (Figure 3.17). Specifically, when re-emergence ap-

peared more active, SSTAs portrayed near-significant winter-to-winter persis-

tence. That is, lag-one correlations and corresponding e-folding timescales were

high, around 0.75 and 48 months respectively. Conversely, when re-emergence

appeared less active, SSTA patterns followed more closely the stochastic cli-

mate paradigm developed by Frankignoul and Hasselmann (1977); lag-one

correlations and corresponding e-folding timescales were low, i.e. 0.07 and 5

months respectively.

Other studies have documented long-term variations of re-emergence in the
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extratropical North Atlantic (Timlin et al., 2002; Zhao and Li, 2010). The re-

sults from this study support the earlier assertions of Timlin et al. (2002)

regarding a more vigorous re-emergence mechanism prior to 1975. Moreover,

they add to the evidence for decadal (10-20 year) variation of winter SSTA

recurrence revealed by Zhao and Li (2010).

Whilst discussing the concept of long-term (decadal) variations in re-emerg-

ence occurrence, there is an obvious contradiction between the acknowledg-

ment of long-term (decadal) variations of re-emergence, and the low number

of significant re-emergence events established when studying its interannual

behavior (previous section). In reality, it is difficult to attribute a long-term

cycle to a process whose occurrence appears limited to just two significant years

(i.e. 1969 and 2010) since 1960. Although the large (and dissimilar) spatial

area chosen for the pattern correlation analyses (i.e. the whole North Atlantic

(5-65◦ N, 80◦ W-10◦ E) opposed to the spatially-averaged extratropical North

Atlantic (30-60◦ N, 10-70◦ W) for the running correlation analyses) may ex-

plain the rarity of the re-emergence events identified in this thesis, ultimately,

the above conflicts in re-emergence temporal variability serve to underline the

limitations of using correlation statistics to attribute the cause and effect of

different mechanisms (e.g. re-emergence and the winter-to-winter persistence

of SSTAs). This issue is discussed further henceforth.

6.1.3 The problem with correlation statistics

Numerous analyses presented in Chapters 3 through 5 involve correlation

statistics. This is not unusual for scientific studies of SSTA re-emergence (e.g.

Alexander and Deser, 1995; Alexander et al., 1999, 2001; Watanabe and Ki-

moto, 2000a; Timlin et al., 2002; DeCoëtlogon and Frankignoul, 2003; Hanawa

and Sugimoto, 2004; Ciasto and Thompson, 2009). However, correlation anal-

yses on their own are not sufficient to prove causality between an occurrence

of re-emergence and the winter-to-winter persistence of SSTAs. Moreover,
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seasonal re-emergence is not the only mechanism through which SSTAs can

persist over successive winters. The persistence of winter SSTAs is in fact

more complex, involving several contributory factors. These factors obviously

include seasonal re-emergence, but also the dynamical effect of oceanic Rossby

waves, which are discussed hereafter.

Following on from Schneider and Miller (2001), Zhang and Wu (2010) in-

vestigated the predictability of the wintertime SST variability over the North

Atlantic, based on the first-mode baroclinic Rossby wave model. They re-

vealed an active contribution from the first-mode baroclinic Rossby wave to

the winter-to-winter persistence of SSTAs in the North Atlantic. That is, win-

ter sub-surface temperature anomalies could persist from one winter to the

next, not only through seasonal re-emergence, but also because of westward

propagating ocean Rossby waves. In this instance, the first-mode baroclinic

Rossby wave model was able to explain between 10 % and 46 % of the observed

variance of wintertime SSTAs throughout the North Atlantic, particularly in

the tropics and eastern subtropics, and east of Newfoundland. Zhang and Wu

(2010) subsequently concluded, on the basis of Rossby wave adjustment, that

wintertime SSTAs in these regions could be skillfully predicted up to 3 years

in advance.

In addition to oceanic Rossby waves, obduction (Qiu and Huang, 1995) can

also influence the winter-to-winter persistence of SSTAs in the North Atlantic,

through the re-entrainment of remnant (previously subducted) water masses

from within (and beneath) the permanent thermocline. Moreover, the ad-

vection of temperature anomalies that do not undergo seasonal re-emergence,

and/or the persistence of summertime SSTA patterns through winter (Zhang

et al., 1998) can also be significant. A recent paper by Zhao and Li (2010)

demonstrated evidence for the winter-to-winter recurrence of atmospheric cir-

culation anomalies in the mid-to-high latitude North Atlantic; thus advocat-

ing consecutive spells of equivalent anomalous atmospheric forcing as another

source for recurring winter SSTA patterns. In view of their findings, Zhao and
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Li (2010) also questioned the relative importance (and common sole reliance)

of oceanic re-emergence for wintertime recurrences of anomalous SST.

Overall, these alternative mechanisms do not exclude the role of re-emergen-

ce in extending the wintertime persistence of SSTAs. However, their co-

occurrence can amplify the SSTA contribution resulting solely from re-emergen-

ce. In essence, the previously well-established statistical signature for re-

emergence (e.g. Figure 4.7) and its spatiotemporal characteristics through-

out the World Ocean (e.g. Figures 3.10, 3.15 and 4.6) may be inaccurate, as

may the statistical skill of re-emergence for seasonal climate prediction (e.g.

Rodwell and Folland, 2002). In view of the increasing complexity of SST per-

sistence, the sole use of correlation-based statistics for examining re-emergence

occurrence appears no longer suitable. Further quantitative assessment of re-

emergence (and its spatiotemporal characteristics) is necessary (see Section

6.5).

Notwithstanding the above discussion, the correlation analyses presented

in this thesis, and/or existing correlation studies of re-emergence throughout

the literature (e.g. Ciasto and Thompson, 2009 and references therein), con-

tinue to provide useful information about the persistence of large-scale SSTAs.

In this thesis, Figures 3.10 and 3.15-3.17 still demonstrate temporal varia-

tions in the strength of North Atlantic (5-65◦ N, 80◦ W-10◦ E) and extrat-

ropial North Atlantic (30-60◦ N, 10-70◦ W) SSTA persistence, regardless of

the causal mechanism (e.g. re-emergence, ocean Rossby waves) responsible.

