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[11 Recent studies have shown that double tropopauses exist in all seasons, and at all
longitudes, in the midlatitudes. As of yet, the key mechanism responsible for their
formation is not known. In this study, we explore the connection between double
tropopauses and midlatitude baroclinic eddies. This is investigated in the context of
idealized life cycle experiments. The key finding of this study is that large areas of
double tropopauses form spontaneously at the nonlinear stage of the life cycle evolution,
provided an extratropical tropopause inversion layer is present in the balanced initial
temperature profile. We also show that the areas covered with double tropopauses grow
as the strength of the initial tropopause inversion layer is increased. Without such a layer,
as in canonical examples of baroclinic life cycles much studied in the literature, no
double tropopause formation occurs. In agreement with observations, double tropopauses
in our life cycle experiments form predominantly in areas of cyclonic flow at upper
levels. However, the air masses that end up between the two tropopauses are found to
originate from high latitudes. This appears to differ from a recently published case study,
where the air between double tropopauses was shown to originate partly from low
latitudes. Such a discrepancy suggests that more than one pathway may exist to advect

air masses between the two tropopauses.

Citation: Wang, S., and L. M. Polvani (2011), Double tropopause formation in idealized baroclinic life cycles: The key role of
an initial tropopause inversion layer, J. Geophys. Res., 116, D05108, doi:10.1029/2010JD015118.

1. Introduction

[2] The tropopause marks the boundary between tropo-
sphere and the stratosphere. These two regions of the
atmosphere possess very distinct dynamical and chemical
properties, and the transport of air, moisture and chemical
constituents across the tropopause has significant implica-
tions for chemistry-climate interactions [Holton et al., 1995;
Stohl et al., 2003; Shepherd, 2002]. The formation, structure
and properties of the tropopause are thus important issues
for a complete understanding of dynamical and chemical
coupling between the stratosphere and the troposphere.

[3] In simple terms, the tropopause is defined as the
height where a discontinuity in the lapse rate is found.
However, even early studies [e.g., Bjerknes and Palmen,
1937; Kochanski, 1955], using upper air soundings, found
that vertical profiles of temperature are often characterized
by two or more regions of abrupt change in lapse rate, which
we now refer to as double or multiple tropopauses (DTs,
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for short, hereafter). Recent studies using radiosondes,
reanalyses and GPS radio occultation profiles [Schmidt et al.,
2006; Randel et al., 2007a; Ariel et al., 2008; Castanheira
et al., 2010] have revealed that DTs are in fact the rule, not
the exception.

[4] DTs are ubiquitous, in the midlatitudes (30°—60°), at
all longitudes, and in both hemispheres [Randel et al.,
2007a]. DTs also have a strong seasonal cycle: their
occurrence is maximum during the winter season. Further-
more, DTs are preferentially associated with the presence of
cyclonic vorticity at upper levels. And finally, DTs have
been found to occur more frequently in the regions of
enhanced synoptic activity [47iel et al., 2008] and of Rossby
wave breaking [Pan et al., 2009].

[s] These recent findings strongly suggest baroclinic
eddies may be closely related to the formation and mainte-
nance of DTs. To date, however, this relationship has not
been investigated from a modeling perspective: the goal of
this paper is to do so.

[6] As a first step, one might think of revisiting well
known baroclinic life cycle experiments (e.g., those in the
classic papers of Simmons and Hoskins [1980]), and simply
diagnosing them to see if regions of DT form spontaneously
during the evolution of the flow. We have done so and,
perhaps surprisingly, have found no DT formation in such
cases. More specifically, we have first analyzed model
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Figure 1. Sketch of the lapse rate pairs I'“(z) and T'*(2), at
the low and high latitudes, and the resulting baroclinic jet.
Yp, is the transition distance between I'" and I'*/ and effec-
tively controls the strength of the jet. The parameter ¢, con-
trols the value of cold point above the tropopause at low
latitudes, and the parameter ¢ controls the strength of the
extratropical tropopause inversion layer. The four para-
meters 4, 74, V5, and 74 are the lapse rate constants in
the troposphere and stratosphere, at low and high latitudes,
respectively.

output from the study of Polvani and Esler [2007]: using a
global spectral dynamical core, that study closely replicates
the original LC1 (dominated by anticyclonic wave breaking)
and LC2 (dominated by cyclonic wave breaking) life cycle
paradigms proposed by Thorncroft et al. [1993]. Second,
using WRF (the Weather Research and Forecasting model),
we have reproduced the baroclinic life cycle documented by
Rotunno et al. [1994], who considered an f-plane channel
flow initialized with piecewise uniform potential vorticity
(PV). In both cases no trace of DT formation was found. As
these are null results, no figures are shown here. These
efforts, however, lead us conclude that the baroclinic
instability of a simple jet is not sufficient for DT formation:
some other ingredient is needed.

