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ABSTRACT

The response of the storm track and eddy-driven jet to various steady sea surface temperature (SST)

forcings is analyzed using the aquaplanet configuration of the atmospheric general circulation model Action

de Recherche Petite �Echelle Grande �Echelle Climat (ARPEGE-Climat). The SST profiles are zonally ho-

mogeneous and piecewise-linear functions of the latitude. It allows for modifying the tropical component that

controls the intensity of the subtropical jet without changing the midlatitude SST front and vice versa. Sen-

sitivities to the position, width, and intensity of the midlatitude SST front as well as to the tropical SSTs are

investigated. The baroclinicity and the storm-track eddy activity both intensify for a stronger, a wider, or

a more equatorward SST front. The eddy-driven jet always lies on the poleward side of the SST front and its

relative distance to the front is interpreted in terms of upper-tropospheric Rossby wave breakings.

A focus is then made on the eddy-driven jet variability. The leading EOF of the vertical-average zonal-

mean zonal wind is in most cases characterized by latitudinal shifting of the eddy-driven jet. For a more

equatorward-shifted front, there is a more efficient positive eddy feedback. The mode has a greater persis-

tence and explains a larger percentage of variance than for a more poleward-shifted front. However, the

former case presents smaller latitudinal fluctuations than the latter because of the vicinity of the storm track to

the subtropical jet. In the absence of positive eddy feedback, the pulsing of the eddy-driven jet intensity can

dominate the variability such as for a high-latitude front having relatively small SSTs in the presence of an

intense subtropical jet.

1. Introduction

It is well known that extratropical cyclones generally

form on the western side of the oceanic basins in regions

of strong thermal contrasts. These baroclinic atmospheric

regions are created by the land–sea contrasts as well as by

the oceanic currents such as the Gulf Stream in the North

Atlantic and the Kuroshio in the North Pacific that form

sharp sea surface temperature (SST) gradients there (e.g.,

Hoskins and Valdes 1990; Nakamura et al. 2004, 2008).

During their eastward propagation, the eddies feed back

onto the mean flow by accelerating the zonal wind at

midlatitudes throughRossbywave breakings in the upper

troposphere. This forms the so-called eddy-driven jet

(EDJ), or polar-front jet, which has an equivalent baro-

tropic structure and its position is well diagnosed by

that of the maximum of the westerlies in the lower tro-

posphere (Woollings et al. 2010). At low latitudes, the

conservation of the angular momentum along the high-

altitude branch of the Hadley cell is responsible for the

formation of a zonal wind maximum called the sub-

tropical jet (SJ) in the upper troposphere that has amore

baroclinic structure compared with the EDJ. Although

they are dynamically distinct, the two jets can merge in

some regions and interact with each other. For instance,

the EDJ position was shown to depend on the SJ in-

tensity (Lee and Kim 2003). When the SJ is relatively

weak, the two jets are well separated while, when it is

strong enough, the two jets merge.

Another important factor driving the EDJ position is

related to the midlatitude oceanic frontal zones. The

surface midlatitude westerlies linked to the EDJ drive

the western oceanic boundary currents, which in turn

trigger the formation of the baroclinic eddies. SST fronts
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related to oceanic currents are thus crucial to the exis-

tence and maintenance of the storm tracks and EDJ

(Hoskins and Valdes 1990), but the underlying air–sea

interactions are still a matter of debate. Until recently,

midlatitude SSTs were shown to have a small impact

in driving the free troposphere circulation and a much

stronger impact in the marine atmospheric boundary

layer (Frankignoul 1985; Kushnir et al. 2002). However,

with the help of satellite observations, reanalysis data,

and the use of higher-resolution models, recent studies

showed that midlatitudes SSTs can impact the whole

troposphere (Nakamura et al. 2004; Minobe et al. 2008).

While Nakamura et al. (2004) introduced the mecha-

nism of ‘‘oceanic baroclinic adjustment’’ to explain how

sharp oceanic currents are responsible for setting the

lower-level baroclinicity via sensible heat fluxes, Minobe

et al. (2008) emphasized more the role of surface wind

convergence on the warm side of the oceanic current

leading to a narrow band of precipitation there and an-

choring the storm track in that region. Whatever the in-

voked mechanism, the meridional SST gradients were

shown to be more important than the SSTs themselves

to explain the atmospheric response to a SST forcing as

confirmed by Brayshaw et al. (2008), Nakamura et al.

(2008), and Deremble et al. (2012). The EDJ position

was shown to depend on both the position and intensity

of the SST front gradient. The EDJ generally lies on the

poleward side of the SST front (Nakamura et al. 2004;

Brayshaw et al. 2008; Deremble et al. 2012; Ogawa et al.

2012). A more intense SST front leads to a greater tro-

pospheric baroclinicity, which strengthens the storm track

and shifts the EDJ poleward (Brayshaw et al. 2008; Lu

et al. 2010; Graff and LaCasce 2012). Increasing the

subtropical SST gradient creates a stronger SJ and an

equatorward shift of the EDJ, consistent with the results

of Lee and Kim (2003).

Both aquaplanet simulations (Kodama and Iwasaki

2009; Lu et al. 2010) and more realistic simulations with

land surfaces (Graff and LaCasce 2012) showed that an

increase in the global mean SST intensifies the storm

track and shifts poleward the EDJ. These studies are

consistent with the previous studies of Yin (2005) and

Bengtsson et al. (2006), which showed that, in the global

warming framework, the increase in the global mean

SST in presence of a slightly weaker equator–pole gra-

dient, acts to shift the storm track poleward. One pos-

sible dynamical explanation is as follows. An increase in

global SSTs leads to an increase in tropical SSTs that

favors deep convection and more intense latent heat

release in the upper troposphere, leading to a strength-

ening of the midlatitude upper-tropospheric horizontal

temperature gradients. Such a strengthening of the up-

per baroclinicity was shown by Rivi�ere (2011) to favor

more anticyclonic wave breaking than cyclonic wave

breaking, leading to a poleward shift of the EDJ.

While the dependence of the EDJ position on various

SST profiles was the focus of many studies, the EDJ

variability did not draw much attention. There are only

very few works on the role played by steady oceanic fronts

on the midlatitude atmospheric low-frequency variability

as underlined by Feliks et al. (2004). Using an atmo-

spheric general circulation model (AGCM), Nakamura

et al. (2008) showed that the EDJ variability and the

annular mode structure are strongly dependent on the

existence of a midlatitude SST front. However, the sen-

sitivity of the EDJ variability to various zonally uniform

SST profiles was not yet analyzed in AGCM experiments

and is the main goal of the present study.

In both the Southern and Northern Hemispheres, the

midlatitude atmospheric low-frequency variability is

dominated by the latitudinal fluctuations of the EDJ, the

so-called annular modes, which can be diagnosed from

the leading empirical orthogonal function (EOF) of the

zonal-mean zonal wind (Lorenz and Hartmann 2001,

2003). Despite the well-known properties of the EDJ

variability at hemispheric scales, distinct storm-track

dynamics may lead to different kinds of EDJ variability.

For instance, in the Northern Hemisphere, the Pacific

sector is more characterized by pulsing of the combined

SJ and EDJ whereas the Atlantic sector by latitudinal

shifting of the EDJ (Eichelberger and Hartmann 2007).

As shown in the previous study, this property could be

linked to the jet structure in the Pacific, which is stronger

and sharper than in the Atlantic owing in large part to

a stronger Hadley cell. Note that it is very unlikely that

such differences between the two oceanic basins may

arise from differences between SST fronts because both

the Kuroshio and Gulf Stream are almost centered at

the same latitude (about 408N) at least when looking at

their western boundary.

Despite its more zonally uniform properties, the

Southern Hemisphere also exhibits large discrepancies

in EDJ variability between different regions. Even though

the winter southern annular mode (SAM) presents an-

nular anomalies, it is associated with different kinds of

EDJ variability in the southern Indian and Pacific Oceans;

the southern Indian Ocean is more characterized by lat-

itudinal fluctuations of theEDJwhile the southern Pacific

is more characterized by a seesaw in wind speed between

the SJ andEDJ (e.g., Codron 2007;Barnes andHartmann

2010;Arakelian andCodron 2012). To conclude, the EDJ

is more characterized by a latitudinal shifting regime in

the Indian Ocean and by a pulsing regime in the Pacific

Ocean. As shown by Barnes and Hartmann (2010), this

major difference could be linked to the existence of

a positive eddy feedback in the Indian Ocean and to its
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absence in the Pacific Ocean. These differences in eddy

feedback may potentially arise from differences in the

location of the SST fronts and intensity of its gradient.

