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Abstract 

 Potential influence of a midlatitude SST frontal zone on the zonally symmetric 

variability in the extratropical atmosphere is assessed through idealized aqua-planet 

experiments with a general circulation model. In one experiment with a midlatitude frontal 

SST gradient as sharp as that observed in the Southwestern Indian Ocean, the annular mode is 

well reproduced in the model summer hemisphere. As actually observed in the Southern 

Hemisphere, the model annular mode represents a north-south seesaw in westerly wind speed 

around the climatological joint axes of a midlatitude westerly jet and storm track, with 

intensified (weakened) midlatitude westerlies under the enhanced (reduced) eddy momentum 

transport. This essential feature of the annular mode is retained also over the winter 

hemisphere, although its structure is somewhat distorted owing to the seasonal intensification 

of a subtropical jet (STJ). In the other experiment, elimination of the frontal SST gradient 

results in an equatorward shift of westerly wind anomalies associated with the annular mode 

in the summer hemisphere, in step with a shift of the mean joint axes of the jet and storm 

track. More importantly, both the amplitude and persistence of the mode are substantially 

reduced. In the winter hemisphere, the elimination also results in a marked weakening of the 

annular variability of midlatitude westerlies. Due to the weakening of the near-surface 

baroclinicity from lack of the frontal SST gradient, anomalous eddy momentum transport is 

also reduced markedly. Unlike the observed annular mode, the dominant mode of variability 

primarily represents STJ variability. Though idealized, these model experiments suggest the 

potential importance of a midlatitude oceanic frontal zone for the year-round dominance and 

robustness of the annular mode signal against the wintertime intensification of a STJ, by 

enhancing storm-track activity. 
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1. Introduction 

Zonally symmetric variability of the extratropical atmosphere has been a research 

topic for a long time. Particularly, variations in the midlatitude zonal-mean westerlies have 

been known as “zonal index cycle” (e.g., Rossby 1939; Namias 1950; Lorenz 1951). In the 

Southern Hemisphere (SH), the zonally symmetric variability accounts for a larger fraction of 

the total intraseasonal variability than in the Northern Hemisphere (NH), owing to higher 

zonal symmetry in the SH surface conditions. The SH “annular” variability has therefore been 

investigated in a number of studies (e.g., Kidson 1988; Karoly 1990; Hartmann and Lo 1998) 

since reliable atmospheric data became available for the SH. The dominant mode of the SH 

annular variability is characterized by a meridional dipole of zonal wind anomalies that 

represents north-south migrations of a polar-front jet (PFJ) about its time-mean axial position 

at ~50°S (Limpasuvan and Hartmann 2000). Essentially the same mode of variability is 

identified as the leading mode of geopotential height or sea-level pressure (SLP) variability, 

corresponding to a seesaw of air mass between the polar and midlatitude regions (Thompson 

and Wallace 2000). This SH “annular mode” (SAM) bears certain similarities in its spatial 

structure to the leading mode of variability in zonal-mean SLP or zonal winds ([U]; the 

brackets denote zonal averaging) over the NH, called the NH annular mode (NAM; 

Thompson and Wallace 2000) or “Arctic Oscillation” (Thompson and Wallace 1998). There 

are nevertheless some noticeable differences between the NAM and SAM in their seasonality 

and the role of transient eddies. The [U] variance associated with the NAM is stronger by a 

factor of three in winter months than in summer months, while the corresponding seasonality 

is much weaker in the SAM-associated [U] variance (Limpasuvan and Hartmann 2000). 

Furthermore, the seasonality is also weaker in the structure of the SAM-associated [U] 

anomalies within the troposphere (Hartmann and Lo 1998), despite pronounced seasonal 

variations in the intensity of a subtropical jet (STJ; Nakamura and Shimpo 2004).  

 The [U] variations associated with the annular modes are forced by anomalous eddy 
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fluxes, but the characteristics of eddy fluxes are different between the NAM and SAM. 

High-frequency transients contribute mostly to the eddy forcing on the SAM (Karoly 1990; 

Hartmann and Lo 1998; Codron 2007), while stationary eddies make a greater contribution to 

the NAM variability (DeWeaver and Nigam 2000; Limpasuvan and Hartmann 2000; Kimoto 

et al. 2001). Activity of high-frequency transient eddies tends to be organized into “storm 

tracks” over the midlatitude oceans. The annular modes accompany anomalies in both the 

storm-track activity and PFJ that are closely related to one another, especially in the SH due to 

the weakness of stationary waves (Lorenz and Hartmann 2001). The relationship between the 

variability of a midlatitude jet stream (i.e., PFJ) and that of a storm track has been 

investigated also with simple models and atmospheric general circulation models (AGCMs) 

(e.g., Robinson 1991, 2006; Yu and Hartmann 1993; Feldstein and Lee 1996; Limpasuvan and 

Hartmann 2000). Overall, the observational and modeling studies have shown that the 

SAM-associated [U] variations result from their interaction with transient eddies. Yu and 

Hartmann (1993), for example, suggested that transient eddies tend to be deformed so as to 

transport more (less) westerly momentum poleward when a midlatitude jet migrates poleward 

(equatorward). In addition, a midlatitude storm track tends to migrate meridionally following 

the PFJ, leading to the anomalous convergence of eddy westerly momentum transport (e.g., 

Kidson and Sinclair 1995). These processes act to maintain the anomalous westerly jet (Yoden 

et al. 1987; Shiogama et al. 2004). Poleward eddy heat flux tends to fluctuate in conjunction 

with the anomalous upper-level eddy activity associated with the SAM, acting to accelerate 

surface [U] in the same direction as upper-level [U] anomalies (Limpasuvan and Hartmann 

2000). Through an analysis of temporal characteristics of SAM-associated anomalies in [U] 

and eddy forcing, Lorenz and Hartmann (2001) suggested positive feedback between them, 

which acts to prolong extreme events of the SAM.  

 Linear theories of baroclinic instability (e.g., Charney 1947; Eady 1949) indicate that 

transient eddy activity is sensitive to the thermal structure of the troposphere. Traditionally, 
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the zonal-mean thermal structure has been considered to be determined in balance between 

differential radiative heating and meridional heat transport by atmospheric eddies (cf. 

baroclinic adjustment; Stone 1978). In recent years, however, the importance of oceanic 

influences on midlatitude storm tracks has been pointed out recently. For example, Nakamura 

and Shimpo (2004) pointed out that the core regions of the SH storm track and PFJ are 

collocated all year round with the core of the Antarctic Polar Frontal Zone (APFZ), a 

prominent oceanic frontal zone in the Indian Ocean extending almost zonally around 45~50°S. 

They suggested that particularly strong eddy activity in the storm-track core is sustained by 

the enhanced near-surface baroclinicity associated with sharp SST gradients across the APFZ, 

as confirmed by an AGCM experiment by Inatsu and Hoskins (2004). Nakamura et al. (2004) 

discussed the significance of the close association observed among a storm track, PFJ and 

midlatitude oceanic front, to postulate a new conceptual model of the atmospheric general 

circulation in which the role of sharp SST gradients in a midlatitude oceanic frontal zone is 

emphasized in anchoring a storm track and attendant PFJ. Nakamura et al. (2008) and Sampe 

et al. (2010) further verified this close association through AGCM experiments with different 

SST profiles prescribed as the model lower boundary condition. In their experiments, 

elimination of frontal SST gradients led to substantial weakening of transient eddy activity 

and a westerly PFJ in midlatitudes, shifting the lower-tropospheric mean westerly axis 

equatorward. They suggested that the existence of the oceanic frontal zone could be of critical 

importance for the atmospheric general circulation in the extratropics, particularly in 

anchoring a storm track and thereby maintaining a PFJ. The influence of SST gradients on the 

mean field of transient eddy activity and westerly jets has also been addressed in Brayshaw et 

al. (2008) and Chen et al. (2010). It is therefore conjectured that the presence of such a 

prominent oceanic front as APFZ may significantly influence the annular modes of 

atmospheric variability by shaping the mean state of a storm track and PFJ. However, oceanic 

influences upon the annular modes of atmospheric variability through transient eddy forcing 
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have not been investigated in depth. 