[7] That ingredient is the tropopause inversion layer
(TIL). Recently discovered by Birner et al. [2002], the TIL
is a shallow region of high static stability, typically a couple
of kilometers thick, located just above the extratropical
tropopause. Similar to DTs, the TIL is a global extratropical
phenomenon, covering most longitudes in all seasons
[Birner, 2006; Randel et al., 2007b; Bell and Geller, 2008].
The formation and maintenance of the TIL are not well
understood at present, and are the subject of intense current
research [Wirth, 2003, 2004; Son and Polvani, 2007; Randel
et al., 2007b; Kunz et al., 2009; Birner, 2010; Randel and
Wu, 2010; Miyazaki et al., 2010].

[8] The key finding of this study is that, if a TIL is present
in the initial condition, the evolution of a baroclinic life
cycle leads to the formation of large areas of DTs. We
demonstrate this by constructing carefully controlled, yet
idealized, midlatitude jets with a corresponding balanced
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temperature profile in which a TIL is present, similar to the
one seen in the observations. The strength of the initial TIL
can then be controlled by simple parameters, and allows us
to demonstrate that the area of DTs formed during the
nonlinear stages of the baroclinic life cycle grows as the
strength of the initial TIL is increased.

[s] The paper is laid out as follows. In section 2 we
present, in detail, how balanced initial winds and tempera-
tures are constructed, and we briefly describe the numerical
scheme used to obtain nonlinear solutions and the algorithm
used to identify DTs. In section 3 we show how DTs emerge
spontaneously during baroclinic life cycles, and how they
depend on the strength of the initial TIL. We use idealized
tracers to determine the source of air that is eventually found
between the two tropopauses. And we also consider how
the area of DTs generated during the life cycle evolution
depends on the type of life cycle. A brief discussion closes
the paper in section 4.

2. Methods

2.1.

[10] We first describe the procedure used for constructing
baroclinically unstable initial winds and temperature, in
thermal wind balance, with a TIL of a desired strength.
Unlike Rotunno et al. [1994], who start by specifying PV
and then perform an inversion, or Polvani and Esler [2007],
who start by specifying winds and then obtain temperature
by balancing, we here start by specifying temperature
(actually, lapse rate), since we need to control the location
and amplitude of the TIL.

[11] The key elements of our initialization are sketched in
Figure 1. The starting point is a pair of lapse rate profiles,
I'*(z) and T'”(z), at low and high latitudes with respect to the
jet, respectively. (The lapse rate in this study is defined as
the vertical derivative of temperature, I' = — i’i—f, where z =
—H In(py/p) is the pseudo-height, the scale height H =
7.5 km, p is pressure, and pg = 1000 hPa. The use of pseudo-
height here (instead of the geometric height z), greatly
simplifies the initialization procedure.) Each of these pro-
files requires several parameters: the lapse rate in the tro-
posphere and the stratosphere, the height of the tropopause,
and the thickness and strength of the TIL. These two profiles
are blended together with a hyperbolic tangent in y (the
latitude), over a distance Yp, to form the single lapse rate
['(z, y) that applies over the entire domain. From I'(z, y) the
temperature at any point is easily obtained by integrating
down from the top of the model (we take the model atmo-
sphere to be isothermal above a certain height). With the
temperature in hand, the balanced winds are then computed
by integrating the thermal wind equation from the surface
upward, assuming zero wind at the surface. To ensure
reproducibility of our results, complete details of this ini-
tialization procedure (including all analytical formulas and
all the values of parameters used) are given in Appendix Al.

[12] For the sake of clarity, we will mostly be focussing
on a set of four initial conditions, illustrated in Figure 2.
These differ, primarily, in the strength of the TIL, shown by
the shaded regions on the poleward of the jet: case TIL
None has no TIL, and the other cases have a weak, medium
and strong TIL. These initial conditions are obtained by
using four different values of the parameter c; (see Figure 1).