Indeed, in the Indian Ocean, the midlatitude SST front

features a strong gradient and is located at 458S, whereas
in the Pacific the front is farther south at about 558S and
its gradient has a more moderate intensity (Nakamura

and Shimpo 2004).

Since the latitude and strength of the SST fronts de-

termine in large part the position and intensity of the

atmospheric baroclinicity (Nakamura et al. 2008; Brayshaw

et al. 2008), they may affect the propagation of the

eddies and their feedback onto the mean flow (Rivi�ere

2009). Furthermore, results from idealized barotropic

models suggest that the shifting and pulsing regimes

depend in large part on the latitude of the eddy sources

(Barnes and Hartmann 2011). Motivated by the South-

ern Hemisphere case, the main objective of the paper is

to determine for which zonally uniform SST profiles the

shifting and pulsing regimes may occur in aquaplanet

simulations of an AGCM.

The paper is composed as follows. The description of

the AGCM model and the different numerical setups

are made in section 2. Section 3 is dedicated to the cli-

matologies of the storm tracks, SJ, and EDJ and their

interpretation in terms of Rossby wave breakings. Re-

sults on the EDJ variability are shown in section 4 where

shifting and pulsing regimes are analyzed according to

the various SST profiles. Finally, section 5 provides con-

cluding remarks and a discussion.

2. Experiment design

a. The climate model ARPEGE

Version 5.2 of theAGCMAction deRecherche Petite
�Echelle Grande �Echelle Climat (ARPEGE-Climat)

(D�equ�e et al. 1994) is used in the present study. This

version of the atmospheric model was included in the

global coupled climate model Centre National de Re-

cherchesM�et�eorologiquesCoupledGlobalClimateModel

version 5.1 (CNRM-CM5.1) to contribute to the Cou-

pled Model Intercomparison Project Phase 5 (CMIP5)

and is derived from cycle 32 of the forecast model

ARPEGE-Integrated Forecast System (IFS) of M�et�eo-

France. The model uses a triangular spectral truncation

T127 and has 31 vertical levels in sigma–pressure hybrid

coordinates. The radiation parameterization is composed

of the longwave radiation scheme of the Rapid Radia-

tion Transfer Model (RRTM; Mlawer et al. 1997) and

the shortwave radiation scheme of Fouquart and Bonnel

(1980). Deep convection is parameterized by the mass-

flux scheme of Bougeault (1985). A statistical cloud

scheme (Ricard and Royer 1993) is also inserted. Finally,

since the model is used in an aquaplanet mode, only the

parameterization of surface fluxes over the ocean is used

which is based on the Exchange Coefficients from Unified

Multicampaigns Estimates (ECUME; Belamari 2005)

scheme. The reader is referred toVoldoire et al. (2012) and

to Oueslati and Bellon (2012) for additional information

on the model and its aquaplanet mode, respectively. Sim-

ulations are performed under perpetual equinoctial solar

insolation and forced by zonally uniform fixed SSTs. Each

simulation lasts 10yr but statistics are made over the last

9 yr to remove the spinup period. To double the length of

the integration the two hemispheres have been concate-

nated to obtain 18 yr of data. To compute climatologies

and perform EOF analysis, the Northern Hemisphere

counts for the first 9 yr and the Southern Hemisphere for

the last 9 yr. Note finally that because of the temporal

discontinuity between the ninth and tenth year, 200 days in

themiddle of the dataset have been suppressed to compute

the EOF persistence or eddy feedbacks.

b. SST profiles

SSTs are defined by zonally symmetric piecewise-

linear functions that are symmetric around the equator

(Fig. 1). They are decomposed into three parts: the

tropics and subtropics, the midlatitude SST front, and

the high latitudes. SST fronts can have two widths (108
or 208 of latitude), their gradients three intensities

(5.936 3 1026, 8.54 3 1026, and 10.79 3 1026 Km21 in

absolute values) and can be located at four various

latitudes (308, 408, 508, and 608). The SST front location

uF is defined as the latitude at themiddle of the strongest

SST slope. All profiles reach 08C at the poles except for

one experiment that reaches 228C. The piecewise dis-

tributions aim at keeping constant the influence of the

tropics (equal SSTs in the tropics) to only focus on the

effects of midlatitudes variations. A first set of profiles

(set 1) is built that have the same weak tropical gradient

but differ at higher latitudes (see examples in Fig. 1a).

To study the influence of the tropics, a second set of

profiles (set 2) is built by increasing the SST at the

equator to reach 308C instead of 278C as in set 1 (Fig.

1b). Therefore, the SST meridional gradient in the

tropics and the angle of the SST profile at the equator

are stronger as it can be seen by comparing the gray

profiles with the black profiles. It can be also noticed that

midlatitude SSTs differ only slightly between the two

sets of profiles. A stronger Hadley cell circulation is

expected for set 2. Indeed, the increased curvature at

the equator, which would correspond to an increased

Laplacian of SSTs for a continuous profile, will tend to

reinforce the upward circulations there because the

Laplacian of the SSTs is known to be proportional to the
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vertical velocities at the boundary layer (Lindzen and

Nigam 1987). A third set of SST profiles (set 3) is per-

formed with a stronger SST subtropical gradient than in

the two previous sets but by keeping the same temper-

ature at the equator as in set 1 (Fig. 1c). Compared to

sets 1 and 2, set 3 has smaller SSTs whatever the latitude

but since it has a stronger SST subtropical gradient,

a more intense Hadley cell is expected. Table 1 sums up

all the simulations performed.

3. Jets and storm-track climatologies

a. Mean meridional circulation and jets

The representation of themeanmeridional circulation—

that is, the mass streamfunction—allows us to quantify the

intensity of the Hadley cell (Fig. 2). The expression of

the mass streamfunction is

cM 5
2pa cosu

g

ðp
0
[y] dp , (1)

where a is Earth’s radius, u is the latitude, g is gravity,

p is the pressure, and y is the meridional wind. The

brackets denote the zonal mean and the overbar denotes

the temporal mean. The quantity cM is computed fol-

lowing the method of Qin et al. (2006). It consists in

integrating the meridional wind from the top of the at-

mosphere to the bottom and from the bottom to the top.

The mass streamfunction is then obtained by combining

the two values at each level with various weights de-

pending on the pressure levels.

FIG. 1. SST profiles for (a) set 1, uF 5 408N, and different widths

and intensities of the fronts (I2-W1, I1-W1, and I1-W0); (b) sets 1

and 2, I2-W1, and different latitudes (uF 5 308, 408, 508N); and

(c) sets 1 and 3, I1-W1, and different latitudes (uF5 308, 408, 508N).

TABLE 1. List of the numerical experiments. SSTeq means sea

surface temperature at the equator. The letter I in the namemeans

intensity of the midlatitude gradient (i.e., the meridional gradient

over the SST front), and the letter W represents the width of the

SST front. When attached to the letter I, the numbers from 0 to 2

represent a monotonic increase in the intensity: 0 is the weakest

intensity, whereas 2 is the strongest one. When attached to the

letter W, the numbers 0 and 1 represent the smallest and greatest

width, respectively.

Set Name

SSTeq

(8C)
$ySSTfront

(Km21)

$ySSTtropics

(Km21) Width (8)

1 I1-W0 27 8.54 3 1026 0.675 3 1026 10

1 I1-W1 27 8.54 3 1026 0.675 3 1026 20

1 I2-W0 27 10.79 3 1026 0.675 3 1026 10

1 I2-W1 27 10.79 3 1026 0.675 3 1026 20

2 I1-W0 30 8.54 3 1026 1.349 3 1026 10

2 I1-W1 30 8.54 3 1026 1.349 3 1026 20

2 I2-W0 30 10.79 3 1026 1.349 3 1026 10

2 I2-W1 30 10.79 3 1026 1.349 3 1026 20

3 I0-W0 27 5.936 3 1026 2.248 3 1026 10

3 I0-W1 27 5.936 3 1026 2.248 3 1026 20

3 I1-W0 27 8.54 3 1026 2.248 3 1026 10

3 I1-W1 27 8.54 3 1026 2.248 3 1026 20
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FIG. 2. Vertical cross sections of the mass streamfunction (black contours, first contour and interval 4 3
1010 kg s21; solid lines refer to positive values whereas dashed lines to negative values and the zero contour is

omitted) and the zonal wind (shading, first contour and interval 10m s21) for (a) set 1, I1-W1, uF 5 308N;

(b) set 1, I1-W1, uF 5 508N; (c) set 1, I2-W1, uF 5 508N; (d) set 1, I1-W0, uF 5 508N; (e) set 2, I1-W1, uF 5
508N; and (f) set 3, I1-W1, uF 5 508N. Arrows indicate the SST front latitude. Thick and thin arrows cor-

respond to greater and weaker SST gradient while long and short arrows correspond to wider and narrower

fronts, respectively.