Similarly, correlation analyses at 1/4
◦ resolution (in Chapter 4) still elucidate

mesoscale influences on SSTA persistence in the North Atlantic, irrespective

of whether re-emergence is accountable for enhancing the SSTA persistence.

Consequently, these analyses are still beneficial to the climate prediction re-

search community.
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6.1.4 Re-emergence as a predictor for North Atlantic

SST, and seasonal climate: synthesis

Chapter 3 has demonstrated that the spatial coverage and quality of sub-

surface observations is now sufficiently accurate to observe ocean re-emergence

directly in the North Atlantic (e.g. Figure 3.3). Quantitative analyses have

subsequently confirmed previous suggestions (e.g. Watanabe and Kimoto,

2000a; Timlin et al., 2002) about re-emergence exerting an active influence on

North Atlantic winter SST variability. Moreover, preliminary coupled ocean-

atmosphere experiments (with FORTE) have documented a significant contri-

bution from the observed re-emergence event (of 2010) to the ensuing winter at-

mospheric circulation experienced over the North Atlantic and Europe during

December 2010-January 2011 (Hirschi, pers. comm). Collectively, the above

analyses reinforce the earlier statistical work of Rodwell and Folland (2002),

advocating the use of re-emergence as a seasonal predictor of North Atlantic

winter climate. That is, when re-emergence occurs as extensively as it did in

2010 (and possibly 1969), its impact on the North Atlantic winter SST vari-

ance and overlying atmosphere is significant. Accordingly, its use in seasonal

forecasts of North Atlantic and European winter climate is appropriate. Nev-

ertheless, the limited number of significant winter-to-winter recurrences identi-

fied in Figure 3.10 (over the last 50 years), and the restricted number of years

characterised by enhanced (beyond 2 months) NAO predictability (Hu and

Huang, 2006), indicates an infrequent occurrence of large-scale re-emergence

events over the whole North Atlantic. The limited number of significant re-

emergence events identified (since 1960) throughout the whole North Atlantic

may be due to the large spatial area studied. Indeed, the interannual variabil-

ity accompanying SSTA re-emergence may be more significant in more limited

spatial domains (such as the extratropics and/or the northeast Atlantic).
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6.2 What is the Effect of Mesoscale Processes

on Re-emergence?

The novel contribution from this thesis is as follows:

i Diagnostic analyses of SSTA re-emergence at an eddy-permitting

resolution (Section 6.2.2)

Improving the representation of ocean re-emergence in climate models is

necessary for the ongoing development and application of dynamical seasonal

forecast systems (Alexander, 2010). Of key importance are the roles of hori-

zontal advection, subduction, and mesoscale phenomena (principally ocean ed-

dies), whose impacts upon the re-emergence mechanism are not widely studied

in either the temporal or spatial domains (see Section 1.3.5). The influences of

horizontal advection and subduction will be addressed in Section 6.3. The ef-

fects of mesoscale processes on re-emergence occurrence in the North Atlantic

are discussed henceforth in this section.

Within this thesis, the effects of mesoscale processes on the local re-emerge-

nce of North Atlantic SSTAs were investigated using well-established statisti-

cal diagnostics (e.g. lag correlation) for local re-emergence. It has been ac-

knowledged that statistical analyses of re-emergence are not sufficient to prove

causation between the existence of re-emergence and the winter-to-winter per-

sistence of SSTAs (see Section 6.1.3). Nevertheless, for the purpose of this

discussion, and to enable comparison with existing published studies, the sta-

tistical analyses performed in Chapter 4 are considered solely representative

of the spatiotemporal characteristics of SSTA re-emergence.

In addition to these statistical analyses, a more comprehensive and dy-

namic investigation of the effect of mesoscale processes on re-emergence was
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undertaken, involving the use of passive tracers in the Global Ocean/Sea-Ice

GCM NEMO. Both analyses are subsequently discussed in the context of the

wider literature. The ability of NEMO to simulate the re-emergence process is

first examined in Section 6.2.1. Thereafter, the effects of mesoscale processes

on re-emergence are discussed in Section 6.2.2, followed by a general discussion

and synthesis in Section 6.2.3.

6.2.1 On the representation of re-emergence in NEMO

Prior to the investigation of local re-emergence in an eddying regime (Section

6.2.2), the ability of NEMO to simulate the statistical signature of local re-

emergence at 1◦ was initially assessed. In agreement with earlier re-emergence

modelling studies (e.g. Alexander and Deser, 1995; Alexander and Penland,

1996; Bhatt et al., 1998; Alexander et al., 2000, 2001; Alexander et al., 2006),

local re-emergence was successfully simulated in the Global Ocean/Sea-Ice

GCM NEMO. Specifically, the primary factors that govern its existence and

spatial extent in the North Atlantic (e.g. annual MLD range, annual heat flux,

SSTA variance, surface circulation) demonstrated reasonable correspondence

with observations, and the detection of local re-emergence in key mode water

formation areas of the North Atlantic was consistent with previous (observa-

tional) statistical studies on its spatial variability (e.g. Hanawa and Sugimoto,

2004). Nevertheless, the existence of local re-emergence signatures in northern

subpolar, western subtropical, and western extratropical regions of the North

Atlantic was inconsistent with the former background prerequisites, and fur-

ther emphasised the restraints of statistical correlation in establishing clear

cause and effect (see Section 6.1.3). Local re-emergence in the subpolar North

Atlantic was also exhibited in the lagged correlation analyses of Hanawa and

Sugimoto (2004). It is therefore recommended that until a more quantita-

tive analysis of ocean re-emergence is undertaken (discussed further in Section

6.5), its spatiotemporal characteristics deduced from lag correlation should be

treated with caution.
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Unlike this analysis, many of the earlier model-based studies of re-emergence

(listed above) examined its statistical properties in a simple one-dimensional

mixed layer ocean model (Alexander and Deser, 1995; Alexander and Penland,

1996; Bhatt et al., 1998; Alexander et al., 2000, 2001). Consequently, these

studies did not fully incorporate the effects of key dynamic ocean processes,

e.g. advection, subduction, and/or mesoscale processes, on the model’s ability

to simulate ocean re-emergence. The statistical results from this thesis are one

of a few (including Alexander et al., 2006) that simulate ocean re-emergence in

a comprehensive, full-depth OGCM, which incorporates the effects of advec-

tion, diffusion and subduction. Moreover, this study is the first to reproduce

the statistical signature of local re-emergence at an eddy-permitting (1/4
◦)

resolution. These results, and the effects of mesoscale processes on the local

re-emergence of North Atlantic SSTAs, will now be discussed.