The objective of this study is to examine how midlatitude frontal SST gradients can 

influence the low-frequency annular variability of the PFJ and associated transient eddy 

activity, especially in the SH. Due to a higher degree of zonal symmetry of the surface 

conditions in the SH, stationary waves and their forcing on the annular modes are much 

weaker than in the NH. Therefore, the essential dynamics of the SAM can be elucidated 

through simulations of simple models or idealized AGCMs (e.g., Robinson 1991, 2006; 

Feldstein and Lee 1996). The influence of midlatitude oceanic frontal zones for the SH 

annular variability can be revealed in the purest manner in “aqua-planet” AGCM experiments 

in which the model lower boundary is entirely set to be the ocean with zonally uniform SST 

prescribed. Though leading to the loss of such a feature observed in the SH as the planetary 

waves forced by Antarctica, this idealized experimental setting is nevertheless useful for 

clarifying the role of the oceanic frontal zones in the annular variability of the extratropical 

atmosphere through a comparison of experiments with and without realistic frontal SST 

gradients in the model boundary condition.  

The experimental design, including the prescribed SST profiles, is given in Section 2. 

Influences of a midlatitude oceanic frontal zone on low-frequency variations of the 

zonal-mean westerlies and transient eddy activity is examined in Section 3, and annular 

modes simulated in the AGCM and influences of the oceanic frontal zone on them are 

examined in Section 4. Discussion and concluding remarks are addressed in Section 5. The 

experimental design is almost the same as that in Sampe et al. (2010), and the reader can refer 

to it for a more detailed description of the model and the significant role of midlatitude 

oceanic fronts for the mean state of the atmosphere. In addition to some of the results of our 

experiments highlighted in Nakamura et al. (2008), we provide more comprehensive analyses 

in the following sections. 
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2. Experimental design 

 We used an AGCM called AFES (AGCM for the Earth Simulator; Ohfuchi et al. 

2004, 2007), which includes standard physical parameterization schemes with resolution of 

the triangular truncation at the total wavenumber of 79 with 48 sigma levels (T79 L48). The 

horizontal resolution is equivalent to about 1.5° in latitude and longitude on the regular grid. 

This resolution is sufficient for resolving sharp SST gradients in the major midlatitude frontal 

zones as observed in the South Indian Ocean. In our “aqua-planet” setting, no landmass was 

given at the model lower boundary, where the prescribed SST fields were zonally uniform. 

We adopted two different meridional profiles of SST: hereafter referred to as the “CTL” and 

“NF” profiles (Fig. 1). The CTL profile is based on the climatology for the period 1982-1995 

observed in the southwestern Indian Ocean1, where the core region of the SH storm track is 

observed throughout the year (Nakamura and Shimpo 2004). The minimum SST was set to be 

0°C to exclude effects of sea ice from our experiment2. It is characterized by a frontal SST 

gradient around latitude 45° in each of the hemispheres. In the NF profile this sharp SST 

gradient was eliminated and replaced by a relaxed, uniform gradient of 0.3°C/110km for the 

model SH and 0.35°C/110km for the NH (Fig. 1). The SST profile observed in austral 

summer (December-January-February) was prescribed for the model NH, and that in austral 

winter (June-July-August) for the SH. The model NH (SH) thus corresponds to the summer 

(winter) hemisphere. Correspondingly, insolation was fixed to the boreal summer solstice 

condition. 

In order to examine low-frequency variability, we performed the integration of the 

                                                 
1 The SST dataset is NOAA Optimum Interpolation SST V2, available at 
http://www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.html . 
 
2 Due to the absence of sea ice, the surface baroclinicity observed along the ice edge around 
Antarctica was not prescribed in our experiments. However, the midlatitude storm track is 
observed far off the ice edge in the South Indian Ocean (Nakamura and Shimpo 2004). The 
ice-free condition also implies the surface temperature assigned in the polar regions was 
warmer than observed.  
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AGCM over a 60-month period after a 6-month spin-up period. The model output was 

sampled every six hours. Sub-weekly fluctuations of a given variable associated with transient 

eddies have been extracted through a digital high-pass filter with the half-power cutoff period 

of 8 days. To extract low-frequency variability, U and eddy statistics (e.g., variance of 

meridional wind fluctuations v’v’, meridional fluxes of westerly momentum u’v’ and sensible 

heat v’T’) at any grid point have been 8-day low-pass filtered for the following analyses.  

Figure 2 shows the climatological-mean SLP distributions in the individual 

hemispheres for the CTL and NF experiments. In each of the hemispheres, the SLP field 

displays circumpolar patterns with a high-pressure belt in the subtropics and a low-pressure 

belt in high latitudes. The high degree of zonal symmetry in SLP confirms the statistical 

stability of zonal averaging. As evident in Fig. 3, the differences in the time-mean [U] and 

transient eddy activity between the CTL and NF experiments shown in Sampe et al. (2010) 

were well reproduced in our 60-month statistics. In the summer hemisphere (i.e., the model 

NH), the axis of a westerly PFJ is located at 49° latitude in the CTL experiment, while it is 

shifted about 10° equatorward in the NF experiment as a response to the elimination of the 

frontal SST gradient in midlatitudes (Figs. 3a and 3b). The elimination results in marked 

weakening of baroclinic eddy growth (recognized as 850-hPa [v’T’] in Fig. 3e) and a 

reduction in upper-level eddy amplitude (recognized as 250-hPa [v’v’] in Fig. 3c). 

Consequently, the poleward eddy transport of westerly momentum is also reduced markedly 

(250-hPa [u’v’] in Fig. 3d), leading to the weakening of the eddy-driven PFJ and the 

associated equatorward shift of its axis. In the winter hemisphere (i.e., the model SH), an 

intense STJ forms in the subtropical upper troposphere in both the CTL and NF experiments 

(Fig. 3a). The elimination of the frontal SST gradient results in the diminution of a PFJ, with a 

decrease and an increase in westerly wind speed in midlatitudes and the subtropics, 

respectively (Figs. 3a and 3b), in a manner consistent with the reduced poleward transport of 

westerly momentum and sensible heat by transient eddies (Figs. 3d and 3e). In the CTL 
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experiment, a low-level storm track is anchored near the midlatitude SST frontal zone not 

only in the summer hemisphere but also in the winter hemisphere (Fig. 3e), although 

free-tropospheric baroclinicity is greatest below the winter STJ (Figs. 3a and 3b). This result 

suggests a significant influence of the SST frontal zone on the storm track formation. More 

details of the mean state for these experiments can be found in Sampe et al. (2010).  

 

3. Low-frequency variability simulated in the aqua-planet experiments 

a) Zonal-mean wind 

Figures 4a and 4b show low-frequency variance of [U] at the 250 and 925 levels 

([U250] and [U925]), respectively, for our experiments. The cosine of latitude was multiplied to 

the variance to represent the latitudinal dependence of the grid area. None of the variance 

maxima is found to coincide with the mean position of any westerly jet stream (cf. Figs. 4a-b 

and 3a-b). Rather, the variance of the summertime [U250] is minimized at the mean PFJ axis 

and maximized at its equatorward and poleward flanks in each of the CTL and NF 

experiments, representing meridional migrations of the PFJ axis. In the NF experiment, the 

elimination of the midlatitude frontal SST gradient results in a marked reduction in the 

summertime [U250] variance and an equatorward shift of its maxima and minimum by ~10° in 

latitude (Fig. 4a), in harmony with a dramatic reduction in eddy statistics and the equatorward 

shift of the time-mean axes of the PFJ and storm track (Fig. 3). Compared to the [U250] 

statistics, the variance of [U925] is much less, especially in the subtropics, and its local 

minimum is closer to the mean westerly axis in each of our experiments. The two maxima of 

the [U925] variance and its minimum in between are all shifted equatorward in the NF 

experiment (Fig. 4b) as in the upper troposphere.  

