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ABSTRACT
This study is motivated by the observation of Moon and Feldstein (2009), which identified two
life cycles in the Southern Hemisphere summer: a weak barotropic (WB) life cycle and a strong
barotropic (SB) life cycle. In that study, they found that the eddy amplitude of the WB life cycle
is larger than that of the SB life cycle even though the WB zonal mean state has a weaker
baroclinicity. In the present study, initial-value calculations are performed with the dynamical
core of the National Oceanographic and Atmospheric Administration/Geophysical Fluid
Dynamics Laboratory climate model to examine whether the difference in the eddy energy
between the WB and SB life cycles can be explained in terms of the stabilizing effect of the
horizontal zonal wind shear in the background state. Consistent with observations, the idealized
life cycle calculations show that a greater maximum eddy energy is attained for the WB basic
state than for the SB basic state, suggesting that the horizontal zonal wind shear indeed plays the
dominant role in determining the eddy amplitude. In addition, the WB life cycle produces a more
pronounced poleward jet shift. Because warmer climates simulated by climate models tend to
show both a poleward jet shift and more intense zonally localized tropical convection that ,
according to Moon and Feldstein (2009), prefers the WB state, our result suggests that the
poleward jet shift in the warm climates ultimately may arise from the strengthening of tropical
convection.
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LIST OF FIGURES
Figure 1: The zonal–mean zonal wind fields for the (a) WB and (b) SB basic states. The
lag -2 day composite wind from MF is shown in thick contours and the
corresponding nonlinearly balanced state is shown in thin contours. The contour
interval is 5 m s−1 and the zero contour is omitted. In the lower panel, the 925–hPa
vertical shear (solid line) and the absolute value of the meridional shear of the zonal
wind (dotted line) for the corresponding basic states are shown. The vertical shear is
normalized by 104 m 2 s kg −1 and the horizontal shear is normalized by 5.0×105 s−1 .
Figure 2: Temporal evolution of the baroclinic energy conversion term (solid line), the
barotropic energy conversion term (dashed line), and the total eddy energy (dotted line),
resulting from the eddy life cycle calculations for the (a) WB and (b) SB cases. The energy
4
−2
−1
conversion is normalized by 10 J m day and the eddy total energy is normalized by

104 J m−2 .
Figure 3: Temporal evolution of 300-hPa potential vorticity from the WB life cycle (left
panels) and the SB life cycle (right panels) for four stages of the model’s time
evolution: the start of wave growth ((a) and (b) day 10), the maximum baroclinic
energy conversion ((c) day 15 and (d) day 16), the peak of the barotropic energy
conversion ((e) day 17 and (f) day 18) and the beginning of barotropic wave decay
−7
−1 2 −1
((g) day 21 and (h) day 21). 3.0×10 K kg m s is the contour interval and the

zero contour is omitted. The equator is at the top of each figure and the south pole is
at the bottom.
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Figure 4: As in Fig. 3, except for 850-hPa eddy streamfunction (contours : dotted
(negative) and solid (positive)) and 300-hPa eddy streamfunction (shaded : light
(negative) and dark (positive)). The contour interval is 5.0×10 5 m 2 s−1 and the zero
contour is omitted.
Figure 5: As Fig. 3, except for the EP-fluxes (vectors) and their divergence (contours). Solid
(dashed) contours represent positive (negative) values. Values greater than zero are shaded
2
and the zero contour is omitted. The contour interval is 20 m s . The thick solid contour