6.2.2 Re-emergence in an eddy-permitting ocean model

Lag correlation analyses of local re-emergence were performed at an eddy-

permitting (1/4
◦) spatial resolution, and subsequently compared with equiva-

lent analyses at a non eddy-permitting (1◦) resolution, and observations. Anal-

yses centered on two localised regions of the North Atlantic, i.e. the Sargasso

Sea and northeast Atlantic. These regions were chosen as preliminary analyses

of the annual MLD range, annual heat flux, SSTA variance, and surface circu-

lation supported favourable background conditions for the occurrence of local

re-emergence; i.e. the annual range of MLD was >100 m, the net annual heat

flux did not exceed ±50 W m−2, SSTA variance was <0.5 ◦C2, and surface

circulation was <0.05 m s−1. In addition, local re-emergence had previously

been documented in similar locations by Timlin et al. (2002); hence, statis-

tical analyses here allowed for useful comparisons with this former study (see

Chapter 4).

The statistics of local re-emergence at 1/4
◦ resolution exhibited better cor-

respondence with observations than the local re-emergence signature simulated
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at 1◦ resolution. In the Sargasso Sea, significant statistical evidence for an oc-

currence of local re-emergence was evident in the 1◦ ocean model, whereas

regional depth-time lag correlations obtained with 1/4
◦ NEMO and ENACT

observations did not reveal a clear local re-emergence signature. Similarly, lo-

cal re-emergence was simulated in northeast Atlantic, in both the 1◦ and 1/4
◦

ocean model, although, the correlation pattern in 1/4
◦ NEMO displayed the

best overall agreement with observations. The better correspondence between

the statistical signature of local re-emergence in 1/4
◦ NEMO and observations,

than 1◦ NEMO and observations highlighted an important contribution from

mesoscale processes towards the re-emergence variability of the North Atlantic

Ocean.

Passive tracer experiments were subsequently conducted with NEMO ocean

model simulations at 1◦ and 1/4
◦ spatial resolution, to further elucidate (and

quantify) the mesoscale processes controlling re-emergence variability in the

North Atlantic. The primary role of mesoscale processes on SSTA re-emergence

was to reform the large-scale near-surface circulation, advocating different re-

gional influences of horizontal advection on its existence in the North Atlantic.

Specifically, in the northeast Atlantic, the relative influence of horizontal ad-

vection on re-emergence occurrence at 1/4
◦ resolution was reduced. This sup-

ported a more quiescent ocean environment in the vicinity, and an enhanced

potential for local re-emergence. Conversely, for tracer experiments in the Sar-

gasso Sea, the impact of horizontal advection on re-emergence occurrence at

1/4
◦ resolution was increased, supporting a more active ocean environment in

the region, and reduced local re-emergence accordingly. The mesoscale-driven

circulation changes were found to shift the spatial coverage of tracer from a

predominantly localised position to one increasingly remote from the Sargasso

Sea. Consequently, whilst local re-emergence is reduced, the degree of remote

re-emergence (and its associated influence upon winter SSTA variance) may

be greater at 1/4
◦ resolution.

The stronger influence of horizontal advection in the Sargasso Sea, at 1/4
◦

225



6.2. Effect of Mesoscale Processes on Re-emergence CHAPTER 6

resolution, could inherently explain the weaker statistical signature of local

re-emergence in 1/4
◦ NEMO, in Chapter 4. Although correlation analyses

in northeast Atlantic appear inconsistent with the above noted circulation

changes, i.e. the statistical signature of local re-emergence in 1/4
◦ NEMO does

not exceed that in 1◦ NEMO (see Chapter 4) as is expected from a more quies-

cent ocean environment, correlation estimates for the northeast Atlantic at 1◦

resolution are most likely biased high (and more prolonged) by underestimates

of the maximum winter MLD, relative to 1/4
◦ NEMO and ENACT observa-

tions; temperature anomalies situated at shallower depths in the water column

are more likely to re-emerge than those that are subducted deeper (as in the

1/4
◦ model and/or observations).

Consistent with previous studies by Hecht and Smith (2008) and Chas-

signet and Marshall (2008), the above changes in re-emergence character were

primarily due to a more realistic simulation of the large-scale ocean circula-

tion (in particular the dynamics of the Gulf Stream) at 1/4
◦ resolution. This

resulted in a more realistic pathway for the North Atlantic Current system

downstream; thus supporting the quiescent circulation regime, and enhanced

potential for local re-emergence, experienced in the northeast Atlantic. A bet-

ter representation of the Gulf Stream at 1/4
◦ resolution also facilitated the

development of a stronger and more zonal Azores Current near the Sargasso

Sea, which was not well represented by NEMO at 1◦ resolution. This, in turn,

explained the decreased local re-emergence potential exhibited in the Sargasso

Sea at an eddy-permitting resolution. An intensified, and increasingly zonal

Azores Current system at higher resolution is consistent with an earlier mod-

elling study by Jia (2000), examining the characteristics of the Azores Current

in MICOM at 1/3
◦ and 4/3

◦ resolution.

Notwithstanding the noticeable improvement of ocean circulation at 1/4
◦

resolution, the dynamics of the Gulf Stream (e.g. separation at Cape Hatteras)

were not fully resolved by the 1/4
◦ resolution ocean model. Chiefly, the current

still overshot Cape Hatteras, and continued northward along the American
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coastline (towards Georges Bank). A large stationary anticyclonic meander

near Cape Hatteras developed (around 35◦ N, 70◦ W) as a result of this error

in the simulated ocean circulation (e.g. grey arrow in Figure 5.21b). This is

consistent with many earlier ocean model studies (e.g. Bryan and Holland,

1989; Böning and Bryan, 1996). It indicates that the optimum threshold, in

which the variability of the circulation in NEMO is comparable to observations,

is not obtained at 1/4
◦ resolution, and further refinements are required. The

significance of mesoscale processes in reorganizing the large-scale near-surface

circulation ultimately demonstrates that accurate representation of the ocean

circulation is necessary in climate models, in order to correctly simulate SSTA

re-emergence.