In the winter hemisphere, the variance of [U250] peaks at the poleward flank of the 

mean PFJ axis, at the equatorward flank of the mean STJ core and between these jet streams 

in the CTL experiment. In the NF experiment, the variance decreases markedly in 
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midlatitudes (by ~60% at 55°S compared to the CTL experiment; Fig. 4a), where mean 

transient eddy activity is also weakened substantially (by ~40% in amplitude of the 250-hPa 

meridional wind velocity; Fig. 3c) as a consequence of the elimination of the midlatitude 

frontal SST gradient. The decrease in the midlatitude [U] variance is also pronounced at the 

925-hPa level. These results are suggestive of a close association between the low-frequency 

[U] variability and transient eddy activity in the extratropics.  

 In the summer hemisphere of the CTL experiment, the mean PFJ axis (at latitude of 

~50°; see Figs. 3a and 3b.) almost coincides with a local midlatitude minimum in the [U925] 

variance (Fig. 4b), whereas the variance is particularly large poleward of the mean PFJ axis. 

These features are consistent with the meridional distribution of the surface [U] variance 

actually observed in the SH, which is characterized by a distinct peak at 60°S, poleward of the 

mean PFJ (~50°S) and a secondary peak at 40°S (Thompson and Wallace 2000).  

 

b) Storm tracks 

 Figures 4c-e show the variance of the low-frequency fluctuations in zonal-mean 

statistics of transient eddies, including their meridional fluxes of westerly momentum and 

sensible heat. In the winter hemisphere, the low-frequency variability in the upper-level eddy 

activity measured as rms in the 250-hPa eddy meridional wind velocity [v’250
2]1/2 is 

maximized around the midlatitude storm-track axis at 49°S, very close to the PFJ axis (cf. Fig. 

3). In the summer hemisphere, the variability peaks slightly equatorward of the mean 

storm-track axis. The presence of the midlatitude frontal SST gradient augments not only the 

time-mean storm-track activity but also its low-frequency variability in both the upper and 

lower troposphere. In fact, the variability in the midlatitude eddy activity is weaker in the NF 

experiment (Fig. 4c). Likewise, the low-frequency variability in 850-hPa poleward eddy heat 

flux [v’T’850] is much weaker in the NF experiment (Fig. 4e). In the CTL experiment, the 

low-frequency variability in [v’T’850] has a distinct peak slightly equatorward of the mean 
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low-level storm-track axis defined as the maximum in the time-mean [v’T’850] in each of the 

hemispheres. Compared to the NF experiment, the low-frequency variability in the 250-hPa 

meridional eddy transport of westerly momentum [u’v’250] is also enhanced markedly (more 

than doubled) in the CTL experiment in each of the hemispheres, with a peak at the joint axes 

of the mean PFJ and storm track (Fig. 4d). In the NF experiment (Fig. 4d), the peak of the 

variability is shifted equatorward.  

It is noteworthy that a particular degree of variability, defined as the ratio of 

low-frequency rms of a given eddy statistic to its long-term mean, is especially large for the 

poleward eddy flux of westerly momentum [u’v’250], which is important as eddy forcing on 

low-frequency [U] variability. In the CTL experiment, the largest time-mean value of 

midlatitude [u’v’250] is 45 (60) m2 s-2 and the corresponding value of its low-frequency rms is 

27 (28) in the winter (summer) hemisphere. The particular degree of variability is thus about 

60% (45%), substantially higher than its counterparts for the eddy heat flux [v’T’850] and 

upper-level eddy amplitude [v’rms 250]. The degree of variability for [v’T’850] is 25~30% for 

each of the hemispheres.  

 The influence of the midlatitude oceanic frontal zones and strong upper-level jets on 

the meridional migration of a storm track is manifested in the instantaneous position of a 

storm-track axis. Figure 5 shows the frequency or “probability density”3 distribution of the 

instantaneous axis of the primary storm track. The axis was identified every 6 hours for each 

of the hemispheres based on a given zonal-mean eddy statistic, and the frequency of the 

presence of the instantaneous axis was then counted for each latitudinal grid over the entire 

data period (i.e., 1800 days). In the CTL experiment, the lower-tropospheric storm-track axis, 

defined as the latitude of the instantaneous maximum in [v’T’850], shows a strong tendency to 

                                                 
3 Strictly speaking, the quantities shown in Fig. 5 are not identical to the probability density 
because of the slight dependence of the latitudinal intervals of the model Gaussian grid on its 
latitude, but the dependence is practically negligible.  
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be anchored in the vicinity of the midlatitude SST frontal zone. The upper-level storm-track 

axis, defined as the maximum [v’rms 250], exhibits a similar tendency. In the NF experiment, in 

contrast, the wintertime lower-tropospheric storm-track axis is broadly distributed from the 

subtropics to subpolar latitudes with a much less distinct peak than in the CTL experiment 

(Fig. 5c), in the absence of any strong anchoring effect under the relaxed SST gradient. The 

primary axis of the upper-level storm track forms not only in midlatitudes but also in the 

subtropics, the latter of which appears to manifest the trapping effect of eddies by the strong 

STJ (Fig. 5a; Nakamura and Sampe 2002). In the CTL experiment, by contrast, the primary 

axis of the wintertime upper-level storm track exhibits little preference along the STJ (Fig. 5a). 

In the summer hemisphere, the storm track exhibits strong preference for staying around the 

mean PFJ axis at latitudes of ~49° and ~41° in the CTL and NF experiment, respectively (Figs. 

5b and 5d), in good correspondence to the mean latitudinal distribution of eddy amplitude. As 

the STJ is weak in the summer hemisphere, the storm track is almost always organized around 

the PFJ axis in both the CTL and NF experiments.  

 The comparison between Figs. 4 and 5 suggests that, in acting to anchor the low-level 

storm-track axis, a midlatitude oceanic frontal zone enhances the low-frequency variability of 

the midlatitude storm track and associated transport of heat and momentum by enhancing 

baroclinic eddy growth, which also acts to modify the variability of westerly jet streams. The 

presence of such a SST frontal zone as the APFZ can exert significant influence on the 

strength and structure of annular variability especially in winter, which is addressed in the 

next section.  

 

4. Annular Modes simulated in the aqua-planet experiments 

a. Identification of the Annular Modes 

 In order to identify the leading mode of low-frequency zonally symmetric variability 

in the model extratropical atmosphere, we applied an empirical orthogonal function (EOF) 
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analysis to the low-pass-filtered [U250] anomalies sampled every two days for 1800 days, 

separately for the individual hemispheres poleward of the latitude of 20°. In this EOF analysis, 

the anomaly fields were weighted by the square root of the Gaussian weight for a model grid, 

in consideration of latitudinal variations of the area each grid point represents. In good 

agreement with the previous studies (e.g., Thompson and Wallace 2000), the first EOF 

(EOF1) of [U250] anomalies represents “annular” variability for each of our experiments. 