shows the location of the critical latitude.
Figure 6: The initial zonal-mean zonal wind (thin line) for the (a) WB and (b) SB life cycles
superimposed on the zonal-mean zonal wind at the start of decay stage (day 21; thick line).
Figure 7: As in Fig. 1, except for (a) the augmented WB and (b) the augmented SB states
Figure 8: As in Fig. 2, except for (a) the augmented WB and (b) the augmented SB states.
Figure 9: As in Fig. 3, except for the augmented WB life cycle (left panel) and the augmented
SB life cycle (right panel) at (a) day 9, (b) day 10, (c) day 16, (d) day18, (e) day 18, (f) day
20, (g) day 23 and (h) day 23.
Figure 10: As in Fig. 4, except for the augmented WB (lefts panels) and augmented SB (right
panels) life cycles.
Figure 11: As in Fig. 5, except for the augmented WB (lefts panels) and augmented SB (right
panels) life cycles.
Figure 12: As in Fig. 6, except for (a) the augmented WB life cycle and (b) the
augmented SB life cycle at day 23.
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Chapter 1

Introduction
The advancement in our understanding of midlatitude storm track dynamics is
punctuated by two major developments. The first is the theory of linear baroclinic instability
(Charney 1947; and Eady 1949), and the second is numerical calculations of nonlinear baroclinic
life cycles (Gall 1976; Simmons and Hoskins 1978, 1980). The main finding of the latter studies
is that the initial linear wave growth is followed by decay of the waves through equatorward and
poleward wave activity flux. Held and Phillips (1987) and Feldstein and Held (1989) find that
the waves decay barotropically when the waves encounter their critical latitudes where the phase
speed of the wave is equal to the ambient zonal mean zonal wind speed.
The study of James and Gray (1986) helps to further advance the above picture of
baroclinic wave dynamics. They find that the horizontal shear of the background zonal-mean
zonal wind near the surface has a significant impact on the wave amplitude. James (1987) showed
that the presence of horizontal shear reduces the linear growth rate of baroclinic waves. Such an
influence by the horizontal shear is known as the barotropic governor mechanism (James and
Gray 1986).
In a recent observational study of the Southern Hemisphere summer atmosphere by
Moon and Feldstein (2009; MF hereafter), it was shown that the wave activity flux from the
tropics influences the horizontal wind shear of the zonal-mean zonal wind through the selfmaintaining jet mechanism (Robinson 2006). This change in the shear, in turn, influences the
observed baroclinic wave amplitude. Specifically, when there is enhanced wave activity flux from
the tropics, the horizontal shear in midlatitudes weakens, and the subsequent growing baroclinic
1

wave attains an anomalously large amplitude before it decays. MF refer to this growth and decay
as the weak barotropic (WB) life cycle because the growth is preceded by anomalously weak
barotropic decay. The opposite occurs when there is a reduced wave activity flux from the
tropics, and similarly the subsequent baroclinic wave growth and decay is referred to as the
strong barotropic (SB) life cycle. MF interpret this observed relationship between the horizontal
shear and the wave amplitude in terms of the barotropic governor mechanism. Because their
analysis is limited to the observations, however it is unclear whether their finding can indeed be
attributed to the barotropic governor mechanism. For instance, it is possible that pre-existing
midlatitude disturbances could have influenced the baroclinic life cycle. It also is possible that
the eddy energy difference could also be attributed to the nature of the wave’s saturation;
Thorncroft et al. (1993) show that cyclonically breaking baroclinic waves (their LC2 life cycle)
equilibrate at a larger amplitude than do anticyclonically breaking waves (their LC1 life cycle).
The goal of this study is to examine the linear stability and the full baroclinic life cycle of
the two basic states considered by MF and test (1) whether the linear growth rate of the fastest
growing normal mode is higher in the weak horizontal shear state that leads to the WB life cycle
than in the strong horizontal shear state that leads to the SB life cycle; (2) whether the nonlinear
baroclinic life cycle of the weak shear case yields a greater wave amplitude than that of the strong
shear case.
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Chapter 2

