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ABSTRACT

A principal component analysis of the Northern Hemisphere extratropical zonal-mean tropopause vari-
ability at intraseasonal time scales is presented in this work. Wavy deformations of the tropopause dominate
this variability and explain significantly more variance than changes in the extratropical-mean tropopause
height. The first mode is well correlated with the zonal index. Analysis of the dynamical evolution of the modes
shows that tropopause deformations are caused by anomalous wave breaking at the tropopause level occurring
in a preexisting anomalous stratospheric polar vortex. Specifically, an intense (weak) polar vortex is associated
with a rising (sinking) of the polar tropopause, while anomalous wave breaking in the midlatitudes produces a
dipolar tropopause change that is consistent with the anomalous meridional eddy flux of quasigeostrophic
potential vorticity. These two forcings operate on different time scales and can be separated when the data are
filtered at high or low frequency. Baroclinic equilibration seems to play a small role in the extratropical internal
tropopause variability and the impact of tropospheric and stratospheric dynamics is quantitatively similar. A
similar analysis for the Southern Hemisphere extratropics displays the same qualitative behavior.

1. Introduction

The tropopause is one of the most prominent features
of the atmospheric structure, playing a fundamental role
both as a dynamical boundary between an active tropo-
sphere with short response times and a much quieter
stratosphere and as a material boundary between the
well-mixed troposphere and the stratified stratosphere.
Despite this important role, there is no unique, funda-
mental way to define the tropopause but several empir-
ical criteria based on properties known to experience a
steep change when moving from the troposphere to the
stratosphere, such as lapse rate (WMO 1957), potential
vorticity (Reed 1955; Hoinka 1998), or tracer abundance
(Bethan et al. 1996). Lacking a fundamental definition
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for the tropopause, some ambiguity may arise when
studying the determination and/or variability of the tro-
popause, as the relative importance of the processes in-
volved might depend on the framework used.

The determination of the mean tropopause is a classical
problem in general circulation theory. The simplest
model regards the tropopause as the boundary between a
radiative-equilibrium stratosphere and a troposphere in
some form of dynamical equilibrium, typically convective
or baroclinic (Held 1982; Lindzen 1993). Although highly
idealized, this model can explain the change in lapse rate
(between dynamically adjusted and radiative-equilibrium
values), potential vorticity (assuming eddies greatly ho-
mogenize potential vorticity in the troposphere), and
chemical species (owing to the enhanced static stability
and weak mixing in the stratosphere) across the tropo-
pause. The requirement that the stratosphere is in radi-
ative equilibrium poses a constraint on tropopause height
(the so-called radiative constraint), as the outgoing radi-
ative flux at this level is then determined by the net
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column heating. The main limitation of this model is that
the assumption of a stratosphere in radiative equilibrium
is not well satisfied, as it is known that the polar strato-
sphere, especially in winter, is far from radiative equi-
librium because of the dynamical warming by the residual
circulation (Holton et al. 1995), which is expected to in-
fluence tropopause height (Appenzeller et al. 1996;
Thuburn and Craig 2000; Birner 2010). Nevertheless,
Zurita-Gotor and Vallis (2011) have argued that a tight
radiative constraint may still constrain the sensitivity of
tropopause height to dynamical forcing, consistent with
the good agreement found by Thuburn and Craig (1997)
in atmospheric model simulations.

To close the problem, additional assumptions must be
made about the tropospheric dynamical equilibrium, for
which different dynamical arguments have been pro-
posed. These closures generally fall in two categories:
some are based on dry eddy equilibration theories like
baroclinic adjustment (Held 1982; Schneider 2004; Bordi
et al. 2004), while others are based on moist convection
(Juckes 2000; Wu and Pauluis 2014). Motivated by these
ideas, previous observational studies of intraseasonal
tropopause variability (Dell’Aquila et al. 2006; Son et al.
2007) have sought a connection between changes in eddy
activity and in tropopause height, assuming that on short
time scales the eddy fluxes drive the tropopause away
from equilibrium during baroclinic life cycles.