JANUARY 2014 M I CHEL AND R IV I �ERE 353



The comparison between Figs. 2a and 2b shows that

when the SST front is shifted poleward, the SJ and the

EDJ are moving away from each other and become well

separated, whereas they merge when the SST front is

more equatorward. Moreover, when the SST front is at

308N, theHadley circulation presents a larger latitudinal

extent than when the SST front is at 508N, which is

linked to a more poleward SJ (cf. Figs. 2a and 2b). When

the meridional SST front gradient is increased keeping

the same width, the EDJ is stronger (cf. Figs. 2b and 2c)

and when the SST front width is decreased keeping the

same gradient intensity, the EDJ becomes weaker (Figs.

2b and 2d). A more intense or a wider SST front creates

a stronger storm track—that is, a higher high-frequency

kinetic energy (Fig. 3a), as shown below inmore detail—

and therefore leads to a more intense EDJ. Note that

such changes in the midlatitude front do not affect the

mean meridional circulation in the tropics and the SJ

remains unchanged in Figs. 2b–d. From set 1 to set 2, the

equatorial SST and the tropical SST gradient are both

increased and the Hadley cell becomes more intense as

shown by comparing Figs. 2e and 2b. Furthermore, in

the previous two cases, the EDJ stays the same because

the midlatitude SSTs are unchanged and the SST front is

located far from the Hadley cell. In set 3, when the SJ is

strong but the global mean SST low, the tropical SST

gradient is increased compared to sets 1 and 2, leading to

a stronger SJ (see Figs. 2b,e,f). It is important to note

that the EDJ is much weaker in Fig. 2f than in Figs. 2b

and 2e—that is, in the case where the SST front gradient

is the same but the SSTs are smaller. This will be related

to the weaker storm track and high-frequency momen-

tum fluxes convergence in next section.

b. Storm-track intensity

The storm-track activity is measured by the high-

frequencykinetic energy (u2H 1 y2H)/2, where the subscript

H denotes the high-pass component (periods , 10 days).

The time mean and three-dimensional spatial average

of the high-frequency kinetic energy as function of the

position of the SST front is represented in Fig. 3.

1) WEAK SUBTROPICAL JET AND HIGH GLOBAL

MEAN SST (SET 1)

Figure 3a shows that when the SST front is shifted

equatorward, the storm track becomes globally stron-

ger. Moreover, the stronger or the wider the SST front

gradient, the stronger the storm track, which is consistent

with Brayshaw et al. (2008) andGraff and LaCasce (2012).

To investigate further the simulations, the Eady pa-

rameter, which is a classical measure of baroclinicity

(Hoskins and Valdes 1990), was computed in pressure

coordinates:

FIG. 3. Time mean and spatial mean of the high-frequency ki-

netic energy [(u2H 1 y2H)/2; m2 s22] as function of the SST front

latitude. (a) Experiments of set 1: I1-W0, I1-W1, I2-W0, and I2-W1.

(b) Experiments of set 2: I1-W0, I1-W1, I2-W0, and I2-W1.

(c) Experiments of set 3: I0-W0, I0-W1, I1-W0, and I1-W1. Symbols

indicate the SST front latitude uF.
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s5 2
0:31ffiffiffi

S
p ›u

›y
, (2)

where S 5 R21(›u0/›p) with R5 (R/p)(p/ps)
(R/Cp). The

quantity u0 is the time-average zonal-mean potential

temperature, p is the pressure, ps 5 1013 hPa is the

standard pressure at the surface,Cp5 1004 JK21 kg21 is

the specific heat for dry air at constant pressure, andR5
287 JK21 kg21 is the gas constant for dry air. Figure 4a

shows the Eady parameter computed with a constant

stratification obtained by vertically and meridionally

averaging S. Therefore, for that particular panel only,

the horizontal variations of s simply depend on those of

the meridional gradient of the potential temperature.

Two maxima are found at upper levels (at about 208 and
608N) and one maximum near the surface (at about

458N). Figure 4b shows the Eady parameter computed

by taking into account the variations of S with latitude

and height. The comparison of Figs. 4a and 4b shows

that the various maxima of s come essentially from

variations of the temperature gradient and not much

from the stratification, except at 900 hPa where a strong

peak in s appears on the warm side of the SST front

by taking into account the static stability variations.

The warmer SSTs are responsible for the warmer near-

surface air temperature on the equatorward side of the

front leading to a more important decrease in static

stability there and the appearance of a peak in s at low

levels. Note finally that s at the surface is large in the

latitude range corresponding to that of the SST front

(i.e., between 408 and 608N) while at upper levels, large

values of s extend much farther poleward of the SST

front and reach their maxima below the EDJ (Figs. 4a

and 4b).

When the SST front is at a more equatorial latitude

(e.g., at 308N on Fig. 4c), there is only one maximum

of baroclinicity at upper levels. The two sources of

baroclinicity—that associated with the SJ and that as-

sociated with the SST front—tend to add, in a nonlinear

way owing to internal dynamics, which creates a higher

FIG. 4. Vertical cross sections of the Eady parameter s (shading; interval 2 3 1026 s21) for (a) set 1, I2-W1, uF 5
508N, and a constant stratification parameter S; (b) set 1, I2-W1,uF5 508N; (c) set 1, I2-W1,uF5 308N; and (d) set 1,

I2-W0, uF 5 508N. For (b)–(d), the full variations of S are taken into account in the computation of s. The black

contours correspond to (a) the zonal-mean potential temperature (black contour, interval 5K; the first contour to the

bottom left is the 300-K contour) and (b)–(d) the zonal-mean zonal wind (black contours, first contour and interval

5m s21). Definitions of the arrows are as in Fig. 2.
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baroclinicity. Therefore, the energy source of baroclinic

waves increases formore equatorward SST fronts, which

increases the storm-track eddy activity as already no-

ticed in Fig. 3. Finally, comparisons of Figs. 4d and 5a

with Fig. 4b show that when the SST front has a reduced

width or a weaker intensity, s decreases, which leads in

both cases to a weaker storm track as shown in Fig. 3a.

2) MODERATE SUBTROPICAL JET AND HIGH

GLOBAL MEAN SST (SET 2)

When the SST at the equator is higher (set 2), sensi-

tivities of the storm-track intensity to the intensity,

width, and position of the SST front are the same as in

set 1. However, the storm track is systematically found

FIG. 5. For experiment I1-W1 and uF 5 508N: (a),(c),(e) Vertical cross sections of the zonal-mean zonal wind

(black contours, first contour and interval 5m s21) and Eady parameter (shading, interval 23 1026 s21) for (a) set 1,

(c) set 2 and (e) set 3. (b),(d),(f)Vertical cross sections of the zonal-mean high-frequency kinetic energy [(u2H 1 y2H)/2]

(shading, interval 20m2 s22) and high-frequency momentum fluxes (uHyH) (black contours, interval 5m2 s22; the

solid and dashed lines refer to positive and negative values, respectively and the thick line is the zero contour) for

(b) set 1, (d) set 2, and (f) set 3. Definitions of the arrows are as in Fig. 2.
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more intense in set 2 than in set 1 for the same SST front.

This difference is well visible for a more equatorward

SST front (cf. Figs. 3a and 3b for a SST front located at

308N) and is logical since the baroclinicity below the SJ

is increased. For much higher-latitude fronts when the

storm track and the SJ are well separated (e.g., 508N),

differences in storm-track intensity are weaker but still

exist. These differences were not expected because dif-

ferences between the two sets come from the tropical

regions only and should not affect the midlatitude storm

tracks when they are located far from the SJ. This is due

to the definition of the storm-track intensity adopted

here, which is based on averaging over the entire Northern

Hemisphere. For high-latitude fronts, there exist two

peaks of high-frequency kinetic energy: a strong one

close to the latitude of the SST front and a weaker one

near the SJ (e.g., see Fig. 5d), as also shown by Sampe

et al. (2010). The peak near the SJ increases from set 1 to

set 2 when the SJ intensifies because the baroclinicity

below the SJ intensifies as well (cf. Figs. 5b and 5d) while

the peak near the SST front remains constant. It leads to

a stronger NorthernHemispheremean of high-frequency

kinetic energy while its strong maximum at higher lati-

tudes is almost not affected.