Model and methodology
For this study, a multi-layer primitive equation model is used. This model is based on the
spectral dynamical core of the National Oceanographic and Atmospheric
Administration/Geophysical Fluid Dynamics Laboratory (NOAA/GFDL) general circulation
model (e.g., Feldstein 1994; Kim and Lee 2004). In this model, topography and eighth-order
horizontal diffusion are included. In both the Northern and Southern Hemispheres, the topography
takes the form of the zonal-mean of the Southern Hemisphere topography. The horizontal
resolution is truncated at rhomboidal 30 (2.25 degrees in latitude and 3.75 degrees in longitude).
There are 28 unequally spaced sigma levels in the vertical, where sigma refers to pressure
normalized by the surface value. Specifically, the sigma levels are: 0.995,0.982, 0.964, 0.942,
0.915, 0.883, 0.845, 0.801, 0.750, 0.694, 0.633, 0.568, 0.501, 0.438, 0.372, 0.313, 0.258, 0.201,
0.168, 0.133, 0.103, 0.078, 0.055, 0.042, 0.028, 0.018, 0.010, 0.003 (these values extend from the
surface to the upper stratosphere).
The basic state for the initial-value calculations is a nonlinearly balanced flow (described
in Section 3). For all of the life cycle calculations presented in this study, the initial state is
composed of the nonlinearly balanced state plus the most unstable normal mode of zonal
wavenumber 7. For this analysis, we examine energetics (Lorenz, 1954), potential vorticity, the
eddy streamfunction, and the Eliassen-Palm flux vectors (Edmon et al, 1980). In order to perform
these diagnostic analyses, we first interpolate the prognostic variables onto pressure levels.
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Chapter 3

Unstable normal modes and energetics
As is motivated in the Introduction, to test whether linear theory and the initial value
calculations with the nonlinear model equations can help to explain the observed relationship
between horizontal shear and wave amplitude, we consider the lag -2 day composite zonal mean
states in MF (Fig. 1). This particular lag day is chosen because MF find that the largest nearsurface zonal wind anomalies occur for this lag day. For brevity, the lag -2 day composite fields
for the WB and SB life cycles are referred to as the WB and SB composite states, respectively.
Our tasks are then to investigate whether the most unstable normal mode of the WB composite
state has a higher growth rate than that of the SB composite state, and whether the nonlinear
evolution that arises from the WB normal mode yields higher eddy energy than that of the SB
normal mode.
For the nonlinear life cycle calculations, the initial eddy-free state must be a balanced state,
even though the composite states are themselves not balanced. Following the secant method of
Branscome et al. (1989) and Feldstein (1994), we use the composite zonal mean temperature and
surface pressure fields to obtain a nonlinearly balanced zonal wind field. As in Kim and Lee
(2004), the balanced state is inviscid except for the inclusion of the quadharmonic horizontal
diffusion whose coefficient is set to 1×10 16 m 4 s−1 . Figures 1a and 1b show that the resulting
balanced wind field is reasonably close to the corresponding composite wind field. The balanced
state derived from the WB and SB composite states are referred to as WB and SB basic states. .
For synoptic-scale waves, the growth rate of the most unstable normal mode is greater for
the WB than for the SB basic state. For zonal wavenumber 7, the linear growth rate of the fastest
growing normal mode is 0,28 day-1 and 0.25 day-1 for the WB and SB basic states, respectively.
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For other zonal wavenumbers (1-6), the WB state still has higher growth rates. As the panels in
the bottom portion of Fig. 1 show, the near -surface meridional shear of the zonal wind is notably
weaker in the WB than in the SB basic states, but there is almost no difference between the two
basic states in the low-level baroclinicity as measured in terms of the vertical shear of the zonal
wind at 925 hPa. These results suggest that the higher growth rate for the WB basic state can be
attributed to its weaker horizontal shear, and this relationship is consistent with the barotropic
governor mechanism (James 1987).