Based on the lapse rate definition, a warming in the
upper troposphere and/or a cooling in the lower strato-
sphere will raise the tropopause, and vice versa (Shepherd
2002). This seems to be the case for synoptic and monthly
variability of the tropopause, both of which are character-
ized by high correlations with opposite sign at levels above
and below the tropopause (Seidel and Randel 2006);
a similar potential temperature dipole was also found by
Son et al. (2007) for the intraseasonal variability of the
zonal-mean tropopause. This pattern is expected to be
produced by dynamically balanced circulations character-
istic of cyclones and anticyclones in the case of synoptic
variability (Seidel and Randel 2006; Zingl and Wirth 2002)
and to the accumulated effects of the synoptic variability in
the case of monthly variability (Seidel and Randel 2006).

Yet despite all of these studies, a systematic analysis
of the variability of the zonal-mean tropopause is still
lacking. We are unaware in particular of any previous
work discussing the leading modes of intraseasonal
extratropical tropopause variability and their dynamics,
although principal component analysis has been pre-
viously applied to tropopause height variability on in-
terannual time scales (Wong and Wang 2003). While
local variations in tropopause height are expected to be
dominated by tropopause deformations on synoptic
scales (Hoskins et al. 1985), the driving of the zonal-mean
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tropopause variability is not as obvious and differ-
ent mechanisms may contribute to that variability. We
can conceive two different scenarios. If baroclinic
equilibration played the dominant role for tropopause
variability, one might expect this variability to be driven
by changes in eddy heat fluxes and by tropospheric
baroclinic dynamics. Alternatively, tropopause variabil-
ity might be associated with changes in the barotropic
flow and with adjustment to balance accompanying the
surface pressure changes associated with the annular
mode variability (Thompson and Wallace 2000). In
that scenario, stratospheric dynamics might also be
important (Son et al. 2007) and eddy momentum fluxes
may play a more important role than eddy heat fluxes in
the troposphere.

This work investigates the spatial and temporal
structure of zonal-mean thermal tropopause variability
in the extratropics and its underlying dynamics using
principal component analysis and lagged composites.
The paper is organized as follows. Section 2 introduces
the dataset and the methodology used for the statistical
analysis. Section 3 presents the patterns associated with
the leading modes of variability of the zonal-mean tro-
popause and section 4 analyzes the dynamics of these
modes by means of composite Eliassen—Palm diagrams.
Section 5 briefly performs a similar analysis for the
Southern Hemisphere and section 6 summarizes the
main conclusions of our study.

2. Data and methodology

For this study, gridded daily data from NCEP-NCAR
Reanalysis-1 during the period 1978-2010 have been
used, including daily tropopause pressure. To study the
variability of tropopause height, this daily tropopause
pressure was converted into tropopause height using
cubic spline interpolation of the daily geopotential
height data at the reference pressure levels. The sea-
sonal cycle, defined as the first four harmonics of the
daily climatology (Lorenz and Hartmann 2001), was
removed from the daily data; then, interannual vari-
ability was eliminated by filtering the deseasonalized
data using a Lanczos filter with 31 coefficients. To assess
the robustness of the results, data from ERA-Interim
were also used. In this case, the daily tropopause pres-
sure was obtained applying the method of Reichler et al.
(2003) to daily vertical temperature profiles.

The main focus of this work is the intraseasonal scale,
though our results also hold at intraannual scales. Spe-
cifically, variability during the extended winter (from
November to March in the Northern Hemisphere, from
June to October in the Southern Hemisphere) is ana-

lyzed (which corresponds to 151 and 153daysyr ',
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respectively, making a total of 4983 and 5049 days for
the 33 years included in the study).