Initial Conditions
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(b) TIL_Wk
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(c) TIL_Med
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(d) TIL_Stg
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y (x100 km)
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y (x100 km)

Figure 2. Contours show zonal winds (contour interval 10 m s ') and potential temperature (contour
interval 20 K) for four initial conditions with progressively stronger TIL. Shaded areas show the lapse
rate —dT/dz, in K km™'. The corresponding parameter values are given in Tables 1 and Al.

We note that in order to have a closed jet at the tropopause, it
is necessary to change the value of the parameter ~§ (again,
see Figure 1) together with the ¢y The values of these
parameters for each of the cases in Figure 2 are given in
Table 1. Note that the jet strength also varies among these
different cases: its impact will be discussed later.

[13] For clarity, we show in Figure 3 the lapse rates, on
both sides of the jet, corresponding to each of the four cases.
The lapse rate I'“(z) on the equatorward side of the jet,
shown by the dashed lines, is associated with the tropical
tropopause, is nearly identical in all cases. In contrast, the
lapse rate I/(z) on the poleward side of the jet, associated
with the TIL, shows an increasing amplitude of the inversion,
from TIL Wk to TIL Med to TIL_Stg. Note that the thick-
ness of TIL is comparable on both sides of jet in Figure 3,
whereas observations show that it is thicker in high latitudes
[Bell and Geller, 2008]. This slightly unrealistic feature is not
crucial for the results presented in this work.

2.2. Model Numerics

[14] Given the above winds and temperatures, we use the
nonhydrostatic Weather Research and Forecasting (WRF)

model [Skamarock et al., 2008], version 3.0, to carry out the
baroclinic life cycle experiments presented in this study. The
WRF model is set up to run in an idealized configuration, i.e.,
only dry dynamics on an f-plane channel, with a constant
Coriolis parameter f= 1 x 10 57!, is included. Periodic
boundary conditions are adopted in the x direction; rigid wall
conditions in y. The vertical coordinate is exponentially
stretched such that vertical spacing is nearly constant in z.
[15] For our standard integrations, the computational
domain is 5000 km x 9000 km x 28 km in the x, y and

Table 1. Key Parameters Used to Produce the Four Initial Condi-
tions Illustrated in Figures 2 and 3*

¢y (K km™') ~s (K km™")
TIL_ None 0 0
TIL_Wk 0.25 —0.139
TIL Med 0.5 -0.278
TIL Stg 1.0 —0.555

*The TIL amplitude at high latitudes is given by ¢z, and ~% is the lapse
rate in the stratosphere at low latitudes. In all cases, Y = 750 km. All other
parameters are given in Table Al.
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Figure 3. Solid lines are the lapse rate I'*/(z) of the pole-
ward side of the jet, associated with the extratropical TIL.
Dashed lines are the lapse rate I'“(z) of the equatorward side
of the jet, associated with the cold-point tropical tropopause.
Colors refer to the different initial cases shown in Figure 2,
as indicated in the legend.

z directions, and we choose a grid spacing of 100 km in
x and y, and 450 m (approximately) in z. This results in a
grid of 51 x 91 x 61 points. For convenience, the horizontal
v dimension is referred as the latitude, in analogy to similar
studies in the spherical geometry.

[16] The advection scheme for the dynamical variables is
Sth order for the horizontal and 3rd order for the vertical
direction. The advection of the passive tracers, discussed
in section 3.3, is done with a standard positive definite
advection scheme [Skamarock et al., 2008]. All these
schemes are inherently diffusive, so there is no need to
specify any explicit diffusion.

2.3. Tropopause Detection Algorithm

[17] The location of thermal tropopauses are defined by
the World Meteorological Organization [1957] as follows.
The first tropopause is the lowest altitude at which the lapse
rate decreases to 2 K km ™' provided the average lapse rate
between this level and all higher levels within 2 km does not
exceed 2 K km ™. If above the first tropopause the average
lapse rate between any level and all higher levels within
1 km exceeds 3 K km™', then a second tropopause is defined
by the same criterion; this second tropopause may be either
within or above the 1 km layer.