6.2.3 The effect of mesoscale processes on re-emergence:

synthesis

Mesoscale processes have a significant effect on the behaviour of SSTA re-

emergence in the North Atlantic, by influencing the mean transport of tem-

perature anomalies in the ocean. The better correspondence with observations

shown by the 1/4
◦ model over the 1◦ model, chiefly in terms of the statistical

signature of local re-emergence in the Sargasso Sea and northeast Atlantic, ac-

tively supports the use of a higher resolution ocean model in future simulations

of the large-scale mean climate and its variability. The switch to a higher reso-

lution ocean model is also supported by others, including Roberts et al. (2004,

2009), who documented an improved mean state for the atmosphere and ocean

in coupled climate simulations with an enhanced (i.e. 1/3
◦) ocean resolution

(relative to 1◦). A more universal examination of the statistical signature of

re-emergence in 1/4
◦ NEMO (in other areas of the World Ocean) is required to

substantiate these former assertions. Moreover, a more explicit analysis of the

persistence of re-emerging temperature anomalies at 1/4
◦ resolution (involving

ARIANE) is necessary. Both topics are discussed further in Section 6.5.
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6.3 How Do Upper Ocean Dynamics Influence

the Re-emergence of Remnant North At-

lantic SSTAs?

The key and/or novel contributions from this thesis are as follows:

i Dynamic investigation of the role of horizontal advection on re-

emergence occurrence in the North Atlantic (Section 6.3.1)

ii Dynamic investigation of the role of subduction on re-emergence

occurrence in the North Atlantic (Section 6.3.2)

The relative roles of horizontal advection and subduction on SSTA re-

emergence were investigated to obtain a more dynamic understanding of the

process (and its occurrence) in the North Atlantic. This study is the first

to explicitly quantify the effects of subduction on the re-emergence process.

An experimental technique that jointly partitioned horizontal advection, sub-

duction and re-emergence in the ocean, was used in this investigation. A

series of one-year experiments were conducted at 1◦ resolution over the period

1958-2007. Temporal variations in the roles of horizontal advection and/or

subduction on the re-emergence process were thus identified. As in Section

6.2, the experiments focused on two regions of the North Atlantic that are

conducive to re-emergence, the northeast Atlantic and the Sargasso Sea. The

key findings from both regions are now discussed.

6.3.1 Tracer experiments in the northeast Atlantic

For the passive tracer experiments performed in the northeast Atlantic, hori-

zontal advection was the dominant process (over subduction) controlling SSTA

re-emergence. More than half (i.e. 54 ± 7 %) of the lag-one tracer inventory
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exhibited horizontal displacement over the seasonal cycle to mixed layer re-

gions remote from the tracer’s source. This supported a dominant role for

remote re-emergence. The remote mixed layer regions were situated predom-

inantly beyond the northern border of the northeast Atlantic, following the

prevailing surface currents (e.g. the North Atlantic Current). For the tracer

partition that remained local to the northeast Atlantic (34 ± 6 %), it resided

predominantly in easternmost regions (east of 20-25◦ W) where the surface

circulation was slow. This indicated where local re-emergence was most likely

to occur.

The dominant advective influences noted here are consistent with the ad-

joint sensitivity results of Junge and Haine (2001), Zhao and Haine (2005), and

Junge and Fraedrich (2007), who reported an important contribution from hor-

izontal advection (and remote re-emergence) to the variability of SST in the

North Atlantic. The tracer experiments in the northeast Atlantic are also com-

patible with the earlier statistical (lag-correlation) analyses of DeCoëtlogon

and Frankignoul (2003), who revealed a stronger, clearer signature of re-

emergence around regions of strong ocean flow, when considering the effects of

horizontal ocean advection. DeCoëtlogon and Frankignoul (2003) concluded

that local estimates of the wintertime persistence can underestimate the true

volume of re-emergence in the North Atlantic. The passive tracer results are

in general agreement with DeCoëtlogon and Frankignoul (2003), as over 50

% of the temperature anomalies formed locally in the northeast Atlantic can

influence the following winter SSTA variance elsewhere.

Whilst horizontal advection was significant, the role of subduction on SSTA

re-emergence in the northeast Atlantic was mostly negligible; tracer partitions

averaged 12 ± 5 % over the 50-year study period. This is unsurprising con-

sidering the weak annual subduction rates documented in this region, in pre-

vious studies (e.g. Marshall et al., 1993; Qiu and Huang, 1995; Spall et al.,

2000; Gebbie, 2004), and the low annual subduction rates computed here with

NEMO (i.e. -24 ± 16 m year−1). Nevertheless, there were a few periods when
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subduction played a more significant role on the mixed layer properties of the

region (i.e. 24-30 % of the tracers were subducted). These periods were at-

tributed to reduced heat loss from the ocean, which consequently triggered

substantial interannual shoaling of the resultant winter MLD (Alexander et

al., 2000, 2001; Carton et al., 2008).

The earlier studies of Junge and Haine (2001), DeCoëtlogon and Frankig-

noul (2003), Zhao and Haine (2005), and Junge and Fraedrich (2007) quan-

tified the effects of climatological mean advection on SSTA re-emergence in

the North Atlantic. In this thesis, the effects of time-varying advection were

considered, to reveal temporal changes in its role on the re-emergence process.

The influence of horizontal advection on SSTA re-emergence in the north-

east Atlantic varied periodically over the 50-year study period. Specifically,

there was a stronger (weaker) potential for local re-emergence, and hence a

weaker (stronger) influence of horizontal advection during the 1960s/early-

1970s (early-1980s/90s). The increased (decreased) potential for local re-

emergence was subsequently offset by a tendency for less (more) remote re-

emergence. A stronger likelihood for local re-emergence during the 1960s/early

1970s matched earlier suggestions made by Timlin et al. (2002), based on

EOF analyses of North Atlantic SST (see Section 1.3.6). Correlation analyses

investigating the periodic changes in local and remote re-emergence also sup-

ported a dominant role for local re-emergence during the first half of the data

record (1958-77). However, an increased likelihood for remote re-emergence,

during the second half of the data record (1980-99), was not supported. In-

stead, remote re-emergence appeared more extensive in the late-1950s through

late-1970s (when the advective influence inferred from tracers was less). This

suggests that the stronger role of horizontal advection identified during the

1980s and 1990s was detrimental to the occurrence of remote re-emergence at

this time. As such, the earlier notion about a stronger, clearer signature of

re-emergence in an advective regime (DeCoëtlogon and Frankignoul, 2003) is

inconclusive. Further quantitative investigations of time-varying horizontal ad-
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vection and SSTA re-emergence are required to ascertain its true contribution

(discussed further in Section 6.5).