Principal component analysis (PCA) was performed
on the anomalous zonal-mean tropopause height field,
with data weighted to account for the decrease of mass
toward the pole (North et al. 1982b). One potential
complication when studying the modes of variability of
the extratropical tropopause is the confounding effect of
extratropical incursions of tropical air with large tro-
popause height anomalies, together with the strong
seasonal cycle in the meridional extension of the Hadley
cell. Hence, we defined the extratropical northern re-
gion using a conservative latitude of 32.5°N, which
seems to be the maximum northward extension of the
tropical belt during the northern winter (Davis and
Birner 2013). This range of latitudes may include some
variability associated to the subtropical jet. Composite
maps are used to analyze the growth and decay of the
tropopause anomalies, averaging independent events
(separated at least 7 days) exceeding one standard de-
viation of the reference time series. To assess the sta-
tistical significance of these maps, two-tailed ¢ tests for
the difference of means between the full and composite
time series are performed using a confidence level of
0.99. Lag-composite maps are also used to analyze the
plausible mechanisms that give rise to the anomalies in
tropopause height. When covariances are employed, the
statistical significance is assessed using a two-tailed ¢ test
on the correlation, taking into account the effective
number of degrees of freedom implied by the time series
autocorrelations. Following Bretherton et al. (1999), if
X and Y are two time series with autocorrelations p” and
pY respectively, and N degrees of freedom, the effective
number of degrees of freedom for statistical significance
is given by

N
(N=1) ’

Y. (A—[plIN)pXpY
v=—(N-1)

XY _
Neff -

where p/, is the autocorrelation of series j at lag v.

3. Intraseasonal variability of the northern
extratropical tropopause

As shown in Fig. 1, the first mode of variability of the
northern extratropical zonal-mean tropopause during
the extended winter has a dipole structure with the node
around 50°N and extrema at 35° and 65°N. The second
mode corresponds to a tripole pattern with nodes at 45°
and 65°N; the two modes are uncorrelated at all lags and
well separated according to the North et al. (1982a) cri-
terion when the effective number of degrees of freedom
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for the time series is taken into account. This structure is
characteristic of many extratropical fields—for example,
the zonal-mean zonal wind (Lorenz and Hartmann 2001,
2003), the sea level pressure, and the geopotential height
(Thompson and Wallace 2000). This type of variability is
generally described as an annular mode (zonal index in the
case of the zonal wind, Arctic Oscillation in the case of the
geopotential height), which physically represents a mass
fluctuation between the poles and midlatitudes with a high
degree of zonal symmetry (Thompson and Wallace 2000),
related to meridional displacements of the extratropical
jet around its mean position (Lorenz and Hartmann 2003;
Wittman et al. 2005) driven by interactions between the
mean flow and the eddies. The relationship between the
leading tropopause mode and the zonal index or the Arctic
Oscillation will be discussed below. We also show in Fig. 1
the leading two modes calculated using ERA-Interim
data. It can be seen that the patterns are quite similar to
NCEP-NCAR reanalyses, though the polar center of ac-
tion in EOF1 is weaker in ERA-Interim than in NCEP—
NCAR reanalyses. Additionally, the first mode explains
more variance for ERA-Interim than for NCEP-NCAR
reanalyses. The large correlations between the modes in-
dependently calculated for both reanalyses [0.88 for both
principal components (PCs)] demonstrate that these
modes are robust in both datasets. The dynamical analysis
in the next section uses NCEP-NCAR reanalyses data but
results are similar with ERA-Interim.

Although the modes of variability are obtained from
the zonally averaged tropopause height, we can look at
the 2D structure by compositing the expansion co-
efficients, PC, with the complete field (Fig. 2). As ex-
pected there is great zonal symmetry, especially for
EOF2 (Fig. 2b), though some minor asymmetries stand
out for the first mode: a high tropopause over the oce-
anic storm tracks and a low tropopause over Iceland
(which, together with the anomaly to the west of
Canada, produce the tropopause height minimum at
65°N). However, this annular pattern only represents
the average of many nonsymmetrical cases, while indi-
vidual snapshots are dominated by wavy patterns as
typically found in isentropic potential vorticity maps
(Hoskins et al. 1985).