Figure 1: The zonal–mean zonal wind fields for the (a) WB and (b) SB basic states. The
lag -2 day composite wind from MF is shown in thick contours and the corresponding
nonlinearly balanced state is shown in thin contours. The contour interval is 5 m s−1 and
the zero contour is omitted. In the lower panel, the 925–hPa vertical shear (solid line) and
the absolute value of the meridional shear of the zonal wind (dotted line) for the
corresponding basic states are shown. The vertical shear is normalized by 10 4 m 2 s kg −1
and the horizontal shear is normalized by 5.0×105 s−1 .
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Figure 2 displays the temporal evolution of the energetics of the fastest growing
normal mode of zonal wavenumber 7. The initial condition is the (WB or SB) balanced
state plus the corresponding unstable normal mode. In both cases, the evolution shows
the characteristics of a typical baroclinic life cycle (e.g., Simmons and Hoskins 1978,
1980), where baroclinic growth is followed by a barotropic decay. In an agreement with
MF, both the baroclinic energy conversion and eddy energy are greater for the WB than
for the SB life cycle, further supporting the workings of the barotropic governor
mechanism.

Figure 2: Temporal evolution of the baroclinic energy conversion term (solid line), the
barotropic energy conversion term (dashed line), and the total eddy energy (dotted line),
resulting from the eddy life cycle calculations for the (a) WB and (b) SB cases. The energy
4
−2
−1
conversion is normalized by 10 J m day and the eddy total energy is normalized by
10 4 J m−2 .
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Chapter 4

Wave structure and Eliassen-Palm flux
Potential vorticity snapshots (Fig. 3) reveal that in both life cycles the waves in their
nonlinear stage undergo an anticyclonic overturning on the equatorward side and a cyclonic
breaking on the poleward side of the midlatitude jet. As such, none of the WB or SB life cycles
can be characterized as either LC1 or LC2 type, and thus the barotropic governor effect remains
as the most plausible explanation for the difference in the eddy energy between the two life
cycles.
Streamfunction snapshots (Fig. 4) also show similarities between the two life cycles in that
the vertical wave tilt diminishes while the meridional wave tilt increases as time increases; at the
beginning of the life cycle (Figs. 4a and 4b), the eddies are notably tilted westward, with a phase
difference of almost one-quarter wave length between the 300-hPa and 850-hPa eddy
streamfunction fields. At the time of the maximum baroclinic energy conversion (Figs. 4c and 4d)
and barotropic energy conversion (Figs. 4e and 4f), the vertical phase lag is still apparent, albeit
smaller, while the waves exhibit distinct meridional tilt. By the time that these eddies start to
decay (Figs. 4g and 4h), there remains only a slight east-west phase lag between the two levels.
However, at the decay stage, the WB eddies have a markedly greater meridional scale and they
extend farther poleward. As will be shown later, this feature is consistent with the previous
finding that as a result of the baroclinic life cycle the jet moves poleward in both cases, but that
the poleward jet shift is notably greater for the WB case.