Periodic variations in the influence of horizontal advection on SSTA re-

emergence in the northeast Atlantic were linked to gyre-scale changes in the

upper ocean velocity field. In particular, a weakening (strengthening) of the

near-surface (0-500 m) current field of the North Atlantic subpolar gyre, and a

strengthening (weakening) of corresponding circulation for the North Atlantic

subtropical gyre was simulated during the period 1958-77 (1980-99). Con-

sistent with the observation-based findings of Curry and McCartney (2001),

the above variations in ocean circulation were associated with a negative-to-

positive transition in the NAO index. Depending on the relative strengths

of the subtropical and subpolar gyre circulation, a change in the position of

the frontal zone between both gyre systems, and hence the path of the North

Atlantic Current, was likely. Namely, when the circulation of the subpolar and

subtropical gyre was enhanced and decreased respectively, the frontal zone be-

tween both gyre systems could position itself in a more east-to-west direction

across the North Atlantic (Hatun et al., 2005). This could induce stronger

extensions of the North Atlantic Current into the eastern basins, as was doc-

umented here during the 1980s/90s (Figure 5.10). Changes in the path of the

North Atlantic Current, due to inter-gyre variations in circulation strength,

thus explained the varying influence of horizontal advection on re-emergence

occurrence in the northeast Atlantic.

At a 1/4
◦ spatial resolution, the influence of horizontal advection on SSTA

re-emergence in the northeast Atlantic was decreased (relative to the 1◦ model)

due to the improved representation of key features (e.g. the Gulf Stream, North

Atlantic Current) of the large-scale ocean circulation. Refer back to Section

6.2 for a more comprehensive discussion of this topic.
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6.3.2 Tracer experiments in the Sargasso Sea

The focus of this discussion now switches to the passive tracer experiments

performed in the Sargasso Sea, where, for regions similar to this, previous

studies (e.g. Watanabe and Kimoto, 2000a; DeCoëtlogon and Frankignoul,

2003) have presumed subduction detrimental to the re-emergence process, yet

have not studied its influence explicitly. In agreement with the earlier sug-

gestions of Watanabe and Kimoto (2000a) and DeCoëtlogon and Frankignoul

(2003), passive tracers revealed a significant contribution from subduction to

the re-emergence process in the Sargasso Sea. Specifically, 1/3 (29 ± 12 %) of

the lag-one tracer inventory was permanently subducted into the ocean inte-

rior, and made unavailable for seasonal re-emergence. This partition exceeded

the equivalent fraction for the northeast Atlantic (see Section 6.3.1 above) by

a factor of two, and was consistent with a two-fold increase in the annual sub-

duction rate (-45 ± 8 m year−1). Nevertheless, despite the more significant

role of subduction shown here, it did not fully preclude re-emergence from

occurring in this region, as was assumed by Watanabe and Kimoto (2000a)

and DeCoëtlogon and Frankignoul (2003); the majority (i.e. 70 %) of the

tracer still resided in the surface mixed layer. This may have been due to an

underestimation of the actual annual subduction rate of the Sargasso Sea, in

1◦ NEMO, compared to observations; NEMO subduction rates were, on aver-

age, 30-40 m year−1 lower than the climatological estimates of Marshall et al.

(1993) and Qiu and Huang (1995). The inclusion of a Gent and McWilliams

(1990) parameterisation to represent the eddy contribution to annual subduc-

tion may have explained the 30-40m year−1 underestimation of Sann exhibited

by 1◦ NEMO, relative to Marshall et al., (1993) and/or Qiu and Huang (1995);

the effects of eddy subduction were not considered by either Marshall et al.

(1993) or Qui and Huang (1995) in their subduction analyses (see Chapter 5

for further information).

The passive tracer experiments revealed significant interannual variability

(over the 50-year study period) in the role of subduction upon re-emergence
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occurrence in the Sargasso Sea. Such variability, and the primary mechanisms

responsible, were further investigated through (a) a sensitivity analysis investi-

gating the response of the subducted (LS+RS) lag-one tracer inventory (of the

Sargasso Sea) to a change of subduction by either -∂H
∂t

or −wH ; (b) diagnostic

analyses of the annual subduction rate (Sann) and its three constituents, -∂H
∂t

,

-uH .∇H and −wH . It was demonstrated that >75 % of the interannual vari-

ance of passive tracer subduction was driven by interannual variations in the

mixed layer shoaling expression (i.e. -∂H
∂t

). Accordingly, interannual variations

in -∂H
∂t

were predominantly driven by interannual changes in air-sea heat flux.

This is consistent with the thermodynamic assessment of annual subduction

by McLaren and Williams (2001), who revealed a more significant contribution

from atmospheric heat fluxes, rather than advective (Ekman-driven) redistri-

butions of heat, to the interannual variability of winter MLD in the North

Atlantic, and corresponding changes in the annual subduction rate. A domi-

nant contribution from air-sea heat fluxes to the mixed layer variability of the

North Atlantic also augmented the modelling and observation-based studies of

Alexander et al. (2000, 2001) and Carton et al. (2008), discussed previously

in Chapter 5 (and Section 6.3.1 above).