These modes of variability are highly insensitive to
both the spatial and temporal ranges chosen for the
analysis. In particular, the same modes are obtained
when PCA is performed on the summer months or on
the entire year although the explained variances vary
(both modes explain more variance during the winter
months than during the summer months or the whole
year). From this, it can be concluded that the variability
associated with these modes is representative of the
intraannual variability of the extratropical zonal-mean
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FIG. 1. Regression maps of anomalous zonal-mean tropopause height (m) on (left) PC1 and (right) PC2 for the
(top) NCEP-NCAR Reanalysis-1 and (bottom) ERA-Interim datasets, during the extended NH winter.

tropopause. As for the robustness of the patterns to the
choice of latitudinal band, the first mode emerges as long
as midlatitudes (30°—40°N) are included in the analysis
and is insensitive to the northern boundary of the do-
main; this suggests that its structure (a dipole centered at
50°N) is characteristic of the variability of the tropo-
pause and not an artifact of the region chosen for the
study. When the midlatitudes are not included in the
PCA, there is a permutation between the first two modes
and the tripole becomes the leading mode of variability.
This mode is robust as long as polar latitudes are in-
cluded in the analysis, no matter where the southern
edge lies. This suggests that the first mode is basically a
phenomenon originating in midlatitudes, while the sec-
ond mode may be more related to polar variability. The
more the latitude range is restricted to one of the two
areas (either mid- or high latitudes) the more dominant
the corresponding mode is (see Table 1).

4. Dynamical evolution of tropopause anomalies
a. Composite eddy forcing

Variations in midlatitude tropopause height are ex-
pected to be caused or at least associated with variations
in the eddy activity (Dell’Aquila et al. 2006; Son et al.
2007). We describe changes in eddy activity using
anomalous Eliassen—Palm (EP) fluxes and divergence,
defined as

F, =-—a cosu'v/ and
—
F(p) = facos (pej, 1)
p

where a is the radius of Earth, ¢ is the latitude, the prime
denotes deviations from the zonal mean, the overbar
denotes a zonal mean, and the subscript p denotes
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FIG. 2. Regression maps of anomalous tropopause height (m) on (a) PC1 and (b) PC2, during the extended
NH winter.

derivative in the pressure coordinate; the rest of the no-
tation is standard. The graphical convention of Edmon
et al. (1980) for the representation of the divergence on
the (¢, p) plane is used. The quasigeostrophic approxi-
mation is applied for reasons of simplicity; the results are
unchanged when all the terms in the equations are in-
cluded (not shown). In the analysis that follows, we dis-
criminate between the planetary eddy forcing (by eddies
with zonal wavenumber k = 3 or less) and the forcing by
baroclinic waves of shorter scales (k = 4). We refer to the
latter as the synoptic eddy forcing for consistency with
Son et al. (2007), even though this term includes contri-
butions by eddies of a wide range of scales, including
longer-than-synoptic eddies.

As can be seen in Fig. 3, the perturbation in tropo-
pause height associated with PC1 is preceded a few days
earlier by an upward burst of synoptic waves at low
latitudes, which propagate southward at tropopause
levels and break near the subtropical jet. This produces a
pattern of anomalous divergence (convergence) of the
EP flux in the midlatitudes (in the subtropics), which
accelerates the zonal-mean zonal wind on the northern
flank of the extratropical jet and decelerates the zonal
wind in the subtropics, shifting the extratropical jet
northward. The planetary waves produce a similar di-
polar pattern of Eliassen—Palm divergence at tropo-
pause levels, except that enhanced vertical propagation
into the stratosphere also reinforces the positive center
on the northern side of the extratropical jet in this case.
The subsequent wave breaking in the stratosphere leads
to a deceleration of the stratospheric jet (Andrews et al.