Instead of displaying the obtained EOFs, we regressed the low-pass-filtered anomaly fields on 

the normalized leading principal component (PC1) time series for a particular hemisphere to 

depict typical anomalies associated with the “annular mode”. The regression maps represent 

the anomalies that would be observed when the PC1 time series increases by a unit standard 

deviation. Positive values of the PC1 time series correspond to the positive phase of the 

annular mode, or its “high-index” phase, characterized by the enhanced westerlies in higher 

latitudes. Typical anomalies for the negative phase, or the “low-index” phase, can be obtained 

by reversing the sign of the regressed anomalies.  

 Figure 6 shows the horizontal structure of the “annular mode” in our model 

experiments as the regressed local U anomalies at the 250-hPa and 925-hPa levels (U250 and 

U925, respectively) for each of the model hemispheres. The model “annular mode” is 

characterized by a north-south seesaw in U between mid- and high latitudes. These U 

anomalies exhibit a high degree of zonal symmetry, especially in the CTL experiment, where 

the zonal symmetry is comparable with or even more pronounced than observed (e.g., 

Limpasuvan and Hartmann 2000), attributable to the zonally uniform lower-boundary 

conditions in our model experiments.  

 The dominance of these modes in low-frequency variability in the extratropical 

circulation can be seen in the fraction of the total [U250] variance explained by the PC1 (Table 

1). In the summer hemisphere, the first mode explains nearly half of the total variance, about 

three times (twice) as much as the second mode does in the CTL (NF) experiment. These 
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features are in good agreement with those of the SAM in observations or in the previous 

GCM studies (e.g., Thompson and Wallace 2000; Hartmann and Lo 1998; Limpasuvan and 

Hartmann 2000). We therefore regard the particular EOF1 thus obtained as the counterpart of 

the SAM simulated in our idealized experiments. Note that the model NH corresponds to the 

summertime SH in observations but not to the NH. In the model winter hemisphere, the 

dominance of EOF1 in [U250] variability is reduced. Still, in the CTL experiment, the fraction 

of the total [U250] variance explained by EOF1 is significantly higher than that by the second 

EOF. In the NF experiment, however, the two leading EOFs account for comparable fractions 

of the total variance. Though rather annular, the structure of EOF1 in the NF experiment 

differs from that in the CTL experiment and the observed SAM, as shown later.  

 As the model EOF1 represents the dominant variability in [U], the correlations 

between [U250] and the corresponding PC1 are markedly high around its centers of action, 

especially in the CTL experiment (Table 1). However, the correlation between local U (at 

individual longitudes) and the PC1 is less pronounced, in the presence of low-frequency 

zonally asymmetric variability (Fig. 6 and Table 1). The right column of Table 1 represents 

the zonal means of the local correlation between U and PC1 at the latitudes of the centers of 

action of the leading mode of [U250] variability. In fact, the particular correlation for the NF 

experiment is only 0.24~0.30 in strength even at the centers of action. Still, the corresponding 

correlation for the CTL experiment is stronger by about 0.15, except for the negative anomaly 

center in the winter hemisphere, which is located close to the intense STJ. These statistics 

suggest the augmented dominance of the annular mode in westerly wind variability in the 

presence of the frontal SST gradient in midlatitudes. 

 

b. Structure of the annular modes 

 Figure 7 shows typical anomalies in zonal-mean zonal winds ([U250] and [U925]) 

associated with the model annular mode. A meridional dipole in anomalous [U] is evident in 
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each of the hemispheres (Fig. 7). In the CTL experiment, the node of the dipole is located at 

midlatitudes and the model annular mode represents north-south shifts of the PFJ axis, except 

in the wintertime upper troposphere, where the PFJ is not well separated from the STJ in the 

climatological mean state (Fig. 3; cf. Sampe et al. 2010). In the summer hemisphere of the 

CTL experiment (Fig. 7a), the positive and negative peaks in the [U250] anomalies are located 

at latitudes of 60° and 43°, respectively. These two centers of action with the node in between 

are reflected in the two midlatitude maxima of the variance of [U250] with the minimum in 

between (Fig. 4a), indicating the dominance of the annular mode in the [U250] variability. This 

node of the [U250] anomalies coincides with the joint axes of the time-mean PFJ and storm 

track. The [U] anomalies exhibit nearly equivalent barotropic structure, although the center of 

negative [U925] anomalies is shifted slightly equatorward relative to its 250-hPa counterpart 

(Fig. 7c). The [U925] anomalies at the centers of action exhibit their correlation with the 

annular mode index (i.e., PC1) that is nearly as high as its counterpart for [U250], although the 

regressed anomalies are nearly half in amplitude (Figs. 6 and 7). The node of the [U925] 

anomalies is located at latitude of 50°, coinciding with the climatological axis of [U925] (Fig. 

3b).  

Figure 8 shows meridional profiles of [U] composited separately for strong events of 

the positive and negative phases of the model annular modes (Fig. 8). The profiles again 

confirm that the model annular mode in the summer hemisphere for the CTL experiment 

represents north-south shifts of the PFJ axis (Fig. 8a and 8c). These profiles and the 

meridional structure of the [U] anomalies described above overall resemble those of the 

observed summertime SAM, except for a slight poleward shift of the negative anomaly center 

in our model (Hartmann and Lo 1998; Thompson and Wallace 2000).  

 In the NF experiment, the amplitude and latitudinal structure of the [U] anomalies 

over the summer hemisphere obviously differ from those in the CTL experiment (Figs. 6 and 

7). Consistent with weakened [U250] fluctuations in the NF experiment (Fig. 4a), the strongest 
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anomaly associated with the annular mode is only ~2.5 m s-1 in [U250] and ~1.5 m s-1 in [U925]. 

This amplitude of the annular variability is only about half of that in the CTL experiment (Fig. 

7). It is also weaker than the maximum amplitude of the corresponding monthly anomalies 

associated with the observed SAM (Thompson and Wallace 2000), despite the zonally 

uniform lower-boundary conditions in our model. Moreover, the [U] anomalies are less 

annular than those in the CTL experiment (Fig. 6 and Table 1). The positive and negative 

[U250] anomalies peak at latitudes of 49° and 31°, respectively, ~10° equatorward of their 

counterpart in the CTL experiment. The corresponding equatorward shift is also evident in the 

[U925] anomaly centers, reflecting the equivalent barotropic structure of the model annular 

mode. This equatorward displacement of the anomaly centers is in good correspondence to 

the displacement of the climatological westerlies, essentially in the same manner as observed 

for the summer-autumn difference in the SAM structure (Codron 2005). In fact, the nodes in 

[U250] and [U925] anomalies in the NF experiment are located in the vicinities of their mean 

axes and the collocated mean storm-track axes (Fig. 3), supporting the notion that the annular 

mode is a manifestation of north-south migrations of the PFJ (Fig. 8b). The displacement of 

the nodes of the annular mode is also consistent with the similar changes in the maxima of the 

[U] variance (Fig. 4). Thus midlatitude frontal SST gradients exert significant impacts on the 

strength and meridional structure of the annular mode, the latter of which is found to change 

in conjunction with the displacement in the climatological joint axes of the PFJ and storm 

track.  