[18] We adopt the above WMO definition but, following
Randel et al. [2007a], we modify the 3 K km™" criterion to
2 K km™' when identifying the second tropopause. We also
note that, in WRF, the height and temperature on each
model level are available without any interpolation, using
the standard hydrostatic pressure vertical coordinates. The
tropopause height thus is obtained by linearly interpolating
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height with respect to the lapse rates to obtain the altitude at
which lapse rate equals to 2 K km™".

3. Results

3.1. Baroclinic Life Cycles

[19] Although different in TIL strength, all the profiles
shown in Figure 2 are baroclinically unstable owing to the
strong vertical wind shear near the surface. We employ
small, idealized initial temperature perturbations, as detailed
in Appendix A2, to break the initial zonal symmetry and
allow the most unstable normal mode to emerge, and then
follow the instability as it develops to finite amplitude.

[20] The resulting life cycles are illustrated in Figure 4,
where we plot PV on the 6 = 335 K isentropic surface. Areas
with PV above the 2 PVU value are simply shaded in gray, to
differentiate stratospheric from tropospheric air. Figures 4a—
4d show the evolution of the four conditions presented in
Figure 2. The rows illustrate different stages: linear growth at
the top, maximum eddy kinetic energy (EKE) in the middle
row, and barotropic decay at the bottom.

[21] In terms of gross features, these life cycles are quite
similar. The EKE peaks around 7-10 days, and the life cycle
completes in about 20 days. In all four cases, as illustrated in
Figure 4, large cyclonic regions of stratospheric air are
pinched off in the middleworld, with corresponding cut-off
cyclones near the surface (not shown). These features are
characteristic of LC2 type life cycles, as described by
Thorncroft et al. [1993].

[22] We note that no additional shear is needed to produce
LC2 life cycles on the f-plane in Cartesian geometry, in
agreement with many previous studies [e.g., Snyder et al.,
1991; Rotunno et al., 1994; Bush and Peltier, 1994,
Zhang, 2004]. This is in contrast to what is found in
spherical geometry, where additional meridional shear is
needed to produce LC2 life cycles [e.g., Hartmann, 2000].
This interesting difference was discussed by Whitaker and
Snyder [1993].

3.2. Double Tropopause Formation

[23] The key finding of this paper is illustrated by the red
areas shown in Figure 4: these mark the locations where
double tropopauses form, as determined using the algorithm
described in section 2.3. As seen in Figure 4, substantial
areas of DTs spontancously emerge during the life cycle
evolution, and are found to be progressively larger as the
initial TIL is stronger.

[24] To quantify the DT formation process, we compute
the quantity Apyz, the fractional area of the computational
domain, in the midlatitudes (i.e., between y = 3000 and
6500 km), covered by DTs. A value of 1 indicates the
presence of DTs everywhere in the midlatitudes.

[25] The evolution of this quantity, for all four life cycles,
is shown in Figure 5a. Although the different life cycles
develop at slightly different rates owing to the different
initial baroclinicity (cf. the initial jet strength), in all cases
Apr starts to grow rapidly a few days after the EKE peaks
(as indicated by the stars in Figure 5a), and reaches its
maximum 6 to 7 days later. This suggests that chaotic
advection in the nonlinear stages of the wave breaking is
important for DT development. For the four life cycles in
Figure 4, the change in Ap7 is reported in the top row of
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Figure 4. PV on the 335 K surface for the four initial conditions in Figure 2, at selected times: (top)
linear growth, (middle) maximum eddy kinetic energy, and (bottom) barotropic decay. The contour
interval is 0.5 PVU, and values above 2 PVU are shaded in gray. For clarity, two wavelengths are shown.
The red areas mark the regions where double tropopauses are present.

Table 2, together with the value of the jet maximum in the
corresponding initial condition (see below in this section).

[26] Next, we demonstrate that the DTs formed during our
life cycle evolution are highly correlated with the regions of
cyclonic vorticity, as reported in the observational analyses
of Randel et al. [2007a]. This is shown in Figure 5b, where
we have partitioned .47 according to the sign of vorticity at
200 hPa. It is abundantly clear that DTs are almost totally
associated with regions of cyclonic vorticity at upper levels
in our numerical integrations. This finding is not unexpected
from a dynamical point of view, given that the flows in our
integrations are approximately geostrophically and hydro-
statically balanced, as pointed out by Randel et al. [2007a].
Nonetheless, the fact that DTs form spontaneously during
the life cycle evolution is not immediately obvious, and
offers one possible explanation for the observed asymmetry
between cyclonic and anticyclonic regimes.