1987) a few days later. The anomalies in the Eliassen—
Palm divergence evolve quite rapidly. For positive lags,
increased synoptic wave breaking to the north of the
extratropical jet damps the anomaly on the zonal-mean
zonal wind, while the decay of planetary waves ceases
the forcing on the stratospheric jet and also contributes
to the return of the extratropical jet to its mean position
(albeit to a lesser extent than synoptic waves).

The anomalies in the EP flux divergence described
above are consistent with the structure of the tropo-
pause anomalies for this mode, which can be understood

TABLE 1. Variance explained by each of the first two modes
of variability of the extratropical zonal-mean tropopause height
for selected latitudinal ranges. Boldface (italics) indicates that
the corresponding mode is highly correlated (and has a similar
structure) with the ‘“midlatitude” (‘‘polar”’) mode shown in
Fig. 1 (top).

PC1 (%) PC2 (%)
20°-90°N 28 20
20°-80°N 31 20
20°-70°N 36 19
20°-60°N 40 18
20°-50°N 46 21
20°-40°N 57 21
20°-30°N 71 19
30°-90°N 29 22
40°-90°N 33 26
50°-90°N 40 27
60°-90°N 49 31
70°-90°N 68 25
80°-90°N 91 9
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from the equivalence of V- F as a northward flux of
quasigeostrophic potential vorticity by the eddies v'q’.
Thus, the anomalous EP flux divergence to the north of
the extratropical jet is associated with an anomalous
northward flux of quasigeostrophic potential vorticity
near the tropopause level, which will produce a positive
(negative) anomaly of potential vorticity to the north
(south) of the V - F anomaly. This is consistent with the
rise of the tropopause (negative anomaly of potential
vorticity) to the south of the positive V - F anomaly and
its depletion (positive anomaly of potential vorticity) to
the north. (Note that the maximum in the Eliassen—Palm
divergence is collocated with the node of the tropopause
EOF.) The relation between potential vorticity anom-
alies and tropopause height is thus consistent with the
classical model of a potential vorticity perturbation at
upper levels (Hoskins et al. 1985; Zidngl and Wirth 2002)
and with the results of the quasigeostrophic theory
(Juckes 1994). It is shown in Fig. 4 that the anomaly in
the EP flux divergence is dominated by the eddy mo-
mentum flux convergence, especially at the tropopause
level, for both synoptic and planetary waves.

The dipolar character of the EOF1 pattern is common
to several meteorological fields in the Northern Hemi-
sphere. In particular, the anomalous zonal-mean zonal
wind field associated with the first EOF of the extra-
tropical tropopause (black contours in Fig. 3) is very
similar to the zonal index [see Fig. 3a in Lorenz and
Hartmann (2003)] and indeed the correlation between
both time series is highly significant (0.67). This is also
consistent with our findings that eddy momentum fluxes
are more important than eddy heat fluxes for the pattern
of Eliassen—Palm divergence associated with the varia-
tions in tropopause height. In contrast, the correlation of
the leading tropopause PC with the Artic Oscillation
(AO) index is much lower (0.26) even though zonal in-
dex and Arctic Oscillation are often regarded as the
same variability. This may reflect the fact that the AO
index includes several types of atmospheric variability
[e.g., several patterns of zonal-mean zonal wind vari-
ability; see Feldstein and Lee (2014)], which could im-
pact tropopause height in different ways.