3) STRONG SUBTROPICAL JET AND LOW GLOBAL

MEAN SST (SET 3)

For set 3, the SJ is stronger than for set 2 because of

the stronger subtropical SST gradient even though set 2

has a 38C greater equatorial SST than set 3 (see dashed

gray lines in Figs. 3b and 3c). Set 3 presents a higher

baroclinicity below the SJ and a smaller baroclinicity at

high latitudes than set 2 (cf. respectively Figs. 5c and 5e),

leading to an increased high-frequency kinetic energy

near the SJ and a weaker storm track at high latitudes.

At high latitudes, even though the SST front gradient

intensity is the same in sets 2 and 3, the lower temper-

atures of set 3 lead to a weaker storm track (cf. Figs. 5d

and 5f), consistent with Graff and LaCasce (2012). Fi-

nally, when averaging over the entire hemisphere, the

two sets present almost the same high-frequency kinetic

energy (dashed lines in Figs. 3b and 3c).

c. Position of the eddy-driven jet relative to the SST
front

The EDJ position is hereafter defined as the latitude

of maximum zonal-mean zonal wind at 850 hPa and

compared to the SST front position uF.

1) WEAK SUBTROPICAL JET AND HIGH GLOBAL

MEAN SST (SET 1)

In accordance with several previous studies, the EDJ is

found to lie on the poleward side of the SST front (Fig. 6a).

FIG. 6. Latitude of the eddy-driven jet as function of the SST

front latitude uF for (a) set 1, (b) set 2, and (c) set 3. Symbols and

line styles are as in Fig. 3. Error bars showing 61.48 (i.e., the me-

ridional resolution of the model) are drawn for every point.
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This figure also shows that when the SST front is shifted

poleward, the EDJ moves away from the SST front.

These results can be interpreted by considering Rossby

wave-breaking frequencies (Figs. 7a–c). Synoptic Rossby

wave breakings are characterized by an irreversible over-

turning of the potential vorticity contour on isentropic

surfaces at the end of the baroclinic life cycles (Thorncroft

et al. 1993). Their frequencies of occurrence are ob-

tained with the samewave-breaking detection algorithm

as that used in Rivi�ere (2009) and Michel and Rivi�ere

(2011). Systematic overturnings of the absolute-vorticity

contour on isobaric surfaces are detected. Michel and

Rivi�ere (2011) have checked that it gives similar wave-

breaking frequencies as the detection of overturnings of

FIG. 7. Vertical cross sections of the anticyclonic (red contours) and cyclonic (blue contours) Rossby wave–breaking frequencies for six

experiments (first contour, 0.05 day21 and interval 0.025 day21) superimposed to the time-mean zonal-mean zonal wind (shading, interval

10m s21). (left) Experiment I1-W1 of set 1 (a)uF5 308N, (b)uF5 408N, and (c)uF5 508N. (d)–(f) As in (a)–(c), but for set 2. (g)–(i) As in

(a)–(c), but for set 3. Definitions of arrows are as in Fig. 2.
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the potential vorticity contour and has the advantage to

be directly applied to climate model output fields. Two

kinds of wave breakings are detected by the algorithm:

one of anticyclonic type (AWB) and the other of cy-

clonic type (CWB). AWBs induce poleward momentum

fluxes that shift poleward the EDJ whereas CWBs

induce equatorward momentum fluxes that accelerate

the jet equatorward. Whatever the SST front latitude,

AWBs are always more frequent than CWBs at upper

levels and the asymmetry between the two breaking

types increases by increasing the SST front latitude

(Figs. 7a–c). In particular, there are nomore CWB events

on the poleward side of the EDJ in the high-latitude case

(Fig. 7c). In the low-latitude case (Fig. 7a), CWB is al-

most as frequent as AWB (about 15% of difference) but

it has been checked that poleward momentum fluxes

significantly dominate over equatorward momentum

fluxes in that case too (not shown). The general domi-

nance of AWB over CWB, or equivalently the domi-

nance of poleward momentum fluxes over equatorward

momentum fluxes, may explain why the EDJ is system-

atically located on the poleward side of the SST front.

Indeed, the stirring zone of the waves, which can be

identified by the large values of the low-level baro-

clinicity, extends over the whole frontal zone (Fig. 4).

Therefore, waves that mainly break anticyclonically will

deposit in majority their eastward momentum on the

poleward side of the stirring zone, which is on the pole-

ward side of the SST front. The EDJ is located farther

poleward of the SST front as the front is displaced pole-

ward because the asymmetry between AWB and CWB

increases with uF. It is consistent with the results of

Rivi�ere (2009), who analyzed the EDJ position as func-

tion of the latitude of the low-level baroclinicity using

a dry primitive equation model forced by temperature

relaxation. The increased wave-breaking asymmetry

with latitude has been explained by Rivi�ere (2009) using

linear theory arguments based on the variations of the

refractive index [see also Barnes et al. (2010) for similar

reasoning]. Generally speaking, the refractive index tends

to be more positive on the equatorward side of the jet

than on the poleward side because the y derivative of the

Coriolis parameter b decreases with latitude. Therefore,

waves will propagate predominantly equatorward and

this explains why AWB dominates on average (see

Fig. 7). Rivi�ere (2009) also shows that when the jet is

more equatorward located (about 308N), waves can

propagate on both sides of the jet because the refractive

index is positive on both sides. When the jet is more

poleward located (about 458N), the refractive index

decreases rapidly below zero on the poleward side of the

jet so waves can only propagate equatorward andmainly

get an anticyclonic tilt. The dominance of AWB over

CWB thus increases with the latitude of the stirring

zone. This dry mechanism provides an explanation for

the wave-breaking asymmetries of the present simula-

tions and may explain the EDJ position relative to the

SST front.

2) MODERATE SUBTROPICAL JET AND HIGH

GLOBAL MEAN SST (SET 2)

For a stronger SJ, the EDJ still lies on the poleward

side of the SST front (Figs. 6b and 6c) as for a weaker SJ

(Fig. 6a). However, a difference can be noticed for uF 5
408N where all the positions are shifted equatorward

nearer the SST front. These results can be explained by

considering the change in critical latitude, which is the

latitudewhere the speed of themean flow equals the phase

speed of waves on the equatorward side of the SST front.

For low-latitude fronts (308N), the SJ and the SST

front are located at the same latitudes and the position

of the critical latitudes does not changemuch with the SJ

intensity because zonal winds are not much modified at

the edges of the jet (Figs. 7a and 7d).

For the 408N case, the various intensities of the SJ

modify the wave propagation on the equatorward side of

the SST front, which in turn affects the position of the

EDJ. Indeed, on the equatorward side of the SST front,

the upper-level zonal winds increase over a latitude band

between 208 and 408Nwhen the SJ intensifies (cf. Figs. 7b

and 7e). Thus, the baroclinic waves that are generated

over the SST front and which propagate equatorward can

propagate as long as the zonal wind is greater than the

phase speed and toward much lower latitudes for a

stronger SJ. This equatorward shift of the critical lati-

tudes in set 2 relative to set 1may explain why the peak of

AWB frequency is displaced 58 farther equatorward

(Figs. 7b and 7e). Waves therefore deposit their westerly

momentum farther equatorward, which displaces

equatorward the EDJ in set 2 relative to set 1. This result

is consistent with the idealized study of Lee and Kim

(2003) with a primitive equation model showing that

when the SJ is more intense, the EDJ position moves

equatorward and may coincide with the SJ. Note that

our interpretation is based on wave propagation

characteristics while Lee andKim (2003) emphasizesmore

the change in baroclinic-wave stirring regions but these

two interpretations are not exclusive to one another.

For high-latitude fronts (508N), the SJ and the SST

front being well separated, there is no more ‘‘bridge’’ of

westerlies between the stirring zone and the SJ where

waves can propagate and the critical latitudes are de-

termined independently of the SJ intensity. This is the

reason why there is only 18 of difference in the EDJ

position between sets 1 and 2 at 508N (see Figs. 7c and 7f

or Figs. 6a and 6b).
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3) STRONG SUBTROPICAL JET AND LOW GLOBAL

MEAN SST (SET 3)

Let us now comment on the results on set 3 (Fig. 6c).