[27] Given the sensitive nature of baroclinic development,
it is important to clarify the degree to which the above re-
sults are sensitive to the numerical resolution at which the
integrations are performed. To numerically validate our re-
sults we have computed several solutions, with an identical
TIL Stg initial condition, but with doubled and halved grid
sizes, both horizontally (Ax) and vertically (Az). The results

are shown in Figure 6, and confirm the robustness of the key
finding of our study: the spontaneous formation of DTs
during the life cycle evolution. When the resolution is
coarsened (blue curves) quantitative differences become
noticeable, but the qualitative result is still there. When the
resolution is refined (red curves) the results are very similar
to the ones in the reference solution (black curve).

[28] The acute reader might have noticed that, in addition
to the strength of the TIL, the initial conditions in Figure 2
differ in another potentially important respect: the strength
of the jet, which increases progressively as the TIL
strengthens. This is due to the fact that it is difficult to

Table 2. The Maximum Zonal Wind U, of the Initial Jet (in
m s ') and the Net Change 6Apr in the Fractional Area Covered
by DTs (From Day 0 to Its Maximum Value), as a Function of the
Initial TIL and the Parameter Yp?*

¥o/Case _TIL_None TIL. Wk TIL Med TIL Stg
l]max 6ADT Uvmax 5~ADT Umax é‘~ADT Umax (SADT
750 km 382 0.1 428 027 475 033 569 037
850 km 33.8 0.08 378 028 420 036 503 040
950 km 303 0.01 339 025 376 033 441 048
See text.
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Figure 5. (a) Time series of the A, the fractional area of DTs in the midlatitudes, for the four baroclinic
life cycles in Figure 4. The stars indicate the times of maximum eddy kinetic energy. (b) Time series of
Apr within regions of anticyclonic shear (dashed) and cyclonic shear (solid), defined using relative

vorticity at 200 hPa. In all cases, Yp = 750 km.

control all aspects of the initial flow with a relatively small
number of parameters. Nonetheless, one might wonder
whether our interpretation is possibly erroneous, and the
formation of DTs is due to a strong jet instead of a strong
TIL. To address this issue, we have computed two more sets
of four life cycles each: the new sets are identical to the
original one in all respects except for the parameter Yp,
which is varied from the original value of 750 km, to
850 km and 950 km. Varying this parameter allows us to
control the speed of the initial jet (as can be seen from
Figure 1).

[20] The results are illustrated in Figure 7. In all cases, a
stronger TIL leads to larger areas of DTs. The key point,
however, can be gathered from Table 2, where results for the
new sets are tabulated in the second and third rows. Com-
paring results by reading downward along any column, one
can see that the initial wind maximum decreases in all cases,
while the TIL changes little and not always monotonically.
Alternatively, consider the cases on the main diagonal
(starting from the top left) in Table 2: in all three cases the
initial wind maximum is close to 38 m s ' (38.2, 37.9 and
37.6) while the increase in Apy is very different depending
on the initial TIL (it varies from 0.1 to 0.28 to 0.33), con-
firming our conclusion that the initial TIL is the principal
controlling factor, given sufficient jet strength.

3.3. Air Mass Mixing

[30] In this section we wish to determine the latitudinal
origin of the air masses that end up in the region between the
two tropopauses at the end of each baroclinic life cycle. To
answer this question, we initialize a passive tracer with the
value of the corresponding y coordinate at each grid point,
and simply advect it during the numerical integration. The
results are given in Figure 8, for the TIL Stg case, where we
show a cross section of the flow at longitude X = 4000 km
(cf. the black vertical line in Figure 4d), at several stages of
the life cycle evolution. The other TIL cases are qualita-
tively similar but with weaker DTs, as already shown.

[31] Consider first the DT formation process. The location
of the tropopauses at this particular longitude, as determined
with the algorithm described in section 2.3, are shown by

the black dots in Figure 8. Note that the meridional width of
the region with DTs increases dramatically in meridional
extent: from 200 km at day 3, to 1500 km at day 7, and to
more than 2000 km at at day 17. While this number may
appear large, is it quite similar to the meridional extents that
have been reported in observations [see, e.g., Pan et al.,
2009, Figures 1 and 3].