A significant contribution from -∂H
∂t

to the interannual variance of passive

tracer subduction in the Sargasso Sea suggested that the relative contribution

of -∂H
∂t

and/or -uH .∇H to the interannual variability of (actual) annual sub-

duction was significant. Analyses of the anomalies in Sann, -∂H
∂t

, -uH .∇H, and

−wH (over the 50-year study period ranging 1958-2007, and relative to the 50-

year mean value for each term) revealed that -uH .∇H was the primary source

of the interannual variation in Sann (in the Sargasso Sea), contributing >60

% of the interannual variance of annual subduction. In contrast, the relative

contribution of −wH to Sann was roughly half that of -uH .∇H (i.e. around

30 %). These contributions were markedly different from those accounting

for the period-mean (1958-2007) annual subduction rate. Chiefly, for clima-

tological estimates of Sann, the relative contributions of -uH .∇H and −wH
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were approximately of equal importance, i.e. they explained 47 % and 53 %

respectively of the total mean subduction rate of the Sargasso Sea. A domi-

nant contribution from -uH .∇H to the interannual variability of Sann was also

noted by Qu and Chen (2009) and Li (2012), who performed corresponding

analyses in the North and South Pacific respectively. Similarly, in the global

study of annual subduction by Liu and Huang (2012), it was recognized that

the interannual variability of the globally integrated subduction rate was pri-

marily due to changes in the lateral induction term. The same authors also

examined the interannual variability of Sann in the North Atlantic and drew

similar conclusions about the dominant causal mechanism. The results in this

thesis (for the Sargasso Sea) are therefore consistent with the findings of Liu

and Huang (2012) for the North Atlantic. For -∂H
∂t

, an insignificant correlation

value of 0.01 between the anomalies of Sann and -∂H
∂t

supported a negligible

contribution from -∂H
∂t

towards the interannual variability of (actual) Sann in

the Sargasso Sea.

At 1/4
◦ spatial resolution, the influence of subduction on SSTA re-emergence

in the Sargasso Sea was decreased (relative to the 1◦ model) due to the stronger

influence here of horizontal advection on passive tracer displacement (and

therefore re-emergence occurrence) at an eddy-permitting resolution. This,

in turn, was the result of a more realistic Azores surface current system sim-

ulated at 1/4
◦ resolution. The differences between the 1◦ and 1/4

◦ passive

tracer experiments (in the Sargasso Sea) are discussed more comprehensively

in Section 6.2.

6.3.3 The role of upper ocean dynamics on re-emergence:

synthesis

Dynamic analyses, involving passive tracers, have revealed significant influ-

ences from horizontal advection and subduction to the spatiotemporal ex-

pression of ocean re-emergence in the North Atlantic. Consistent with pre-

vious North Atlantic advection-based studies (e.g. Junge and Haine, 2001;
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DeCoëtlogon and Frankignoul, 2003; Zhao and Haine, 2005; Junge and Fraedri-

ch, 2007), the role of horizontal advection on the local persistence of mixed

layer temperature anomalies is heightened in the northern part of the domain

(e.g. the northeast Atlantic). Conversely, in agreement with earlier sugges-

tions by Watanabe and Kimoto (2000a) and/or DeCoëtlogon and Frankignoul

(2003), a stronger detrimental impact of subduction towards the winter re-

emergence of SSTAs is noticeable in the subtropical North Atlantic (e.g. the

Sargasso Sea).

While the former analyses have helped improve scientific understanding of

the re-emergence mechanism in a dynamical environment, several key ques-

tions about the roles of horizontal advection and/or subduction on its occur-

rence still remain. They are as follows. What are the relative effects of hor-

izontal advection and subduction upon re-emergence in other regions of the

North Atlantic, and in other ocean basins? How does the influence of subduc-

tion on re-emergence (in these other regions) vary over interannual to decadal

timescales, and what are the causal mechanisms responsible for this variabil-

ity? How does the persistence of re-emerging temperature anomalies vary

under different strength horizontal advection regimes? All of these questions

warrant further investigation to obtain a more complete dynamic understand-

ing of the re-emergence mechanism throughout the global ocean (see Section

6.5).

6.4 Conclusions

This thesis has provided a more comprehensive and dynamic understanding

of the re-emergence mechanism in the North Atlantic. It has provided quan-

titative evidence for an actual re-emergence event in 2010 (Taws et al., 2011).

Established statistical techniques have been employed to evaluate both the

temporal (interannual-to-decadal) variability of large-scale re-emergence (over

the whole North Atlantic), and its existence in an eddy-permitting ocean

model. Finally, a method for analysing the re-emergence mechanism dynami-
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cally, and quantifying the relative influences of horizontal advection, subduc-

tion and mesoscale processes on its occurrence, has been introduced. The key

conclusions from this thesis are summarised as follows.

6.4.1 Importance of re-emergence for North Atlantic

SST

A large-scale re-emergence event throughout 2010 linked the extreme cold con-

ditions in early-winter 2010/11 to the former severe cold winter of 2009/10.

Currently, this represents the only direct study of ocean re-emergence in the

North Atlantic. The re-emergence of strongly negative temperature anomalies

(ranging -0.5 ◦C to -1.5 ◦C) actively contributed towards the winter-to-winter

persistence of an equivalent SSTA tripole pattern, associated with an excep-

tionally negative phase of the NAO. The timing of the 2010 re-emergence

(i.e. October-December 2010) coincided with a shift in the monthly NAO

index towards record negative values (of -4.62). This indicated the ocean

(via re-emergence) might have played an active role in forcing the extreme

winter weather over Northern Europe during December 2010-January 2011.

Subsequent experiments involving the coupled GCM FORTE, forced with the

dominant pattern of re-emerging SSTAs from 2010, have since confirmed this

notion (Hirschi, pers. comm.). Statistical analyses indicated an infrequent oc-

currence (over the last 50 years) of large-scale re-emergence events like 2010,

over the whole North Atlantic. The possible existence of another episode in

1969, which demonstrated strong similarity with 2010, chiefly in terms of the

winter atmospheric forcing experienced prior to re-emergence, suggests similar

physical processes are involved in their occurrence.

6.4.2 Effect of mesoscale processes on re-emergence

Established diagnostics for local re-emergence were performed with the ocean

modelling system NEMO at non eddy-permitting (1◦) resolution and, for the

first time, eddy-permitting (1/4
◦) resolution. Both analyses were subsequently
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compared with observations. The statistical signature of local re-emergence

was successfully simulated in the Global Ocean/Sea-Ice GCM NEMO. This

represented one of the few studies of re-emergence in a comprehensive, full-

depth OGCM. The statistical signature of local re-emergence at 1/4
◦ resolution

demonstrated better correspondence with observations, and hence supported

an important contribution from mesoscale processes towards the re-emergence

variability of the North Atlantic Ocean. Numerical experiments (involving

passive tracers in NEMO) showed that these mesoscale influences involved

significant reorganisations of the large-scale near-surface circulation, imposing

different regional influences of horizontal advection upon the occurrence of

re-emergence. This was predominantly due to the more realistic simulation of

key features (e.g. the Gulf Stream, North Atlantic Current, Azores Current) of

the large-scale ocean circulation at 1/4
◦ resolution. The better correspondence

between the statistical signature of local re-emergence in 1/4
◦ NEMO and

observations, than 1◦ NEMO and observations, supported the use of the higher

resolution ocean model in future simulations of the large-scale mean climate

and its variability.