For SST fronts at 308 and 408N, the EDJ is displaced

farther equatorward relative to set 2 because the SJ is

more intense (Figs. 7g and 7h). For higher-latitude fronts,

the EDJ is also closer to the SST front than in sets 1 and 2

(compare Fig. 7i to Figs. 7c and 7f). Because of a decrease

in global mean SST in set 3, its storm-track activity is

slightly less intense. However, this cannot explain entirely

the drastic decrease in poleward momentum fluxes

(compare Figs. 5b or 5d with Fig. 5f) as well as the drastic

reduction ofAWB frequencies on the equatorward side of

the EDJ (compare Figs. 7c or 7f with Fig. 7i). Regression

analysis (not shown) shows that eddies for set 3 at 508Nare

meridionally tilted and do not exhibit a pronounced anti-

cyclonic tilt in contrast with sets 1 and 2 at the same lati-

tude. It means that eddies propagate along the EDJ

without propagating away from it and this cannot allow

the deposit of strong westerly momentum there. One

possible interpretation of this feature may come from the

strong SJ: zonal winds being larger than 10ms21 over

a large range of latitudes between 308 and 508N (Fig. 7i),

waves having slow phase speeds have no critical latitudes

in the vicinity of the EDJ, which inhibits the formation of

anticyclonic tilt there.Note that this lack ofAWBdoes not

appear for fronts at 408N (see Figs. 7e and 7h), probably

because the two jets are close enough for those cases. To

summarize, for set 3 at 508 and 608N,RWBevents are rare,

momentum flux convergence is small, and the EDJ in-

tensity is much smaller than in the other cases.

Let us summarize our results on the EDJ position and

intensity:

d Amore intense, a wider, or a more equatorward front

leads to a stronger baroclinicity, storm track, and EDJ.
d When the SJ intensity increases, the storm track be-

comes more intense and the EDJ gets closer to the SJ.

The latter effect can be explained by the fact that waves

can propagate farther equatorward before their break-

ing and thus deposit farther equatorward their eastward

momentum.
d The poleward position of the EDJ relative to the SST

front can be explained by a predominance of AWB

over CWB. This relative distance increases with the

SST front latitude but decreases with lower global SSTs.

4. Eddy-driven jet variability

Let us now analyze the EDJ variability for the various

SST profiles. Histograms of the daily latitude of the EDJ

are plotted on Fig. 8. When the SST front is more equa-

torward (308N), the EDJ position varies over a latitude

band of width 108–158 around the mean positions near

378N either for a weak or a moderate SJ (black curves in

Figs. 8a,b). For set 3, histograms are equatorward shifted

consistentwith theEDJposition shown inFigs. 6.When the

SST front is shifted poleward, histograms flatten andwiden,

which shows that the EDJ latitude varies over a larger

band. This is valid whatever the SJ intensity (cf. Figs. 8a–c).

The EDJ leading mode of variability can be iden-

tified by representing the first EOF (EOF1) of the

FIG. 8. Histograms of the eddy-driven jet daily latitude for ex-

periment I1-W1 of (a) set 1, (b) set 2, and (c) set 3. The four various

line styles refer to four various front latitudes uF.
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vertical-average (between 1000 and 100hPa) zonal-mean

zonal wind between 208 and 908N. It has been checked

that EOF1 of the 850-hPa zonal wind gives similar results

but presents a zonal wind variability slightly stronger

at high latitudes (not shown). The leading EOF of the

vertical-average zonal-mean zonal wind is only a function

of the latitude but it is possible to see the vertical struc-

ture of the variability by regressing the zonal wind on the

principal components of EOF1 (PC1). The nature of the

EDJ variability (pulsing or shifting) is then analyzed

by comparing the position of the node of EOF1with that

of the time-mean zonal windmaximumat low levels (left

column of Fig. 9). This approach is the same as that used

by Eichelberger and Hartmann (2007). When the EOF1

node and the EDJ latitude are superimposed, it means

that the leading mode of variability is a latitudinal fluc-

tuation of the EDJ position (called a shifting regime).

In contrast, when the maximum or minimum of the re-

gression is superimposed on the EDJ, the leading mode of

variability corresponds to a variation of the amplitude of

the EDJ (called pulsing regime). The 850-hPa zonal wind

composites when the standardized PC1 (PC2) time series

is greater than 1 and less than 21 are represented on the

middle (right) column of Fig. 9. It allows one to charac-

terize the positive and negative phases of EOF1 andEOF2.

a. Characterization of the first two leading modes of
variability

1) WEAK SUBTROPICAL JET AND HIGH GLOBAL

MEAN SST (SET 1)

Whatever the SST front position, EOF1 anomalies

appear near theEDJ and are far from the SJ (left column

of Fig. 9). The leading mode of variability is therefore

primarily due to the EDJ variability and not to the SJ

variability as in the winter observations (Eichelberger

and Hartmann 2007). For a SST front at 408N (Fig. 9a),

EOF1 exhibits a dipolar structure centered near the

position of the EDJ, meaning that the leading mode of

variability is mainly a latitudinal fluctuation of the EDJ.

It is confirmed with the composites of Fig. 9b, which

show a latitudinal shift of 88 between the two phases

of EOF1 and a change in amplitude maxima of 2m s21.

On the contrary, EOF2 presents mainly a pulsing of the

eddy-driven jet with a variation of amplitude maxima of

6m s21 and a change in its position of 58 (Fig. 9c). For
a poleward SST front (608N), the node of the regression

is slightly equatorward of the EDJ core (Fig. 9d) and the

shifting regime is expected to dominate in the leading

mode of variability. Indeed, for EOF1, there is a lat-

itudinal shift between the two phases of about 78 and
a difference of amplitude of about 2.5m s21 (Fig. 9e). On

the contrary, EOF2 exhibits a clearer pulsing of the EDJ

amplitude (about 4m s21 between the two phases) and

latitudinal fluctuations of about 28 (Fig. 9f).

2) STRONG SUBTROPICAL JET AND LOW GLOBAL

MEAN SST (SET 3)

Let us now analyze set 3 (Figs. 9g–l), which presents

large differences with set 1 (weak SJ and high global

mean SST) in terms of EDJ variability. For uF 5 408N,

the EOF1 node is superimposed on the EDJ (Fig. 9g)

and the comparison of the two phases of EOF1 (Fig. 9h)

exhibits latitudinal fluctuations of about 58. On the

contrary, the mode of variability associated with EOF2

is a pure pulsing regime (Fig. 9i). For a more poleward

front (uF5 608Non Fig. 9j), a positive anomaly of EOF1

is superimposed on the EDJ so the leading mode of

variability is expected to project more onto the pulsing

regime. The positive phase of EOF1 presents an accel-

eration of about 6m s21 and a 108 poleward shift of the

EDJ compared to the negative phase (Fig. 9k) but a very

weak shift compared to the mean jet. These properties

are quite similar to the observed southern Pacific case

(Arakelian and Codron 2012). EOF2 presents much

fewer pulses of the EDJ than EOF1 (;3m s21 of dif-

ference between the two phases) and similar latitudinal

fluctuations (;108) (Fig. 9l). To conclude on the high-

latitude front case of set 3, even though the first two

EOFs project on both regimes, EOF1 is more charac-

terized by the pulsing regime and EOF2 by the shifting

regime. It is to be contrasted with the high-latitude case

of set 1, which shows the reverse tendency.

Figure 10 represents the latitude of the EOF1 node as

function of the EDJ latitude and confirms the above

results. The EOF1 node is obtained by a linear inter-

polation between the two latitudes surrounding the zero

value of the EOF. When the points are near to the bi-

sector line, EOF1 is characterized by latitudinal fluctu-

ations, whereas when the points move away from the

bisector themode of variability becomesmore a pulsing.

For the two first sets of experiments, the leading mode

of variability is in most cases a pure shifting regime re-

gardless of the SST front latitude. There are only two

runs for which it is not the case as the point is slightly

detached from the bisector line (Figs. 10a,b). For set 3,

a pure shifting regime characterizes the leading mode of

variability for the low-latitude fronts (308 and 408) while
variations in the EDJ amplitude becomemore andmore

important for higher-latitude fronts (Fig. 10c). As shown

in Figs. 9j–l, for the highest-latitude front, EOF1 be-

comesmore dominated by pulsing of the EDJ andEOF2

by latitudinal shifting. There is therefore a change in the

leading mode of variability by increasing the latitude of

the SST front for set 3, which is further analyzed in

section 4d.
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b. Variance explained by the first two EOFs

Figure 11 represents the percentages of variance ex-

plained by EOF1 and EOF2. Even though theymight be

close to each other for some cases, they still verify the

criterion of North et al. (1982). Furthermore, note that

most of the fractional variances have converged by using

18 yr of data since they differ by less than 7% from those

computed with 9 yr. Only one experiment exhibits dif-

ference of the order of 10%–20%.