The dynamical evolution of the second EOF exhibits
some similar features to those described above for the
leading EOF (Fig. 5). Anomalous vertical propagation
of synoptic waves is initially found on the southern flank
of the extratropical jet a few days ahead of the maximum
tropopause anomaly. As time evolves, this develops into
an anomalous Eliassen—Palm divergence pattern at up-
per levels characterized by EP flux divergence over the
extratropical jet region and convergence on its flanks
(but much stronger on the subtropical side). In this
manner, the synoptic eddies produce an acceleration of
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the extratropical jet, mainly at the expense of the sub-
tropical jet. As for the planetary eddies, the dominant
feature is a center of large Eliassen—Palm convergence
north of 55°N associated with enhanced vertical propa-
gation in the troposphere and weakened propagation
into the stratosphere (plausibly because of the anoma-
lously strong stratospheric jet), which conspire to pro-
duce strong wave breaking at tropopause levels over
that region. This is accompanied by weakened upward
propagation of planetary waves on the south, which is
associated with a positive Eliassen—Palm divergence
anomaly at upper levels over that region. The combined
effect of the synoptic and planetary EP fluxes at upper
levels is thus a tripolar EP flux divergence anomaly
with a positive center around 45°N and negative centers
on the south (north) forced predominantly by the syn-
optic (planetary) eddies. This Eliassen—Palm divergence
pattern is consistent with the structure of the tropopause
height perturbations in the manner discussed above for
the first EOF. Also as before, anomalies in the EP flux
divergence are mainly caused by the eddy momentum
fluxes (not shown). Finally, for both the synoptic and
planetary eddies the eddy forcing reverses and damps
the zonal wind anomalies at positive lags.

b. Forcings of tropopause variability

The analysis of the EP fluxes and the zonal-mean
zonal wind has identified some common factors involved
in the development and decay of the perturbations in
tropopause height: anomalies in synoptic and planetary
wave breaking at tropopause levels and anomalies in the
intensity of the stratospheric polar jet. All these factors
are associated with potential vorticity changes at upper
levels, caused by either the quasigeostrophic potential
vorticity flux associated with wave breaking or the in-
tensification/weakening of the cyclonic circulation at the
polar vortex (Ambaum and Hoskins 2002), and may
thus be regarded as forcings of tropopause variability.
To study the impact of each of these forcings on tropo-
pause height, three indices are constructed by regressing
the relevant field on the tropopause PC and projecting
this map again onto the field, so that a time series is
obtained. The anomalous EP flux divergence between
600 and 100 hPa is used for both synoptic and planetary
waves, while the zonal-mean zonal wind between 100
and 10hPa and 50°-80°N is used as a measure of polar
vortex intensity. Note that we regard changes in the
polar vortex and changes in the divergence of the
planetary EP flux as two different forcings even though
changes in the polar vortex affect planetary wave
propagation, as described above. We do so because their
correlation is low (not shown). Changes in stratospheric
propagation only represent a small contribution to the
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full planetary EP flux divergence at tropopause levels,
which is dominated by tropospheric dynamics.

It can be seen in Fig. 6 that both modes of tropopause
variability are correlated in a similar way with the
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indices of EP flux divergence, with positive correlations

for negative lags (especially from lag —7 to lag —1 days)

and weak negative correlations for positive lags. As for
the polar vortex index, this index is positively correlated
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significant correlations are emphasized using crosses.

with the PC on a longer time scale (over 20 and 40 days
for the first and second modes, respectively; full range
not shown), with the correlation peaking several days
before lag 0. This suggests that the anomalous wave
breaking that causes the variations in tropopause height
develops in a preexisting anomalous polar vortex while
the perturbations (both in tropopause height and in the
stratospheric jet) are damped by the waves for positive
lags. Figure 7 shows the latitudinal structure of the tro-
popause anomalies associated with each of these indices,

m/c

500

obtained using regression. We can see that while
anomalies in the EP flux divergence are usually associ-
ated with tropopause anomalies in midlatitudes, the
polar vortex index mainly captures the rising or sinking
of the polar and subpolar tropopause. The combination
of both effects results in the observed EOF (the dashed
line in Fig. 7 shows the sum of the tropopause height
changes associated to each of these forcings).