 A more significant impact of the SST front on the annular mode is evident in the 

winter hemisphere. In the CTL experiment, positive and negative [U250] anomalies associated 

with the positive phase of the annular mode peak at latitudes of 57° and 37°, respectively, 

with their node at 46° (Fig. 7b). Though weaker, a similar anomaly pattern is simulated in 

[U925] (Fig. 7d), indicating the equivalent barotropic structure of the annular mode. Compared 

to the upper-level anomalies, the subtropical center of action is less apparent in the [U925] 
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anomalies. In the presence of the unrealistically strong STJ from which a PFJ is not well 

separated in the wintertime upper troposphere (Fig. 3a), the node of the [U] anomaly does not 

correspond well to the mean westerly axis. Nevertheless, during strong positive events of the 

annular mode, a PFJ around 53° is separated unambiguously from the STJ in the upper 

troposphere (Fig. 8e). In the CTL experiment, enhanced eddy activity in the presence of the 

frontal SST gradient leads to rather frequent realizations of a PFJ-STJ double jet regime, as 

actually observed in the Southern Hemisphere (Aoki et al. 1996). The wintertime annular 

mode is manifested as transitions between this double-jet regime and the STJ-dominant 

single-jet regime in the upper troposphere, while it represents north-south migrations of the 

PFJ axis in the lower troposphere (Figs. 8e and 8g), as actually observed in winter over the 

Southeastern Indian Ocean in association with the SAM (Codron 2007). This feature in our 

experiment is in sharp contrast with that of the dominant annular variability in the presence of 

a strong STJ in an aqua-planet GCM experiment by Feldstein and Lee (1996), where the 

leading EOF represents a meridional displacement of the STJ. Rather, its counterpart in our 

CTL experiment represents a meridional seesaw in the midlatitude westerlies around the 

climatological storm-track axis (at ~48°) with little changes in the STJ intensity.  

 In the NF experiment, the meridional structure of [U] anomalies associated with the 

wintertime annular mode differs profoundly from that in the CTL experiment and in the 

observations. During positive events, positive [U250] anomalies prevail in midlatitudes. Their 

magnitude is, however, reduced by as much as 50% from the CTL experiment (Fig. 7b) and 

also considerably weaker than the amplitude of the SAM observed in monthly data 

(Thompson and Wallace 2000). The node of the [U250] anomalies is located at latitude of ~32° 

(Fig. 7b), with negative [U250] anomalies in the subtropics that are slightly stronger but more 

confined to the STJ axis. Thus, the anomaly pattern in [U250] appears to be distorted from the 

north-south dipole that characterizes its counterpart in the CTL experiment (Figs. 6 and 7). 

The weakening of the midlatitude anomalies seems to contribute to the reduction in the [U250] 
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variance (Fig. 4a). No distinctive upper-level PFJ forms in midlatitudes even during strong 

positive events of the “annular mode” (Fig. 8f). Rather, this “annular mode” represents the 

weakening and strengthening of the STJ, as in one of the model experiments by Eichelberger 

and Hartmann (2007), in which a PFJ is not separated from an unrealistically intensified STJ. 

In the vertical structure, the midlatitude anomaly in the lower troposphere is nearly as strong 

as that in the upper troposphere, while the peak amplitude of the subtropical anomaly is 

reduced by ~60% from that in the upper troposphere (Fig. 7d). The lower-tropospheric 

annular variability represents changes in wind speed rather than the axial shifts of the 

westerlies (Fig. 8h).  

One may notice that the climatological-mean [U] in the NF experiment (Fig. 3) bears 

some resemblance to [U] during extreme negative events of the annular mode in the CTL 

experiment (Fig. 8). In other words, the removal of the midlatitude frontal SST gradient acts 

to shift the mean circulation toward the situation corresponding to the negative phase of the 

annular mode realized in the presence of the SST front. The reduction in the midlatitude 

storm-track activity and associated poleward momentum transport, which acts to weaken a 

PFJ, is commonly seen in the mean state of the NF experiment and the negative phase of the 

annular mode (not shown). The resemblance between the annular mode anomalies and the 

NF-CTL differences in the mean state is consistent with the fact that annular modes can 

emerge either as atmospheric internal variability or as a response to axi-symmetric forcing in 

the extratropics (Ring and Plumb 2008).  

 In the winter hemisphere of the NF experiment, the fraction of [U250] variance 

explained by the EOF1 is comparable to that explained by the second or third EOF (Table 1) 

and thus smaller than in the CTL experiment and in the observations. We have examined the 

second and third EOFs for this hemisphere to see whether either of them represents annular 

variability similar to the observed SAM. Figure 9 shows meridional profiles of [U250] 

anomalies regressed linearly upon the PC time series for the three leading EOFs. None of 
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them resembles the anomaly pattern of the observed SAM. Thus, in the NF experiment, 

annular variability similar to the observed SAM cannot be reproduced in any of the 

(conventional) leading EOFs in the model winter hemisphere due to the lack of a frontal SST 

gradient.  

 

c. Anomalies in transient eddy activity 

 Anomalies in the transient eddy forcing have been regarded as an important 

mechanism for maintaining [U] anomalies associated with the annular modes (e.g., Karoly 

1990). Figures 10 and 11 show meridional profiles of the regression coefficients of 

upper-level eddy amplitude, poleward eddy momentum flux and lower-tropospheric poleward 

eddy heat flux on the annular mode indices (PC1) in the summer and winter hemispheres, 

respectively, in our experiments. The poleward fluxes have been multiplied by the cosine of 

latitude in recognition of the dynamical importance of their meridional convergence. In the 

summer hemisphere of the CTL experiment, the upper-tropospheric eddy amplitude measured 

as the rms of 250-hPa eddy meridional wind velocity ([v’250
2]1/2) exhibits positive and 

negative anomaly centers at latitudes of ~60° and ~42°, respectively, in the positive phase of 

the annular mode (Fig. 10a), representing a poleward displacement of the storm-track axis in 

conjunction with the corresponding shift of the PFJ axis (Fig. 7a). Anomalies in the 

upper-level poleward eddy transport of westerly momentum ([u’v’250]) are strongest on the 

equatorward flank of the peak in the anomalous eddy amplitude (Fig. 10b), indicating 

anomalous equatorward wave-activity propagation. In general, transient eddies transport 

westerly momentum mainly from the subtropics into the vicinity of the midlatitude storm 

track (cf. Fig. 3d). Thus, the anomalous [u’v’250] with no significant negative values means 

that the westerly momentum transport is enhanced and extended poleward in association with 

the poleward migration of the storm-track axis during the positive events of the annular mode. 

The anomalous momentum transport converges and diverges around the peaks in the positive 
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and negative [U] anomalies, respectively, to sustain them (Fig. 7a), which is consistent with 

the observed SAM.  

 The 850-hPa poleward eddy transport of sensible heat ([v’T’850]) shows only weak 

anomalies with little correlation with the annular mode index over the entire hemisphere (Fig. 

10c). The anomalies are stronger at the negative center of action (~45°) than at the positive 

center, presumably because of the larger mean eddy heat transport (Fig. 3e) due to intense 

surface baroclinicity associated with the frontal SST gradient. Lorenz and Hartmann (2001) 

argued that enhanced baroclinicity below the enhanced upper-level westerlies reinforces 

baroclinic eddy growth and the associated heat transport, leading to an increase in the 

convergence of eddy westerly momentum flux. Although this feedback may be operative 

weakly in this experiment, the eddy heat transport changes as little as ~6% of its time-mean 

value even at its negative anomaly center. Rather, much greater variability is found in [u’v’250], 

whose anomalies reach as much as 20~30% of its mean value (Fig. 10b). Therefore, the eddy 

forcing acting on the model annular mode is mostly barotropic forcing, whereas the eddy 

forcing of the observed SAM is both barotropic and baroclinic.  