FIG. 9. (left) Vertical cross sections of the regression of the zonal-mean zonal wind on PC1 (black contours, interval 1m s21, the thick

line refers to the zero contour) and time-mean zonal-mean zonal wind (shading, interval 5m s21). (middle) 850-hPa time-mean zonal-

mean zonal wind (black curve) and composites of the zonal-mean zonal wind for PC1 . 1 (large circles) and PC1,21 (small circles).

(right) As in (middle), but for PC2. (a)–(c) Experiment I1-W0 of set 1 for uF 5 408N. (d)–(f) Experiment as in (a)–(c), but uF 5 608N.

(g)–(i) Experiment I1-W0 of set 3 and uF 5 408N. (j)–(l) Experiment as in (g)–(i), but for uF 5 608N.
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FIG. 10. Latitude of the EOF1 node as function of the eddy-

driven jet latitude for all the experiments of (a) set 1, (b) set 2, and

(c) set 3. Symbols and line styles are as in Fig. 3. Error bars are as

in Fig. 6.

FIG. 11. Percentages of total variance explained by EOF1 (thick

lines) and EOF2 (thin lines) as function of the SST front latitudeuF

for all experiments of (a) set 1, (b) set 2, and (c) set 3. Symbols and

line styles are as in Fig. 3.
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For sets 1 and 2, the natures of EOF1 and EOF2 do

not change very much with latitude (Figs. 10a and 10b)

and are characterized by the shifting regime for EOF1

and by the pulsing regime for EOF2. However, the

variance analysis gives us additional information about

the change of variability with latitude (Figs. 11a and

11b). When the SST front is poleward shifted, the

fractional variances become closer. More precisely, the

variance explained by EOF1 tends to decrease and that

explained by EOF2 tends to increase (between 308 and
408N) or to remain constant (between 408 and 508N).

Even though EOF1 does not change its nature by in-

creasing the front latitude in sets 1 and 2, its fractional

variance decreases significantly and the pulsing regime

described by EOF2 becomes proportionally more

important.

The percentages of variances do not change much

from one set to another for low-latitude fronts having

common width and strength (see the dashed lines for

uF 5 308 and 408N), showing that the various SJ in-

tensities do notmuch affect the EDJ variability for those

particular cases. For higher-latitude front cases, the com-

parison between the different sets is less adequate since

the natures of EOF1 and EOF2 are changing from sets

1 and 2 to set 3 as noticed in Fig. 10. This change with

latitude in the nature of the EOFs in set 3 may explain

why the percentage of variance explained by EOF1

presents a less clear monotonous decrease with latitude

than in sets 1 and 2 (Fig. 11c).

Let us conclude on the results found in Figs. 8–11. For

set 3 (strong SJ and low global mean SST), there is a

change in the nature of the leading mode of variability

from a shifting regime to a pulsing regime (Fig. 10c). For

sets 1 and 2 (weak and moderate SJ and a high global

mean SST), such a change does not appear since EOF1 is

always dominated by the shifting regime whatever the

latitude of the front. However, its variance decreasing

with latitude while that of EOF2 being maintained, the

leading mode of variability becomes less representative

of the entire EDJ variability and the pulsing regime

becomes almost as important as the shifting regime.

Therefore, the three sets of experiments bring similari-

ties in terms of the sensitivity to the latitude of the front

because they all show that the pulsing regime is more

likely for a high-latitude front. However, these results

are counterintuitive by confronting them with the his-

tograms of Fig. 8. The overall results can be summarized

as follows. For low-latitude fronts, the latitudinal fluc-

tuations of the EDJ are small but they dominate its

variability and pulses of its amplitude are very unlikely.

For high-latitude fronts, its latitudinal fluctuations be-

come larger but its pulses of amplitude become as

important as its latitudinal shifts to explain the EDJ

variability and the pulsing regimemay dominate in some

cases.

c. Persistence of the first two EOFs

The persistences of the first two leading modes of

variability are defined by the e-folding times of the au-

tocorrelation function of PC1 and PC2 and are repre-

sented in Fig. 12.

1) WEAK AND MODERATE SUBTROPICAL JET AND

HIGH GLOBAL MEAN SST (SETS 1 AND 2)

In Fig. 12a (set 1), the persistence of EOF1 decreases

when the SST front is poleward shifted for all cases ex-

cept for I2-W0 from 308 to 408N. The same global de-

crease in the persistence of EOF1 by increasing the

latitude of the SST front stands for set 2 (Fig. 12c). It is

consistent with simple GCM simulations (Gerber and

Vallis 2007; Son et al. 2008), fully coupled climate

simulations (Arakelian and Codron 2012), and non-

divergent barotropic simulations (Barnes et al. 2010).

In the latter study, the authors argued that it is the lack

of CWB events on the poleward side of a poleward-

shifted jet that diminishes the positive eddy feedback

into play and therefore the persistence of EOF1. Our

simulations support this vision since CWB events are

missing for the high-latitude fronts (Figs. 7c,f,i).

For sets 1 and 2, the persistence of EOF2 is quasi-

systematically weaker than the persistence of EOF1

except for specific cases at 608N (compare Fig. 12a

with Fig. 12b and Fig. 12c with Fig. 12d). Besides, the

persistence of EOF2 decreases in most cases when the

SST front is poleward shifted. But this decrease is less

marked than the decreasing persistence of EOF1 with

latitude.

2) STRONG SUBTROPICAL JET AND LOW GLOBAL

MEAN SST (SET 3)

For set 3, the persistence of EOF1 oscillates around

a mean value and there is no general decrease in its

persistence when the SST front is poleward shifted

(Fig. 12e). When the SST front is located at 308 and
408N, the leading mode of variability corresponds to

a latitudinal shifting and the persistence decreases from

308 to 408N because of the decreasing positive eddy

feedback as in sets 1 and 2. Furthermore, by looking at

the same SST front gradient (the gray and black dashed

lines corresponding to the I1 intensity) for uF 5 308 to
408N, a general decrease in the persistence of EOF1 can

be noticed from set 3 to set 1. When the SST front is

located at 508 and 608N, the leading mode of variability

is mainly a pulsing regime (Fig. 10c). In such a regime,

the positive eddy feedback is usually absent (Lorenz and

Hartmann 2001) or a negative eddy feedback may be
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into play and characterized by a reduced convergence

of momentum fluxes into the jet core for a strengthened

jet (Barnes and Hartmann 2011). Such a feedback would

lead to a lack of persistence of suchmodes, consistent with

Fig. 12. A more detailed analysis is carried out to in-

vestigate these aspects within particular experiments.

d. Eddy feedback of the first two EOFs

To interpret the persistence of the various experi-

ments, the nonlinear eddy feedback is analyzed by con-

sidering the vertical-average zonal mean of the zonal

momentum equation:

FIG. 12. Persistence (days) of the (a),(c),(e) first and (b),(d),(f) secondmodes of variability as

function of the SST front latitude uF for all experiments of (a),(b) set 1, (c),(d) set 2, and (e),(f)

set 3. Symbols and line styles are as in Fig. 3.

JANUARY 2014 M I CHEL AND R IV I �ERE 365



›h[u]i
›t

5 2
1

cos2u
›(h[u*y*]i cos2u)

a›u
2F , (3)

where angle brackets, square brackets, and asterisks rep-

resent, respectively, the vertical mean between 100 and

1000hPa, the zonal mean, and the departure from the

zonal mean. The F is the residual forcing including dis-

sipation by friction. The eddy forcing is thus reduced to

the convergence of the eddy1 momentum fluxes in

Eq. (3). Following the same approach as Lorenz and

Hartmann (2001, 2003) and Son et al. (2008), the lati-

tude-weighted convergence term has been projected

onto the EOF. This leads to a time series denoted P*(t)

giving a measure of the eddy forcing. Another time se-

ries denoted PH(t) is also computed by considering the

projection of the high-frequency momentum flux con-

vergence due to the high-frequency eddies only. The

lagged cross covariances between the time series P and

the principal components associated with EOF1 and

EOF2 are calculated and respectively denotedP1 andP2

(second and third columns of Fig. 13). As already ana-

lyzed in previous studies, the cross covariance has

a positive peak at short negative lags (between lags210

and 0 days), meaning that the eddies drive changes in the

zonal-mean zonal wind. The P* is much smaller and

even negative in most cases for very short positive lags

before going back to zero or reaching positive values for

long positive lags where it reveals the eventual positive

eddy feedback. The high-frequency forcing (PH) is al-

most always positive while the residual eddy forcing

(P* 2 PH), which is mainly due to the interaction among

the low-frequency eddies, is mainly positive at negative

lags and negative at positive lags. It is consistent with

previous studies (Feldstein 2003; Michel and Rivi�ere

2011), showing that both the low-frequency and high-

frequency eddies trigger the formation of the low-

frequency anomalies. During the decay of the low-

frequency anomalies, it is the interaction amongst the

low-frequency eddies that destroys the anomalies while

the interaction amongst the high-frequency eddies

maintains them. As hereafter shown, the autocorrelation

functions of PC1 and PC2 (first column of Fig. 13) can be

easily interpreted by analyzing the cross covariances of

P* with PC1 (second column) and PC2 (third column).