[32] Next, the evolution of air masses can be seen from
the red and blue colors in Figure 8, which track air masses
initially located at high and low latitudes, respectively. At
day 3 only small perturbations appear but, by day 7 (middle

TIL_Stg

Dx = 50 km R
Dx =200 km

- — —-Dz~220m \ AN

- — -Dz~900m AN 7\

0 . . . . . .
0 2 4 6 8 10 12 14 16 18 20

Time (Days)

Figure 6. As in Figure 5a, but for experiments at different
horizontal and vertical resolutions. Black curve is the ref-
erence solution with Ax = 100 km and Az ~ 450 m. Color
curves show different resolution, as indicated in the legend.
All integrations are for the TIL Stg initial condition shown
in Figure 2d.
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Figure 7. As in Figure 5a, but for numerical experiments with Y, = (a) 850 km and (b) 950 km.

panel), significant meridional transport of air masses is
found along this cross section. Specifically, the region
between the two tropopause is predominantly composed of
air that is being advected there from high latitudes, whereas
low-latitude air, advected poleward, is found both below the
lower tropopause and above the upper tropopause. These
features persist later in the life cycle, as can be seen in the
bottom panel at day 17. Finally, we note that these broad
features are not peculiar to this particular example, but are
representative of all the life cycle integrations discussed in
this paper.

[33] It is interesting to relate Figure 8 with the two
intrusion events reported by Pan et al. [2009], where DTs
were observed using satellite remote sensing data from
High-Resolution Dynamics Limb Sounder (HIRDLS)
instrument on the Aura satellite, in combination with ozo-
nesonde data and high-resolution meteorological analyses.
In those events the air sandwiched between the two tropo-
pauses was determined, using Lagrangian trajectories tech-
niques, to have partly originated at low latitudes. In our
idealized cases we find, on the contrary, that the air found in
the DT region originated almost uniquely at high latitudes,
and we have found this to be the case in every one of many
integrations we have performed.

3.4. Anticyclonic (LC1) Life Cycles

[34] Up to this point, the entire discussion has been lim-
ited to the cyclonic type of baroclinic life cycle (referred to
as LC2 in the literature). However, as demonstrated by
Polvani and Esler [2007], the type of baroclinic life cycles
(LC1 versus LC2) had a very significant impact on tracer
transport across the tropopause. This raises the question of
how LC1 and LC2 may differ in terms of DT formation. In
this section we discuss LCl1 life cycles, and document how
they differ from LC2 ones.

[35] To set up an LCI1, we simply add a barotropic,
anticyclonic shear to the initial conditions for the TIL Stg
case. This additional shear, of amplitude u,, is chosen to be
similar to the one used by Hartmann [2000]; all details are
to be found in Appendix A3. For u, = 10 m s~ the initial

condition is shown in Figure 9 and can be directly con-
trasted with the one in Figure 2d.

[36] The evolution of the LC1 initial condition is illus-
trated in Figure 10, which shows PV on § = 335 K and the
region of double tropopauses (in red) at three stages during
the life cycles, chosen as in Figure 4d, to which it should be
compared. Notice the formation of anticyclonic PV tongues,
typical of LC1 life cycles. More importantly, note how the
areas of DTs are comparatively small in the end, as the flow
is not dominated by the large cyclonic structures typical of
LC2 life cycles.

[37] We quantify DT formation in LCI1 life cycles in
Figure 11, where one can compare the area of DTs with the
LC2 case (dashed black curve). The blue curve shows the
area of DTs for the life cycle shown in Figure 10. Note how,
in the LC1 case, the area of DTs actually decreases with
time, and ends up being very small compared with the LC2
case. To test the robustness of this result we have computed
two additional LC1 life cycles, with stronger and weaker
barotropic shears (#, = 12.5 and 7.5 m s~ '); they are shown
by the green and red curves, respectively. The bottom line is
clear: DT formation in LC1 is very weak compared with
LC2, as one might have guessed from the relationship
between DT and upper level vorticity.