 The elimination of the midlatitude frontal SST gradient leads to a weakening and 

equatorward shift in the anomalous eddy activity that accompanies the corresponding shift in 

the [U] anomalies (Fig. 10). In the summer hemisphere of the NF experiment, the positive 

phase of the annular mode accompanies the positive anomaly in the upper-level eddy 

amplitude that peaks around latitude of ~44°, slightly equatorward of the [U] anomaly 

maximum (Fig. 7a). However, no substantial negative [v’250
2]1/2 anomaly is seen in the 

subtropics (Fig. 10a). In other words, the annular mode in the NF experiment accompanies 

coherent changes in eddy activity in both the subtropics and midlatitudes but not any apparent 

shift of the storm-track axis. Reflecting the modulations in both amplitude and horizontal 

structure of transient eddies (cf. Yu and Hartmann 1993), anomalous [u’v’250] is strongest at 

~40° latitude and its anomalous convergence and divergence act to maintain the [U] 
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anomalies (Figs. 10b and 7a), as in the CTL experiment. Those anomalies in the upper-level 

eddy activity and momentum flux are, however, ~40% weaker than in the CTL experiment, 

consistent with the weaker [U] anomalies. Fluctuations in the lower-tropospheric eddy heat 

transport ([v’T’850]) associated with the annular mode are also weak, reflecting its very small 

climatological mean. In both of our experiments, the variance maxima of the eddy momentum 

transport (Fig. 4d) coincide with the peaks of its anomalies associated with the annular mode.  

 In the winter hemisphere of the CTL experiment, upper-level eddy amplitude 

measured as [v’250
2]1/2 increases in midlatitudes in association with the poleward shift of the 

storm-track axis during positive events of the annular mode (Fig. 11a). The upper-level 

poleward eddy momentum transport ([–u’v’250]; i.e., southward transport in the SH) exhibits 

large positive anomalies around the node of the associated [U] anomalies (Fig. 11b). This 

indicates enhanced equatorward wave-activity propagation from the intensified and 

poleward-shifted storm track. The associated enhancement in the poleward transport of 

westerly momentum acts to maintain the [U] anomalies (Fig. 7b), as actually observed in 

association with the SAM (Hartmann and Lo 1998; Lorenz and Hartmann 2001). Stronger 

correlation of the annular mode index with the momentum transport compared to that with the 

eddy intensity confirms the importance of the barotropic eddy-mean flow interactions through 

modulations in horizontal structure of the eddies in the dynamics of the model annular mode. 

The peak of the eddy momentum transport anomaly again coincides with the peak of its 

low-frequency variance (Fig. 4d). Anomalies in the lower-tropospheric poleward eddy heat 

transport ([–v’T’850]) peak around 55°, but both their amplitude and correlation with PC1 are 

quite weak (Fig. 11c).  

 In the NF experiment, anomalies in the upper-level eddy amplitude [v’250
2]1/2 are 

positive in a broad latitudinal range in the subtropics and midlatitudes during positive events 

of the annular mode, indicating an enhancement in eddy activity along the storm track (Fig. 

11a). Unlike the observed SAM, there is no straightforward relationship between the 
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anomalies in [U] and eddy intensity (Figs. 7b and 11a). Rather, the weakening of the STJ 

during positive events is accompanied by the enhancement of local eddy activity (Fig. 11a) in 

spite of the reduced vertical shear of [U] (Figs. 7b and 7d). Though seemingly opposing to 

linear theories of baroclinic instability, this tendency is consistent with the fact that a strong 

STJ does not favor baroclinic eddy growth, as actually observed in the wintertime South 

Pacific and Indian Ocean (Nakamura and Shimpo 2004). Our result suggests that near-surface 

baroclinicity may be more important for baroclinic eddy growth than the baroclinicity in the 

free atmosphere that reflects the STJ intensity (Nakamura et al. 2004, 2008; Inatsu and 

Hoskins 2004; Sampe et al. 2010). The anomalous eddy momentum transport is convergent 

around 45° latitude, thereby acting to reinforce the positive [U] anomaly (Fig. 11b). However, 

the anomalous eddy momentum transport is almost non-divergent in the subtropics, yielding 

no substantial contribution to the maintenance of the STJ anomaly that is nevertheless 

stronger than in the CTL experiment. The elimination of the midlatitude frontal SST gradient 

thus modulates the anomalous eddy activity associated with the annular mode into an 

unrealistic distribution with less robust signal of eddy-mean flow interaction. 

Lower-tropospheric eddy heat transport anomalies are positive around 48° latitude under the 

positive [U250] anomaly, while its peak does not coincide with the peak of the anomalous 

upper-level eddy intensity (Fig. 11c).  

 

d. Characteristics of PC1 time series 

 Figure 12 shows the normalized PC1 time series for [U250] variability, or the “annular 

mode indices”, for the individual hemispheres in the CTL and NF experiments. Persistence 

and “redness” of the indices appear to differ among the four cases as indicated. Figure 13 

shows the autocorrelation coefficients of the annular mode indices and Fig. 14 the power 

spectra of the indices. The autocorrelation reduces almost monotonously with lag until it 

approaches zero in all the cases. There is no indication of any dominant period of fluctuations 
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in either the autocorrelation (Fig. 13) or power spectra (Fig. 14). The annular mode index for 

the summer hemisphere of the CTL experiment shows marked persistence with e-folding lag 

of ~25 days (Fig. 13a), and its power spectrum exhibits pronounced “redness” (Fig. 14a). In 

the NF experiment, the power spectrum loses its “redness” substantially with e-folding lag of 

the autocorrelation reduced to ~10 days. In the model summer hemisphere, the elimination of 

the midlatitude frontal SST gradient thus acts to substantially reduce the persistence of the 

annular mode and its associated low-frequency variability. In the winter hemisphere, 

“redness” of the power spectra of the annular mode index is less than in the summer 

hemisphere (Fig. 14). The e-folding time of the autocorrelation is as small as ~10 days even in 

the CTL experiment (Fig. 13b). Nevertheless, the elimination of the frontal SST gradient leads 

to the reduction of persistence of the annular mode index also in the winter hemisphere, with 

the e-folding lag of ~6 days. This ~60% (~30%) reduction in the persistence of the annular 

mode for the summer (winter) hemisphere of the NF experiment may be due to weaker 

barotropic eddy forcing (Figs. 10b and 11b) and its positive feedback that acts to maintain the 

[U] anomalies (cf. Lorenz and Hartmann 2001; Codron 2005).  

 Power spectra of the annular mode indices in observations and realistic model 

simulations have been shown to be statistically indistinguishable from the corresponding 

red-noise spectra (Hartmann and Lo 1998; Limpasuvan and Hartmann 2000). Figure 14 

indicates, however, that the power spectra of the model annular modes tend to be different 

from the corresponding red-noise spectra, except for the summer hemisphere of the CTL 

experiment. Dynamics of the model annular mode appear to be distorted substantially by the 

elimination of the frontal SST gradient and also by the presence of a strong STJ in the winter 

hemisphere.  

 

5. Summary and discussion 

 In the present study we have shown through aqua-planet AGCM experiments that the 
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influence of the midlatitude SST frontal zones is reflected in the annular variability of the 

extratropical troposphere. We have compared the simulated annular variability in the 

westerlies and associated storm-track modulations between the experiments with and without 

midlatitude frontal SST gradients as observed in the South Indian Ocean and assigned as the 

lower-boundary condition of our AGCM.  

In the model summer hemisphere, the elimination of the midlatitude frontal SST 

gradient leads to a substantial weakening and equatorward shift of the variance maxima in 

both [U] and poleward eddy transport of westerly momentum (Fig. 4), in correspondence to 

the shift of the joint axes of the climatological-mean PFJ and storm track (Fig. 3). In the 

winter hemisphere, the elimination of the frontal SST gradient yields a notable reduction in 

the [U] variance along with a similar reduction in the variance of eddy momentum transport. 

The corresponding reduction is even greater in the variance of low-level poleward heat 

transport by transient eddies in both the winter and summer hemispheres (Fig. 4).  