1) WEAK SUBTROPICAL JET AND HIGH GLOBAL

MEAN SST (SET 1)

Let us first analyze the I1-W0 experiment of set 1 at

408N (Figs. 13a–c). For lags between 0 and170 days, the

autocorrelation of PC1 is much higher than that of PC2,

which can be interpreted by the almost positive cross

covariance between P1* and PC1 and the close-to-zero

cross covariance between P2* and PC2. However, one

exception concerns lags close to 120 days for which the

cross covariance between P1* and PC1 is close to zero

whereas the cross covariance between P2* and PC2 is

slightly positive. This may explain why the autocorre-

lations of PC1 and PC2 approach one another for these

particular lags. Therefore, there is a positive eddy feed-

back for the shifting regime of EOF1 while the feedback

for the pulsing regime of EOF2 is rather small, oscil-

lating around zero except near lag 120 days. At 608N,

the feedback is verymuch weaker than at 408N at all lags

and is close to zero at lags between 280 and 210 days

and between110 and180 days, which is consistent with

the decreasing persistence of the two EOFs (Figs. 13e,f).

Since the cross covariances are very close to each other,

the persistence of the two EOFs are very close too (Figs.

12a,b and 13d). In this case of equal persistence between

EOF1 and EOF2, the leadingmode of variability should

arise from the mode that has the stronger eddy forcing

variance as discussed in Arakelian and Codron (2012).

The variances of P1* and P2* being respectively equal to

3.83 10212 and 2.33 10212m2 s24, this may explain why

the leading mode of variability is still the shifting regime

in the present case where there is no eddy feedback.

To conclude on this set 1, for low-latitude cases (308–
408N), because of the positive eddy feedback acting onto

the shifting regime, the leadingmode of variability has in

most cases a much stronger persistence than the pulsing

regime associated with EOF2. For very-high-latitude

cases (608N), nomore positive eddy feedback is going on

for all simulations. In such cases, this is the larger eddy

forcing variance that provides a rationale for the emer-

gence of the shifting regime as the leading mode.

2) STRONG SUBTROPICAL JET AND LOW GLOBAL

MEAN SST (SET 3)

For the I1-W0 experiment of set 3 at 408N, the auto-

correlation shows that the EOF2 is slightly more per-

sistent than EOF1 between lags 0 and 110 days, which

can be interpreted by the larger negative values reached

by the cross covariance of P1* than that of P2*. But after

lag 110 days, the cross covariance for EOF1 is positive

and higher than that for EOF2. Therefore, a positive

eddy feedback is into play for EOF1 and not for EOF2

between lags110 and130 days (cf. Figs. 13h and 13i). It

leads to a stronger autocorrelation for EOF1 than for

EOF2 between lags110 and130 days (Fig. 13g). EOF1

which is characterized by the shifting regime has a slightly

stronger eddy feedback and a greater eddy forcing variance

(3.83 10211m2 s24 for EOF1 and 1.93 10211m2 s24 for

1Here the term ‘‘eddy’’ refers to the departure from the zonal

mean.
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EOF2), which explains why it is the leading mode. At

608N, the cross covariance of EOF1 is negative for the

positive lags contrary to the cross covariance of EOF2,

which oscillates around zero after lags 110 days (cf.

Figs. 13k and 13l). This negative eddy feedback makes

the EOF1 less persistent at long positive lags than EOF2

as seen in Fig. 13j. Despite the negative eddy feedback

associated with the pulsing regime of EOF1, this is again

FIG. 13. (a),(d),(g),(j) Autocorrelation of PC1 and PC2 as function of the time lag. (b),(e),(h),(k) Lagged cross covariance between the

total eddy forcing P1*(t) and PC1 and lagged cross covariance between the high-frequency eddy forcing PH
1 (t) and PC1. (c),(f),(i),(l) As in

(b),(e),(h),(k), but for PC2. As in Fig. 9, (a)–(c) refer to the I1-W0 experiment of set 1 atuF5 408N and (d)–(f) atuF5 608N.Here, (g)–(i)

refer to the I1-W0 experiment of set 3 at uF 5 408N and (j)–(l) at uF 5 608N.
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its stronger eddy variance compared to EOF2 that may

help to interpret why it is the leading mode of variability

(2.3 3 10211m2 s24 for EOF1 and 1.5 3 10211m2 s24 for

EOF2). It is intriguing that the pulsing regime dominates

in cases of strongly reduced momentum fluxes conver-

gence and much less frequent wave-breaking events as

shown in Fig. 7 (set 3 for latitudes . 508N). Further

investigations would be needed to clarify this potential

link between the emergence of the pulsing regime and the

deficit of breaking because it cannot be simply explained

by a lack of eddy feedback for the shifting regime.

To conclude on the EDJ variability, some of our re-

sults confirm previous studies:

d The leading mode of variability is in most cases

characterized by latitudinal fluctuations of the EDJ

and the second one corresponds more to pulses of the

EDJ intensity (see, e.g., Lorenz and Hartmann 2001,

2003, using reanalysis datasets).
d The persistence of the leading mode of variability

when it is characterized by latitudinal fluctuations of

the EDJ is decreasing when the EDJ latitude is

increasing [see, e.g., Gerber and Vallis (2007) and

Son et al. (2008) using simple dry GCMs, Barnes et al.

(2010) in barotropic models, and Kidston and Gerber

(2010) and Barnes and Polvani (2013) in CMIP3 and

CMIP5 outputs, respectively]. A positive eddy feed-

back is acting onto this leading mode which becomes

less efficient at higher latitudes.
d The second mode of variability when characterized by

pulses of the EDJ has smaller persistence time scales

and a weak positive eddy feedback or even a negative

eddy feedback [see, e.g., Lorenz and Hartmann (2001,

2003) and Yang and Chang (2007) in reanalysis data-

sets]. Yang and Chang (2007) invoked the ‘‘barotropic

governor’’ mechanism to explain the lack of positive

feedback for this second mode.

However, more original results were found in the pres-

ent study:

d The jet pulsing regime may emerge as the leading

mode for specific cases such as for high-latitude SST

fronts, small SSTs, and strong SJ.
d No jet pulsing regime was found to appear for low-

latitude SST fronts even in presence of a very strong

SJ. This is to be contrasted with the dry simple GCM

simulations of Eichelberger and Hartmann (2007) and

the barotropic simulations of Barnes and Hartmann

(2011). Only a slight decrease in the persistence of the

leading mode can be noticed for low-latitude fronts

when the SJ intensifies.
d The EDJ latitude does not entirely determine the EDJ

variability since the jet pulsing and shifting regimes

may appear for an EDJ located at the same latitude

(compare Figs. 10a or 10b with Fig. 10c).

5. Conclusions

The present paper investigated the response of the

EDJ and storm track to various steady zonally homo-

geneous SST profiles using the aquaplanet version of

a state-of-the-art climate model. The advantage of de-

fining SSTs with a piecewise-linear function was to sys-

tematically separate the distinct role played by the

subtropical jet and the midlatitude SST front. The first

objective was to identify the mean position and intensity

of the EDJ and storm track as function of the properties

of the SST profiles. It allowed us to confirm and gather

results issued from different studies and to complete

them by providing new insights using Rossby wave-

breaking climatologies. The second objective was to

determine the nature of the leading mode of variability

of the EDJ, which constitutes the most original part of

the paper since it has been much less studied in such

numerical configuration.