4. Discussion

[38] Recent observational studies of double tropopauses
[Schmidt et al., 2006, Randel et al., 2007a; Afiel et al., 2008]
have shown that they are ubiquitous, occur in all seasons,
and are found primarily in the midlatitudes. Since the origin
of DTs is as yet unknown, and since the midlatitudes is
where baroclinic eddies are found, this study has investi-
gated the connection between DT formation and synoptic-
scale eddies, to see if these might play some role in the
formation of DTs.

[39] The key finding of this study is that DTs form
spontaneously during life cycle evolution, provided an ini-
tial TIL is present. Canonical examples of baroclinic life
cycles [e.g., Thorncroft et al., 1993; Rotunno et al., 1994]
yield no DTs. If however, a TIL is present in the initial
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Figure 8. Tropopause (dotted), passive tracer initialized
with the value of the corresponding y coordinate (shading),
PV (2 PVU, gray), and wind speed (every 5 m s ' from
20ms ') along the cross sections in TIL_Stg at X = 4000 km
at day 3, 7, and 17, indicated by the solid lines in Figure 4d.
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Figure 9. As in Figure 2d, but with an additional barotropic
and anticyclonic wind shear, with an amplitude of 10 m s
(see section A3 for details), to generate an LC1 life cycle.
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Figure 10. As in Figure 4d, but for the LCI initial con-
ditions in Figure 9.
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Figure 11. As in Figure 5a, but for three different LC1 life

cycles, initialized with a barotropic shear u, = 7.5 m s

(red), 10 m s~ (blue) and 12.5 m s ' (green). The black,

dashed line show the corresponding LC2 case, for direct

comparison. All these life cycles were initialized with a
TIL Stg set of parameters.

conditions, large areas of DT emerge at the nonlinear stages
of the life cycle evolution, and these areas grow with the
strength of the initial TIL.

[40] Furthermore, in agreement with observations, our
model integrations show that DTs form predominantly in
areas of cyclonic flow at upper levels, as found in the
observations [Randel et al., 2007a]. For the same reason, the
formation of DT during baroclinic life cycles is found to
depend greatly on the life cycle type, with LC2 life cycles
being the overwhelming source of DTs.

[41] We have also shown that, in the idealized life cycles
we have considered, the air masses that are found between
the two tropopauses at the end of the life cycle originate
mostly from high latitudes. This appears to differ from
recently published case studies by Pan et al. [2009], where
the air between the DTs partly originated from the low lati-
tudes. The reason for this difference is unclear at present,
and further work is needed to understand it. However, our
idealized study suggests that more than one pathway may
exist to advect air masses between the two tropopauses.

[42] Finally, we comment on the climatology of the TIL
and the DTs, and what can be learned from their differences.
While both DTs and TILs are found in the extratropics and
in all seasons, their climatologies are different in two key
aspects. First, the seasonal cycle of TIL and DTs are nearly
opposite: DTs are most abundant in winter season [Randel
et al., 2007b, 2007a], while TIL is strongest in the summer
season [Birner, 2006]. Second, their correlation with the
upper tropospheric vorticity is also opposite: DTs are
highly correlated with cyclonic circulation systems, while
the TIL is much stronger in anticyclones.
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[43] These opposite behaviors between DTs and TIL
might appear difficult to reconcile with our results, since we
have shown that stronger TIL leads to more DTs in idealized
life cycles. However, we argue that mixing by baroclinic
eddies can still be a key player in DT formation if one takes
into account the seasonality of synoptic-scale eddies them-
selves. Because these are much more pronounced during the
winter season in the region of storm tracks, it is thus rea-
sonable to expect more DT formation in winter. This may
explain why the observed DTs are more frequent in winter,
while the seasonal cycle of TIL may be related to enhanced
water vapor near the tropopause through radiative influence
[e.g., Randel et al., 2007b; Randel and Wu, 2010; Miyazaki
et al., 2010].

[44] Our study may be thought of, in the end, as a simple
first step toward understanding the formation and mainte-
nance of double tropopauses. Many possibly important
physical processes were not considered here, e.g., large-
scale topography, moist processes, etc. These factors may
also play important roles. Where, when and how much will
be the subject of future research.

Appendix A: Initialization of Baroclinic Life Cycles

[45] Since the procedure for initializing the baroclinic life
cycles discussed in this study is relatively cumbersome, we
have relegated to this appendix all details necessary to fully
reproduce our model integrations.