6.4.3 Role of upper ocean dynamics on re-emergence

Application of a passive tracer method for dynamic investigations of ocean

re-emergence revealed a dominant, and time-dependent role of horizontal ad-

vection upon the degree of local re-emergence in the northeast Atlantic. A

Lagrangian view of re-emergence thus seems more appropriate for capturing

its true spatial extent in this region. This view is shared by DeCoëtlogon

and Frankignoul (2003), Zhao and Haine (2005), and Junge and Fraedrich

(2007). The time-varying influence (on re-emergence) of horizontal advection

was linked to spatial variations in the subtropical-subpolar gyre boundary

(along which the North Atlantic Current flows), caused by gyre-scale changes

in the upper ocean velocity field. This, in turn, was associated with negative

or positive phase changes in the NAO. The relative effect of horizontal advec-
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tion drove periodic changes in the spatial tendency of re-emergence, with more

(less) remote (local) re-emergence favoured during the 1980s/90s.

In addition to quantifying the relative effects of horizontal advection on the

re-emergence process, a novel insight into the effects of ocean subduction (on its

occurrence) was also determined. This is the first study to explicitly quantify

the effects of subduction on the re-emergence process. A stronger detrimental

impact of subduction towards the winter re-emergence of SSTAs was noticeable

in the subtropical North Atlantic (e.g. the Sargasso Sea). However, subduction

did not fully preclude the re-emergence process as previously assumed. A

significant contribution from mixed layer shoaling (-∂H
∂t

) to the interannual

variability of passive tracer subduction in Sargasso Sea was identified. Most

of the variability in -∂H
∂t

(>50 %) was forced by interannual changes in air-sea

heat flux. Interannual variations in the (actual) annual subduction rate of the

Sargasso Sea were predominantly driven by interannual variations in lateral

induction.

6.5 Future Work

While this thesis has obtained a more comprehensive and dynamic understand-

ing of the re-emergence mechanism in the North Atlantic, several limitations of

this study have been identified, particularly regarding the statistical analysis

techniques that were used. There are a number of further investigations that

could stem from this work. Some ideas for further study are discussed here.

6.5.1 Quantitative reevaluation of the spatiotemporal

characteristics of re-emergence

The re-emergence mechanism is considered an important source of seasonal

forecast skill (Rodwell and Folland, 2002). Yet, much of what is known about

the process has come solely from statistical correlation. It has been discussed

that statistical analyses of re-emergence are not sufficient to prove causation
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between the existence of re-emergence and the winter-to-winter persistence of

SSTAs (see Section 6.1.3). As such, the current understanding of re-emergence

(e.g. its spatial ubiquity throughout the World Ocean) may be inaccurate.

This thesis has since shown that the spatial coverage and quality of sub-surface

ocean observations is now adequate to observe ocean re-emergence directly in

the North Atlantic (e.g. Figure 3.3). While the value of previous statistical

studies are not fully disregarded, future studies on re-emergence should aim

to (re)evaluate its spatiotemporal characteristics in a more quantitative man-

ner, i.e. similar to the 2010 re-emergence episode of Taws et al. (2011) and

equivalent re-emergence analyses by Zhao and Li (2012) for the central North

Pacific. Correlation analyses can supplement, but not replace, these quan-

titative measures of re-emergence. Only through direct observations can an

accurate understanding of the spatiotemporal characteristics of re-emergence,

and its role in seasonal climate prediction, be obtained.

6.5.2 Further investigation of the effects of mesoscale

processes on re-emergence

The better correspondence with observations revealed by the 1/4
◦ model over

the 1◦ model, in terms of the statistical signature of local re-emergence, pro-

vides an impetus for a higher resolution ocean model in future climate studies.

Nevertheless, there is a caveat in this interpretation. Namely, the better ob-

servational comparison of ocean re-emergence at 1/4
◦ resolution is limited to

two regions of the North Atlantic, which may not be representative of the

wider global ocean. Additional statistical analyses of local (and remote) re-

emergence with 1/4
◦ NEMO are therefore required at other locations through-

out the North Atlantic (and within other ocean basins), to further evaluate the

accuracy of this process in an eddy-permitting ocean model. Corresponding

statistical analyses of re-emergence at 1/12
◦ spatial resolution are also recom-

mended; it is possible that ocean re-emergence may be simulated even more

accurately in the 1/12
◦ spatial resolution ocean model, considering the more
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realistic oceanic circulation that is expected (Hecht and Smith, 2008).

The passive tracer experiments presented in this thesis are the first to

examine SSTA re-emergence in an eddy-permitting (1/4
◦) ocean model, and

so provide useful insight into the effects of resolved mesoscale processes on

its occurrence. Additional tracer experiments at 1/4
◦ resolution, specifically

a complete 50 x one-year time series over the period 1958-2007, should be

conducted to enable better comparison with the 1◦ tracer simulations, and

avoid erroneous interpretation associated with isolated case study periods.