7

Figure 3: Snapshots of 300-hPa potential vorticity from the WB life cycle (left panels) and the SB
life cycle (right panels) for four stages of the model’s time evolution: the start of wave growth
((a) and (b) day 10), the maximum baroclinic energy conversion ((c) day 15 and (d) day 16), the
peak of the barotropic energy conversion ((e) day 17 and (f) day 18) and the beginning of
−7
−1 2 −1
barotropic wave decay ((g) day 21 and (h) day 21). 3.0×10 K kg m s is the contour
interval and the zero contour is omitted.
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Figure 4: As in Fig. 3, except for 850-hPa eddy streamfunction (contours : dotted (negative) and
solid (positive)) and 300-hPa eddy streamfunction (shaded : light (negative) and dark (positive)).
The contour interval is 5.0×10 5 m 2 s−1 and the zero contour is omitted.
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Consistent with the above evolution of the eddy structure and previous studies of baroclinic
life cycles, Eliassen-Palm (EP) flux diagrams (Edmon et al. 1980) show upward wave activity
flux during the initial growth stage (Figs. 5a and 5b). By the time that the baroclinic energy
conversion peaks, the wave activity flux turns meridionally in the upper troposphere, mostly
toward the equator (Figs. 5c and 5d). As the wave matures and the growth ceases, the vertical
component of the EP flux vectors weakens while the equatorward component strengthens (Figs.
5e and 5f). At the end of the life cycle, the equatorward wave activity flux moves farther into the
subtropics (Figs. 5g and 5h). The wave activity flux convergence reaches its maximum value at
the critical latitude, indicated by the thick contour in Fig. 5 where the phase speed equals the
ambient zonal mean zonal wind speed. This indicates that the wave overturning seen in Fig. 3
occurs near the critical latitude, a property that is consistent with previous studies of the Southern
Hemisphere wave-zonal mean flow interaction.
As a result of the equatorward and poleward wave activity fluxes, there is an EP flux
divergence between 50oS and 55oS in both the WB and SB life cycles, and this acts to accelerate
the zonal mean zonal wind at that location. As a result, compared with the initial state, the jet
shifts poleward (Fig. 6). This jet shift is more pronounced in the WB life cycle, and we attribute
this to the stronger wave activity divergence for the WB than for the SB life cycle (compare Figs.
5e with 5f). This pronounced poleward jet shift is consistent with the finding of MF. Although
not discussed by MF, their Fig. 4a shows that at the end of the WB life cycle, the near surface
zonal wind increases between 55°S and 60°S. In contrast, a similar poleward zonal wind
intensification does not occur in the SB life cycle.
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Figure 5: As Fig. 3, except for the EP-fluxes (vectors) and their divergence (contours). Solid
(dashed) contours represent positive (negative) values. Values greater than zero are shaded and
2
the zero contour is omitted. The contour interval is 20 m s . The thick solid contour shows the
location of the critical latitude.

11

Figure 6: The initial zonal-mean zonal wind (thin line) for the (a) WB and (b) SB life cycles
superimposed on the zonal-mean zonal wind at the start of decay stage (day 21; thick line).

This poleward jet shift is interesting, because climate models project that under the
influence of greenhouse gas warming, tropospheric jets will shift poleward (Meehl et al. 2007).
Possible causes behind this jet shift that have been proposed to date include an increase in
tropopause height (Lorenz and DeWeaver 2007), an increase in the phase speed of the midlatitude
eddies (Chen and Held 2007), and an increase in moisture content of the atmosphere (Son and
Lee 2005). MF showed that the WB composite state arises from a tropical wave source forced by
convection. Therefore the above WB and SB life cycle results suggest that a strengthened tropical
wave source can also lead to a poleward jet shift. Lee et al. (2011) suggest that as the climate
warms there will be an increase in poleward Rossby wave activity propagation. Therefore, it is
possible that as the climate warms, the WB life cycle may occur more frequently than the SB life
cycle, and this change may help to account for the projected poleward jet shift associated with
warmer climates.
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Chapter 5

Augmented States
To examine whether a greater deviation of the WB and SB background states from the
climatological state yields even larger differences in eddy life cycles between the WB and SB
states, we construct augmented basic states using the following equation:

χ aug= χ c+2 ( χ comp − χ c )
where χ represents variables such as temperature, vorticity, and divergence; the subscript c
corresponds to the climatology of the Southern Hemisphere summer (DJF) from 1980 to 2004,
and the subscript comp refers to either the WB or SB composite state. The above equation is not
applied to the surface pressure field, since when the augmented surface pressure is used, the
resulting nonlinearly balanced states generate a highly unrealistic secondary jet centered at 60 oS.
For the SB, the augmented and balanced states closely resemble each other. However, the
balanced state for the augmented WB has a stronger low-level horizontal shear than the
augmented WB state itself (Fig. 7). Therefore, for the rest of this chapter, most of our focus will
be on the augmented SB state.
The linear growth rate for the augmented SB state is smaller than that of the composite SB
(see Figs. 2a and 8a). This result provides further support for the previous conclusion that the
horizontal shear of the basic state acts to stabilize baroclinic growth, and that the difference in
eddy energy between the WB and SB can be attributed to the barotropic governor mechanism.
For the WB state, the linear growth rate of the composite state exceeds that of the augmented
state (Figs. 2b and 8b), a finding that is consistent with the larger horizontal shear of the latter
state.