 In order to depict systematic changes in the annular variability, we defined the first 

EOF of low-frequency [U250] anomalies as the “annular mode” in our model. In the summer 

hemisphere of the CTL experiment, the annular mode is manifested as north-south migrations 

of the PFJ (Fig. 8) and storm track, which yield anomalous eddy westerly momentum 

transport to sustain the [U] anomalies (Fig. 10). Overall, the structures of the annular mode 

and associated eddy activity anomalies display no essential differences from their 

observational counterpart associated with the SAM, although the anomalies are somewhat 

displaced meridionally as a whole, corresponding to the displacement of the 

climatological-mean PFJ and storm track (Figs. 3, 7 and 10). In the NF experiment, anomalies 

in both [U] and eddy activity are much weaker and the storm track exhibits no substantial 

axial shifts in association with the annular mode (Figs. 7 and 10). Compared to the CTL 

experiment, climatological-mean transient eddy activity and eddy momentum transport are 

both weaker (Fig. 3), leading to the weaker barotropic eddy forcing and the resultant 
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reductions in the amplitude and persistence of [U] anomalies associated with the annular 

mode (Fig. 13a).  

 In the winter hemisphere where the STJ intensifies, north-south shifts of the PFJ are 

evident only in the lower troposphere. In the CTL experiment, the amplitude of the annular 

mode is as large as that in the summer hemisphere, and a PFJ is well separated from the STJ 

during strong positive events of the annular mode (Fig. 8). The climatologically strong eddy 

activity can impose strong barotropic forcing on [U] anomalies, as in the observed SAM (Fig. 

11). In the NF experiment, the amplitude of midlatitude [U] anomalies associated with the 

“annular mode” is about a half of that in the CTL experiment (Fig. 7), and the anomalous 

divergence of eddy momentum transport does not contribute substantially to the maintenance 

of subtropical [U] anomalies (Fig. 11). In the absence of the midlatitude frontal SST gradient, 

the STJ is intense and eddy activity is climatologically suppressed, which is not favorable for 

yielding positive feedback to prolong the persistence of the [U] anomalies (Eichelberger and 

Hartmann 2007; Lorenz and Hartmann 2001).  

 Though idealized, our model experiments suggest the significance of midlatitude 

oceanic frontal zones for the atmosphere in yielding annular variability with realistic strength, 

latitudinal structure and associated eddy-mean flow interactions. The elimination of the 

midlatitude frontal SST gradient weakens the midlatitude storm-track activity and the 

eddy-driven PFJ, thus diminishing the annular variability of [U] that is driven mainly through 

the positive eddy-[U] feedback associated with a meridionally migrating storm track. 

Therefore, the impacts of midlatitude frontal SST gradients are not limited to the mean state 

of the extratropical tropospheric circulation (Sampe et al. 2010) but extend onto its dominant 

variability via modulations of transient eddy activity, as demonstrated in the present study.  

One should keep it in mind that the primary purpose of the present study is to assess 

potential impacts of the midlatitude frontal SST gradient on annular variability of the 

extratropical atmosphere, but not to reproduce their observational counterpart in the SH. The 
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impact must be overestimated to some extent in our experiments if compared with the 

observed SH situation. One of the factors for the overestimation is the minimum SST that is 

set to be 0 °C, which keeps the equator-pole surface temperature difference smaller than that 

in the real atmosphere. Nevertheless, the surface baroclinicity in polar regions may not 

profoundly affect a midlatitude storm track and PFJ in our simulation, since the primary storm 

track over the South Indian Ocean is observed in midlatitudes, away from the strong surface 

baroclinic zone along the sea-ice edge off Antarctica (Nakamura and Shimpo 2004). Another 

factor for the overestimation is the zonally uniform SST prescribed in our experiments. In 

reality, the SST gradient and the axial latitude of oceanic frontal zones exhibits a certain 

degree of zonal asymmetry. In fact, the SST gradient along APFZ is strongest in the western 

portion of the South Indian Ocean (Nakamura and Shimpo 2004; Inatsu and Hoskins 2004), 

and the meridional SST profile in this longitudinal sector is prescribed at every longitude in 

our CTL experiment. It is therefore likely that the impact of the frontal SST gradient on the 

annular variability of the extratropical atmosphere simulated in the present study is 

overestimated and should therefore be regarded as an upper bound of its potential impact.  

 Our model experiments nevertheless suggest at least two factors that are necessary 

for reproducing annular modes in AGCM simulations with realistic amplitude and structure. 

First, transient eddy activity in midlatitudes should be strong enough to maintain a 

well-defined PFJ and exert barotropic forcing for driving its axial migrations. In our 

aqua-planet setting, the presence of the midlatitude SST frontal zone sustains intense 

storm-track activity in midlatitudes through maintaining strong near-surface baroclinicity 

(Sampe et al. 2010). Lorenz and Hartmann (2001) argued that external diabatic forcing, 

including SST gradient, with meridionally uniform profile is favorable for persistence of the 

anomalies of a westerly jet and synoptic-scale eddies, because they could stay embedded in 

constant external forcing even if they migrate meridionally from their climatological position. 

In the summer hemisphere of our experiments, however, the annular mode in the absence of 
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the frontal SST gradient tends to be less persistent. While acting to anchor a storm track (Fig. 

5), the frontal SST gradient augments both mean eddy activity and its variability and thereby 

enhances annular variability of the extratropical atmosphere.  

Second, the STJ should not be excessively strong to retain the structure of the 

annular mode as observed, which tends to be distorted in the presence of the strong STJ. 

Negative impacts that can be exerted by a strong STJ on the amplitude and structure of 

annular modes have also been suggested by Eichelberger and Hartmann (2007). Numerical 

experiments, including our NF experiment, suggest that a predominant STJ with no 

well-defined PFJ can render the annular variability essentially different from the observed 

SAM. In fact, the dominant annular variability represents a north-south migration of a STJ in 

an aqua-planet experiment by Feldstein and Lee (1996), in which the simulated STJ is strong 

and no frontal temperature gradient is prescribed at the surface. The importance of oceanic 

frontal zones suggested by our experiments may have some implications for the issue to what 

extent the annular variability in idealized numerical experiments can be used for discussing 

the annular mode in the real atmosphere.  

 In a framework postulated by Nakamura et al. (2004), the atmospheric general 

circulation in the extratropics can be better understood as a coupled system of the interacting 

atmosphere and ocean, with a link among a midlatitude oceanic frontal zone, storm track and 

PFJ. The results of the present study suggest that this framework is also effective in 

understanding the observed annular variability in the extratropical atmosphere. Nakamura et 

al. (2004) also argued the possibility of a feedback loop among a midlatitude oceanic frontal 

zone, storm track and the surface westerlies through the maintenance of atmospheric surface 

baroclinicity (Nonaka et al. 2009; Taguchi et al. 2009; Sampe et al. 2010; Hotta and 

Nakamura 2011), westerly momentum transport and surface wind stress that drives ocean 

circulation. Recently, variations in ocean circulation, SST and sea ice extent associated with 

the SAM have been explored (e.g., Sen Gupta and England 2006; Ciasto and Thompson 2008). 
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Hall and Visbeck (2002) found that a more intense circumpolar current is closely associated 

with the positive phase of the SAM in their coupled ocean-atmosphere GCM experiment, 

suggesting that the SAM is a source of large-scale variability in the SH ocean. How such 

oceanic variability as above can exert feedback to the atmosphere and whether this feedback, 

if any, is significant in the presence of vigorous atmospheric internal variability are open 

questions. The role of the atmosphere-ocean interactions in the SH annular mode will 

continue to be an intriguing issue on climate variability.  
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Tables and Figures 

 