In addition to the oceanic circulation changes discussed above, mesoscale

processes may also impact the re-emergence process through increased stir-

ring and dissipation (in the ocean interior) of the temperature anomalies that

would otherwise undergo re-emergence (Stammer and Wunsch, 1999). This

could weaken the spatial extent of re-emergence and its relative contribution

towards winter SSTA variance. For example, although passive tracers revealed

a dominant role for remote re-emergence outside the Sargasso Sea at 1/4
◦

resolution (e.g. Figure 5.19), whether the anomalous temperature properties

associated with the advected water parcel are maintained over the seasonal cy-

cle (thus are available for wintertime re-emergence) is presently unclear, and

worthy of further investigation. Such investigation is not possible with passive

tracers. Instead, the use of the Lagrangian diagnostic tool ARIANE (Blanke

and Raynaud, 1997) may provide a useful means to evaluate the temperature

anomaly evolution of a water parcel over the seasonal cycle. ARIANE com-

putes the three-dimensional trajectories of water particles that are advected

by a known velocity vector field (i.e. U, V and W from stored outputs of an

OGCM). It does not explicitly calculate diffusion along its trajectories. More-

over, there are concerns that ARIANE does not represent vertical motion very

well. Consequently, in view of these limitations, the use of ARIANE should

not directly replace the above passive tracer experiments. Nevertheless, the

effects of turbulent mixing can be interpreted by along-trajectory changes in

tracer properties (e.g. T, S), which are also evaluated by ARIANE. Water
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mass analyses (e.g. T-S modification) in an eddy-permitting ocean model can

subsequently be performed on the basis of multiple particle trajectories (e.g.

Melet et al., 2011). The use of ARIANE, in conjunction with passive trac-

ers, should provide a more complete understanding of the effects of mesoscale

processes on SSTA re-emergence.

6.5.3 Universal application of the dynamic tracer method

The use of passive tracers to understand the role of upper ocean dynamics (i.e.

horizontal advection, subduction) on re-emergence occurrence in the North

Atlantic has initially been introduced in this thesis, focusing on specific regions

of interest, i.e. the northeast Atlantic and Sargasso Sea. Future work should

extend this useful method to other regions in the North Atlantic (and the

World Ocean), to provide a more complete picture of re-emergence variability.

6.5.4 Further investigation of the time-varying contri-

bution of horizontal advection on re-emergence

Passive tracers identified a time-dependent contribution from horizontal ad-

vection upon the re-emergence process in the North Atlantic (see Sections

6.3.1-2). Such variation naturally influenced the ability for re-emergence to

proceed locally and/or remotely in the ocean, with remote re-emergence more

likely during the 1980s/90s. While passive tracers are useful for tracking flow

pathways associated with an anomalous water parcel, they cannot confirm the

occurrence of re-emergence, since the evolution of ocean temperature anomalies

are not analysed explicitly. Statistical analyses indicated that strengthening

horizontal advection rates (over the 1980s/90s) might be detrimental to the

re-emergence process (Figure 5.9). Indeed, advection may be an important

factor in supporting (and shifting) the re-emergence process up to a certain

threshold. Thereafter, its influence becomes detrimental because of increased

upper ocean mixing (Cushman-Roisin, 1981). However, statistical analyses

are inconclusive (see Section 6.1.3). The impact of advection/mixing on re-
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emergence has been examined more quantitatively in the Pacific (Sugimoto

and Hanawa, 2007b), and more studies are needed for the Atlantic.

The use of the Lagrangian diagnostic tool ARIANE (introduced above)

may again be useful here. Specifically, trajectory experiments under different

advective regimes, and subsequent evaluation of the along-trajectory changes

in temperature can provide a more comprehensive understanding of the ef-

fects of horizontal advection on the re-emergence process. This, in turn, has

further implications for more accurate representation of ocean re-emergence

in climate models (Alexander, 2010). As mentioned previously, ARIANE can

supplement, but not replace, passive tracer modelling, because of the implicit

(poor) representation of diffusion (vertical motion).

6.5.5 Universal assessment of interannual variations in

subduction throughout the North Atlantic

A dominant contribution from -uH .∇H towards the interannual variability of

(actual) Sann (and its role on re-emergence) in the Sargasso Sea was identified

in this thesis (see Section 6.3.2). Such analyses yield important information

about the interannual variability of the coupled ocean-atmosphere system in

the North Atlantic, which subsequently plays a vital role in climate. Cur-

rently, it is unclear whether equivalent mechanisms are dominant elsewhere

in the North Atlantic. While Liu and Huang (2012) concluded that interan-

nual variations in Sann were predominantly driven by changes in -uH .∇H, such

analyses were based on annual subduction rates averaged over the entire North

Atlantic. Consequently, spatial variations in the relative importance of -∂H
∂t

,

-uH .∇H and/or −wH , for interannual variations of Sann, were ignored. In the

model study of Hu et al. (2011b), the relative contributions of -uH .∇H and

−wH to the interannual variability of Sann varied widely throughout differ-

ent mode water regions of the subtropical North Pacific. Future work should

therefore investigate whether similar variations are apparent (for -∂H
∂t

, -uH .∇H

and/or −wH) at other locations in the North Atlantic, or if the domination
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of Sann by -uH .∇H (as exhibited in the Sargasso Sea) is representative of the

entire basin.

Other future work

In addition to the above objectives, it would be useful to apply the dynamical

re-emergence analysis technique introduced in this thesis (Chapter 5) to other

ocean models. This will better assess the robustness of the perceived role

of horizontal advection and/or subduction upon re-emerging North Atlantic

SSTAs.

In consideration of the effects of mesoscale processes, the passive tracer

experiments at 1/4
◦ resolution (discussed in Section 6.2) exhibited a markedly

different partitioning of the lag-one tracer inventory than the 1◦ resolution

tracer experiments. For example, the stronger influence of horizontal advection

upon re-emergence in the Sargasso Sea (in the 1/4
◦ tracer simulation) decreased

the relative amount of tracer permanently subducted below the winter mixed

layer (e.g. Figure 5.19). This lessened the relative (and detrimental) impact

of subduction on re-emergence in this region, which opposed earlier sugges-

tions (Watanabe and Kimoto, 2000a, DeCoëtlogon and Frankignoul, 2003).

Although most of the above-discussed experiments were performed at a coarse

(i.e. 1◦) resolution (to minimize computational costs), future analyses should

ideally employ a higher (i.e. 1/4
◦) resolution ocean model, whose mesoscale

processes, and hence circulation patterns (i.e. Gulf Stream, North Atlantic

Current), are much more realistically represented (e.g. Figure 5.24).

Finally, a comparison of the lag-one tracer inventory at a time when re-

emergence is effective (e.g. 2010 - Taws et al., 2011), with the lag-one tracer

inventory during ineffectual re-emergence years, would be insightful. This

will infer the relative importance of ocean dynamics during a successful re-

emergence event, and offer a more complete understanding of interannual SST

variability in the ocean.
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