The main results concerning the climatological fea-

tures of the EDJ and storm track are as follows:

d The storm track is more intense when the SST front is

equatorward shifted. This can be explained by the sum

of the two sources of baroclinicity associated with the

SJ and with the EDJ. The storm track is intensified

when the SST front is wider or when its meridional

SST gradient is stronger, which can be also interpreted

by the increased baroclinicity in both cases.
d By increasing the intensity of the SJ without changing

the SSTs at mid- and high latitudes (from set 1 to set

2), the storm track is more intense, in particular for

SST fronts nearer the equator, because the total baro-

clinicity is higher (same arguments as when the SST

front is equatorward shifted).When the intensification

of the SJ is accompanied by a strong decrease in global

mean SST (from set 1 to set 3), the storm track is

weaker because of the decrease in global mean SST,

consistent with the studies of Kodama and Iwasaki

(2009) and Graff and LaCasce (2012) for instance.
d The EDJ always lies on the poleward side of the SST

front. This is interpreted in terms of wave-breaking

asymmetry between the anticyclonic and cyclonic

types (AWBs and CWBs). There is a predominance

of AWBs and poleward high-frequency momentum

fluxes on the equatorward side of the EDJ over CWBs

and the equatorward high-frequency momentum fluxes

on the poleward side. It is consistent with the numerical

experiments of Rivi�ere (2009), who forced a dry prim-

itive equation model with a temperature relaxation in
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the troposphere. The time-mean EDJ and baroclinic-

ity were found to be located poleward of themaximum

restoration temperature gradient, similarly to the

present case where they lie on the poleward side of the

SST front. Note that in their conclusion, Deremble

et al. (2012) offer an alternative explanation in terms

of moist processes. Water vapor evaporates on the

warm side of the SST front but condensates much

more poleward, leading to an intensification of the

baroclinicity poleward of the SST front. Further in-

vestigations are needed to estimate the relative role

of the different processes in the position of the EDJ.

Furthermore, in our experiments, the more poleward

the SST front is, the farther poleward is the EDJ.

Following our previous argument, this might be due in

large part to the growing asymmetry between the two

types of wave breaking. This result is also similar to

that of Rivi�ere (2009), who showed that a more pole-

ward restoration temperature gradient shifts evenmore

poleward the EDJ relative to the gradient. However,

this result should be taken with caution and depends

on the numerical configurations. Indeed, studies of

Deremble et al. (2012) and Ogawa et al. (2012) do not

obtain this increased poleward shift of the EDJ for

a more poleward SST front. This discrepancy could

come from the fact that when the WB asymmetry

increases for amore poleward SST front, there is at the

same time a decrease in the storm-track intensity. The

latter effect is to weaken the poleward momentum

fluxes, which cannot retain the EDJ in its far poleward

position. Therefore, these two opposite mechanisms

compete in the shifting of the EDJ relative to the SST

front: the first keeping away the EDJ from the SST

front and the second holding back the EDJ closer to

the SST front.
d Another interesting feature appears concerning the

EDJ position relative to the SST front when the SST

front lies slightly poleward of a strong SJ (sets 2 and

3 for a SST front centered at 408N). In such cases,

because of the presence of strong westerlies between

the SJ and the SST front, the critical latitude moves

equatorward and waves can propagate farther equa-

torward before breaking. The waves deposit their

momentum farther equatorward whose effect is to

bring closer the EDJ to the SJ than in the case of

a weak SJ.

Concerning the EDJ variability, the main results are

as follows:

d For most of the simulations, the leading mode of

variability of the EDJ, that is the first EOF (EOF1)

of the vertical-average zonal-mean zonal wind, is char-

acterized by latitudinal fluctuations of the EDJ while

its pulses in amplitude project more onto the second

EOF (EOF2).When the SST front is poleward shifted,

the pulsing regime becomes more andmore important

to explain the EDJ variability. It is particularly the

case for the experiments set with a low global mean

SST for which the pulsing regime projects even better

on EOF1 than onEOF2 for a SST front centered at 508
and 608N. For experiments with a higher global mean

SST, the nature of EOF1 does not change very much

with latitude but since its percentage of variance

decreases with latitude, the pulsing represents propor-

tionally a stronger variance. When the SST front is

equatorward shifted, the storm track is strong and

waves are able to propagate both poleward and equa-

torward. This facilitates the positive eddy feedback into

play when the jet fluctuates in latitude, which favors

the projection of the leading mode onto the shifting

regime as well as its persistence. However, this change

of variability with latitude seems in disagreement with

the fact that latitudinal fluctuations of the EDJ position

are found to be smaller for an equatorward SST front

than for a poleward one. The explanation comes from

the presence of the SJ and of its critical latitude, which

tends on the contrary to favor the wave breakings at

the same latitude that inhibits the latitudinal fluctua-

tions of the leading mode. Even if the latitudinal

fluctuations are smaller near the equator than near the

pole, the pulsing regime is never the leading mode of

variability near the equator whatever the strength of

theSJ. Thepulsing regimeofEichelberger andHartmann

(2007) or Barnes and Hartmann (2011) obtained for

strong SJ is not found here. The present aquaplanet

simulations are thus not able to reproduce the prop-

erties of the Pacific–North America teleconnection,

which is well known to be characterized by pulses of

the merged SJ–EDJ. This result may potentially come

from a too strong idealized storm track obtained when

SST are zonally homogeneous. Therefore, as perspec-

tives, simulations could be performed with asymmet-

ric SSTs to obtain a weaker storm track and a localized

EDJ, which would allow to better reproduce the real

SSTs, in particular those of the Northern Hemisphere

in which fronts are zonally localized and obtain a

pulsing regime as the leading mode of variability near

the equator. Moreover, as shown byGerber and Vallis

(2007) and Son et al. (2008) in idealized AGCMs,

the persistence of zonal-mean flow anomalies de-

creases and becomes more realistic by including zonal

asymmetries.
d For specific cases only (high-latitude SST fronts, weak

SSTs, and strong SJ), the leading mode of variability

can be characterized by pulses in the EDJ amplitude

even though the related eddy feedback is found to
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be mainly negative. In such cases, the second EOF

projects more onto the latitudinal fluctuations of the

EDJ for which there is no more positive eddy feedback.

The stronger eddy forcing variance found for the pulsing

regime partly explains why it is the leading mode.

These results may provide more dynamical insights on

the Southern Hemisphere case and more specifically on

the difference of EDJ variability in the Pacific and In-

dian Oceans during winter. The leading mode of vari-

ability mainly projects onto the pulsing regime in the

western Pacific and onto the shifting regime in the In-

dian Ocean (Codron 2007; Barnes and Hartmann 2010;

Arakelian and Codron 2012), which can partly come

from the different positions of the SST fronts (a 108
latitudinal shift exists between the two fronts) following

our third set of experiments, for which the SJ is strong

and the global mean SST low. Furthermore, consistent

with our simulations, no positive eddy feedback was found

to act onto the pulsing regime of the western Pacific

(Barnes and Hartmann 2010). Other factors should be

investigated in future studies to better understand theEDJ

variability of the wintertime SouthernHemisphere such as

the topographic effect of Antarctica or the difference in

eddy seeding at the entrance of each oceanic basin.

Let us finally summarize the novelty of the present

paper. Numerous recent studies on eddy-mean flow in-

teraction used results of simple dry GCMs (e.g., Lee and

Kim 2003; Eichelberger and Hartmann 2007; Gerber

and Vallis 2007; Rivi�ere 2009) or even more simple

barotropic models (e.g., Barnes et al. 2010) with coarse

resolution to interpret reanalysis data (Lorenz and

Hartmann 2001, 2003; Yang and Chang 2007; Barnes

and Hartmann 2010) and outputs of full climate models

(e.g., Arakelian and Codron 2012; Barnes and Polvani

2013). Our study has the advantage of considering a

simple geometrical configuration of a state-of-the-art

climate model (i.e., aquaplanet version and zonally

uniform forcing) and thus constitutes amidway numerical

approach, which has been less intensively adopted in the

present context. It is in particular a necessary step to

better understand the behavior of full climate models

and differences among them. Another original point is

to make the bridge between studies working on the im-

pact of oceanic fronts on the atmosphere (e.g., Nakamura

et al. 2008; Brayshaw et al. 2008) and the previously

mentioned idealized numerical studies on wave-mean

flow interaction in the atmosphere that do not usually

consider oceanic effects and are rather forced in the

atmosphere by a relaxation in temperature. Besides this

bridge made between different kinds of literature, the

novelty of the results themselves can be summarized as

follows. On the one hand, they confirm in large part the

strong dependence of eddy feedbacks and jet variability

onto the mean latitude of the EDJ as shown in idealized

studies (e.g., Rivi�ere 2009; Barnes et al. 2010) or in cli-

mate models (e.g., Arakelian and Codron 2012; Barnes

and Polvani 2013). On the other hand, it shows that

the EDJ latitude does not explain everything since the

shifting and pulsing regimes may appear for the same

EDJ latitude (see Fig. 10). Future workwill be needed to

more clearly identify the other parameters controlling

the EDJ variability.
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