Al. Basic State, Temperature, and Zonal Winds

[46] The temperature field 7(y, z) is constructed by
choosing the lapse rate I'(z) = — d—:, where z = —H In( py/p)
is the pressure height, p is pressure, H = 7.5 km is the scale
height, and po = 1000 hPa. We start by first defining the
low- and high-latitude lapse rate profiles I'“(z) and T'?(2), as
follows:

rt(2) :{v% + (=) B*%m“h(z _LZ%)} }

Zp

et w
and
) ot (8 =t [+ Jaen (57E) ]}

[47] The key parameter of interest for this paper is cy,
which controls the amplitude of tropopause inversion layer,
as illustrated in Figure 1. The value of ¢; controls the cold
point temperature at low latitudes. The parameters v§ and 75
are constant lapse rates at low latitudes, in the stratosphere
and troposphere, respectively; similarly for 7% and ~7 at
high latitudes. At low latitudes, the parameters Z& and 25
control the tropopause height and extent, and z% and z}5 do
the same at high latitudes. The location and thickness of
the TIL is controlled by the parameters Z%y and zhyy,
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Table Al. Parameters Used for Constructing the Initial Conditions

Cr See Table 1
o 1.25 K km™!
v 5.5 K km™'
o 5.55 K km™!
v —0.055 K km™!
Ve see Table 1
P 10 km
7% 19 km
z 1.5 km
75 2.5 km
2 11.5 km
2y 21.5 km

D[TIL 1.5 km
ZpTIL 1.5 km
Yo 4500 km
Yp 750 km
Ziop 28 km
Tiop 220 K
F 1074 57!

R 287 J kg ' K
H 7.5 km

respectively, at low latitudes, with corresponding parameters
2, and z,’ij,L at high latitudes.

[48] Next, the expression for I'’(z) and I'*(z) are com-
bined to construct the lapse rate I'(y, z) as follows:

D(y,z) =T*(z) + (M(2) —T*(2)) - B + %tanh (y ;DYO)}

(A3)

where Y is the center latitude of the jet, and Y is the width
of the jet (and also controls the strength of the jet).

[49] Finally, the temperature 7(y, z) is obtained by inte-
grating I'(y, z) from a high altitude, where the model
atmosphere is a chosen to be isothermal. Setting 7' = T,,, at
Z = Zp yields

T(y7Z) = Tt()p +/ F(y,s)ds (A4)

top

The values of all parameters used in this study are given in
Table Al.

[s0] Once the temperature is known, the zonal wind U(y, z)
is easily obtained from the thermal wind balance

Ou R OT
1% "H oy (A3)
which is integrated assuming U(y, 0) = 0 to yield
R [70T(y,t)
Uy,z) = —— / 2 A6
(»,2) ai) oy (A6)

Since the lapse rate is analytically specified, the integrand
can be evaluated exactly, so that

U(y,z) ZZfHRYD {1 — tanh? (y;—DYO)} /0‘ dt

/ ds[T" (s) — T*(s)]

top
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The numerical integrations in (A4) and (A7) are carried out
using a simple trapezoid rule. To further ensure that the
initial wind and temperature is balanced in terms of the
model’s numerical scheme, an initially zonal, 20 day run is
performed for each experiment. Time averaged wind and
temperature from the output of that run are then used as the
fully balanced initial conditions.

A2.

[51] An iterative procedure, as given by Plougonven and
Snyder [2007], is adopted to extract the fastest growing
baroclinic modes. An initial small perturbation centered in
the middle of the domain, following equation 10 of Polvani
and Esler [2007], with the amplitude of 0.5 K is added to
potential temperature (for simplicity, since this is the prog-
nostic variable in WRF). At day 4, the nonzonal component
of the solution is extracted and rescaled, so as to having
maximum amplitude of 0.5 K for the potential temperature
field. This rescaling is iterated four times, after which the
fastest growing mode is obtained.

Initial Perturbation

A3.

[52] To construct anticyclonic life cycles (i.e., of type
LC1), we add to the expression in equation (A7) a zonal
barotropic wind component Uy y) with anticyclonic merid-
ional shear and barotropic vertical structure. Taking our
inspiration from Hartmann [2000], we use

B 'y — 2000 km > 'y — 7000 km >
U =1 = =\ 5500m ) ) TP\~ Ts00km

(A8)

Anticyclonic Life Cycles

where u; determines the strength of the barotropic shear.
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