13

Both the augmented WB and augmented SB life cycles exhibit the characteristic features of
nonlinear baroclinic life cycles (Simmons and Hoskins, 1978 and 1980) (Figs. 9, 10, and 11).
Again, consistent with the WB and SB life cycles, the augmented WB life cycles show a more
pronounced poleward jet shift than the augmented SB life cycle (Fig. 12).

Figure 7: As in Fig. 1 except for (a) the augmented WB and (b) the augmented SB.
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Figure 8: As in Fig. 2, except for (a) the augmented WB and (b) the augmented SB.
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Figure 9: As in Fig. 3, except for the augmented WB life cycle (left panel) and the augmented SB
life cycle (right panel) at (a) day 9, (b) day 10, (c) day 16, (d) day18, (e) day 18, (f) day 20, (g)
day 23 and (h) day 23.
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Figure 10: As in Fig. 4, except for the augmented WB (lefts panels) and augmented SB (right
panels) life cycles.
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Figure 11: As in Fig. 5, except for the augmented WB (lefts panels) and augmented SB (right
panels) life cycles.
18

Figure 12: As in Fig. 6, except for (a) the augmented WB life cycle and (b) the augmented SB
life cycle at day 23.
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Chapter 6

Conclusions and Discussion
Our study is motivated by the observations of MF (2009), which found that during the
Southern Hemisphere summer, the maximum eddy amplitude of the observed eddy life cycle
depends on the strength of the preceding barotropic energy conversion. Specifically, when the
preceding barotropic energy conversion is weak (WB; weak barotropic energy conversion), the
subsequent eddy life cycle produces a greater eddy energy maximum. Similarly, a strong
barotropic energy conversion (SB; strong barotropic energy conversion) is followed by a smaller
eddy energy maximum. MF attributed this dependency to the barotropic governor effect (James
and Gray 1986; James 1987). However, because there are pre-existing finite-amplitude eddies in
the observed eddy life cycles, with observations alone, one cannot preclude their potential
influence on the eddy life cycles. In this study, we tested this interpretation by performing
numerical model integrations. The initial state of these calculations was comprised of a
nonlinearly balanced state derived from the observations of MF plus the most unstable normal
mode of the balanced state.
Consistent with the findings of MF (2009), the WB basic state was characterized by a
broader and weaker horizontal shear compared to the SB basic state. Compared with the SB basic
state, the WB state has a greater eddy linear growth. In addition, the nonlinear integration, which
starts from the WB state, yields a baroclinic life cycle with a greater eddy energy. The eddy
structure reveals that both the SB and WB states exhibit LC1 and LC2 characteristics (Thorncroft
et al. 1993), indicating that the wave breaking in the nonlinear stage cannot account for the
difference in their eddy energy. Therefore, as was suggested by MF, we conclude that the
differences between observed WB and SB lifecycles can be attributed to the barotropic governor
mechanism (James and Gray 1986; James 1987).
20

In addition, this study also suggests a plausible mechanism for the poleward jet shift found
in many climate models that are forced with an increased atmospheric loading of greenhouse
gases. The EP flux diagnostics indicate that during the course of the life cycle, the wave activity
first propagates upward and then equatorward. As a result, at the end of the life cycle, the
midlatitude jet shifts poleward. This poleward jet shift is greater for the WB than for the SB case,
and we attribute this difference to the greater eddy amplitude of the WB case. MF found that the
WB basic state is preceded by an anomalously strong tropical wave source triggered by
convection. Therefore, if such a tropical wave source strengthens as the climate warms, this
mechanism can help to explain the simulated poleward jet shift in warmer climates.
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