 
[U250] explained 

variance 
[U250]-PC1 correlation 

 
U250-PC1 correlation 

averaged zonally 

mode 1 (2, 3) positive/negative positive/negative 

CTL  summer 54 (18, 12) 0.93/-0.94 0.46/-0.37 

NF  summer 40 (23, 11) 0.83/-0.70 0.29/-0.24 

CTL  winter 37 (28, 17) 0.94/-0.80 0.41/-0.25 

NF  winter 29 (24, 22) 0.83/-0.71 0.25/-0.30 

 

Table 1. (left) Percentage of the total variance in 250-hPa zonal-mean zonal wind [U250] 

explained by the three leading EOFs based on low-pass-filtered fields from the 60-month 

model CTL and NF integrations. An EOF analysis was applied to each of the model summer 

and winter hemispheres in the region poleward of latitude of 20°. (middle) Correlation 

coefficients between [U250] and PC1 at their positive and negative anomaly centers, and 

(right) zonally averaged correlation coefficients between local U250 and PC1 at the latitudes of 

their positive and negative anomaly centers.  
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Fig. 1. SST profiles (upper panel; °C) and magnitude of their meridional gradient (lower 

panel; °C (110 km)-1) prescribed as the lower-boundary condition of the model for CTL (thin 

line with open circles) and NF (thick line) experiments. Sharp midlatitude SST gradients in 

the CTL experiment are replaced with small, constant gradient of 0.3 °C (110 km)-1 for the SH 

and 0.35 °C (110 km)-1 for the NH in the NF experiment.  
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Fig. 2. Climatological-mean fields of sea-level pressure (hPa) for the 60-month model 

integration over the (a) summer hemisphere of the CTL experiment, (b) summer hemisphere 

in the NF experiment, (c) winter hemisphere of the CTL experiment and (d) winter 

hemisphere of the NF experiment. Contour intervals are 4 hPa for thin lines and 20 hPa for 

thick lines. Although no landmass is prescribed in our experiments, coastlines are drawn to 

help the readers identify latitudes.  
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Fig. 3. (a-b) Meridional profiles for the climatological-mean zonal-mean zonal wind [U] (m 

s-1) at the (a) 250-hPa and (b) 925-hPa levels. Solid line for the CTL experiment and dashed 

line for the NF experiment. The model NH (SH) corresponds to the summer (winter) 

hemisphere. (c) As in (a), but for rms of eddy meridional wind fluctuations (m s-1) at the 

250-hPa level ([v’rms 250]). (d) As in (a), but for 250-hPa poleward eddy flux of westerly 

momentum (m2 s-2). (e) As in (a), but for poleward eddy transport of sensible heat (K m s-1) at 

the 850-hPa level.  
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Fig. 4. (a) Meridional profile of the low-frequency variance of 250-hPa zonal-mean zonal 

wind [U] (m2 s-2). Solid line is for the CTL experiment and dashed line for the NF experiment. 

(b) As in (a), but for the variance of 925-hPa [U]. (c) As in (a), but for the zonally averaged 

low-frequency variance of the amplitude (rms) of 250-hPa eddy meridional wind ([v’2250]1/2; 

m2 s-2). (d) As in (c), but for the low-frequency variance of 250-hPa poleward eddy flux of 

westerly momentum ([u’v’250]; m4 s-4). (e) As in (c), but for the low-frequency variance of 

850-hPa poleward eddy flux of sensible heat ([v’T’850]; K2 m2 s-2). The cosine of latitude was 

multiplied to the variance to represent latitudinal dependence of the grid area.  
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Fig. 5. Frequency distribution of the instantaneous axial latitude of the primary storm track 

represented as the percentage of the periods relative to the entire data length of 1800 days. (a, 

b) Based on the zonal-mean variance of 250-hPa eddy meridional wind velocity ([v’2250]) for 

the (a) winter and (b) summer hemispheres. (c, d) As in (a, b), respectively, but based on the 

zonal-mean 850-hPa poleward eddy heat flux ([v’T’850]). Large black triangles indicate the 

latitudes of the SST fronts in the CTL experiment. 



 

39 
 

 

Fig. 6. Regression maps of zonal wind velocity U (m s-1) on the “annular mode index” (PC1) 

for the CTL (left panels) and NF (right panels) experiments. (a-d) At the (a, b) 250-hPa and (c, 

d) 925-hPa levels in the summer hemisphere. (e-h) At the (e, f) 250-hPa and (g, h) 925-hPa 

levels in the winter hemisphere. Negative contours are dashed. Light and dark shadings 

indicate the magnitude of the local correlation coefficients is 0.2~0.4 and greater than 0.4, 

respectively. The correlation greater than 0.21 in magnitude is significant at the 95% 

confidence level. Poleward of the latitude of 20° is plotted.  
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Fig. 7. Meridional profiles of regression coefficient of zonal-mean zonal wind [U] (m s-1) at 

the (a, b) 250-hPa and (c, d) 925-hPa levels on the annular mode index for (a, c) the summer 

hemisphere and (b, d) the winter hemisphere. Solid lines are for the CTL experiment and 

dashed lines for the NF experiment, with circles and triangles indicating the corresponding 

correlation greater than 0.5 in magnitude. Filled and open triangles on the upper fringe of the 

upper panels indicate the latitudes of the climatological-mean 250-hPa storm track axes in the 

CTL and NF experiments, respectively. 
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Fig. 8. Composite meridional profiles of zonal-mean zonal wind [U] (m s-1) for periods with 

the annular mode index greater than +1.5 (positive events; solid line) and less than -1.5 

(negative events; dot-dashed line) in the (left panels) CTL and (right panels) NF experiments. 

At the (a, b) 250-hPa and (c, d) 925-hPa levels for the summer hemisphere, and at the (e, f) 

250-hPa and (g, h) 925-hPa levels for the winter hemisphere. The numbers of the composited 

days are shown in parenthesis (“positive”, “negative”) on the right hand side above each 

panel.  
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Fig. 9. Latitudinal profiles of the regression coefficients of 250-hPa zonal-mean zonal wind 

[U250] (m s-1) on the PC1 (annular mode index; solid line), PC2 (long dashed line) and PC3 

(dotted line) time series for the winter hemisphere of the NF experiment.  
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Fig. 10. As in Fig. 7a, but for the regression coefficients of zonally averaged eddy statistics in 

the summer hemisphere: (a) rms of 250-hPa meridional wind fluctuations ([v’2250]1/2; m s-1), 

(b) 250-hPa poleward eddy flux of westerly momentum ([u’v’250]; m2 s-2), and (c) 850-hPa 

poleward eddy flux of sensible heat ([v’T’850]; K m s-1). In (b) and (c), the fluxes are 

multiplied by the cosine of latitude. Solid and dashed lines are for the CTL and NF 

experiment, respectively, with circles and triangles indicating the corresponding local 

correlation greater than 0.4 in magnitude.  
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Fig. 11. As in Fig. 10, but for the winter hemisphere.  
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Fig. 12. Normalized principal component (PC) time series for EOF1 of 250-hPa zonal-mean 

zonal wind [U250], or “annular mode indices”, for (a) the summer hemisphere of the CTL 

experiment, (b) the summer hemisphere of the NF experiment, (c) the winter hemisphere of 

the CTL experiment, and (d) the winter hemisphere of the NF experiment. Abscissa denotes 

time (year). 
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Fig. 13. Autocorrelation coefficients of the model annular mode index time series shown in 

Fig. 12 for the (a) summer hemisphere and (b) winter hemisphere. Solid and dashed lines 

denote values for the CTL and NF experiments, respectively. 
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Fig. 14. As in Fig. 13, but for the power spectra. The plotted spectra have the degrees of 

freedom of 23.7 with a bandwidth of 0.0066 day-1. Thin solid (dashed) lines indicate the 98% 

confidence interval for red noise for the CTL (NF) experiment. 

 