Given the different forcing time scales by the waves
and the polar vortex, it is worth studying the modes of
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FIG. 7. Tropopause height changes associated with a standard deviation of each of the forcings in Fig. 6 (and their
sum, dashed), compared with the full tropopause changes (per standard deviation of the PC).
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FIG. 8. First two EOFs of the extratropical zonal-mean tropopause height for (top) high- and (bottom) low-frequency
intraseasonal variability. See text for details.

tropopause variability on short and long time scales.
This was done filtering the data using a high-pass filter
with cutoff 1/20 day ' and a low-pass filter with cutoff
1/60 day !, respectively (the results are robust with other
cutoff choices). It can be seen in Fig. 8 that the high-
frequency variability of the tropopause is characterized
by undulated patterns with maxima and minima of
similar amplitude, while low-frequency variability con-
sists mainly in a rising or sinking of the polar tropopause,
with a secondary maximum at subtropical latitudes. This
is what would be expected when the wave forcing
dominates on short time scales, with the associated
quasigeostrophic potential vorticity flux inducing a tro-
popause height dipole around the location of the
anomalous wave breaking, and the polar vortex forcing
dominates on long time scales, driving variations on the

polar and subpolar tropopause on those time scales. The
intraseasonal EOFs may be regarded as a combination
of both forcings.

5. EOFs of the SH tropopause

To investigate the mechanisms responsible for the
variability of the Southern Hemisphere zonal-mean
tropopause, PC analysis was performed over the extra-
tropical region from 32.5° to 90°S. As for the NH, the
first two modes are well separated, but the first mode
now explains more variance than before (35%, com-
pared to 21% for the second one). The first mode again
has a dipole pattern (Fig. 9a), with a node at 55°S and
extrema at 45° and 80°S; in this case, the southernmost
maximum is farther south than that of the SH zonal
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FIG. 9. Regression maps of anomalous zonal-mean tropopause height (m) on (a) PC1 and (b) PC2, for the SH.

index (Lorenz and Hartmann 2001). The second mode
(Fig. 9b) consists of two maxima, located at 35° and 80°S.
The two modes have similar latitudinal structure except
that tropopause anomalies in the mid- and high latitudes
are negatively correlated for the first mode and posi-
tively correlated for the second mode. Lag-correlation
analysis between the associated principal component
time series suggests that the two modes of variability
may not be independent, as there is a positive correla-
tion when PC1 leads by 10-20 days (Fig. 10).

The dynamical evolution of these modes is described
in Fig. 11. As before, tropopause anomalies in the mid-
latitudes can be linked to changes in the Eliassen—Palm
divergence at tropopause levels resulting from changes
in wave propagation (note that we no longer distinguish
between synoptic and planetary waves, as the former
dominate). For the first mode we observe a dipolar EP
pattern in the midlatitude upper troposphere, with
Eliassen—Palm divergence (convergence) on the equa-
torward (poleward) side of the jet. This pattern is ini-
tially driven by changes in meridional propagation at
upper levels and subsequently reinforced by anomalous
vertical propagation. The second mode is also associated
with a dipolar EP-divergence pattern at upper levels
(with the opposite polarity, as defined here), but the
pattern is shifted equatorward and the wave driving is
different from before. The tropopause anomaly is now
initiated by enhanced baroclinic generation and
Eliassen—Palm convergence in the subtropics. Finally,
large tropopause anomalies are also observed over the
polar region for both modes. Although the zonal wind
anomalies are weak, significant changes in the vortex

potential vorticity are found for these events (not
shown), similar to the Northern Hemisphere.

6. Discussion

This work has analyzed the structure and dynamics of
the leading modes of variability for the Northern Hemi-
sphere extratropical zonal-mean tropopause height in
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F1G. 10. Lagged correlation between PC1 and PC2 for the SH.

PC1 leads (lags) PC2 for negative (positive) lags. Statistically sig-
nificant correlations are emphasized using crosses.
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FIG. 12. Lagged composite of (top) PC1 and (bottom) PC2 on anomalous zonal-mean temperature (K; colors),
anomalous zonal-mean zonal wind (ms~!; black contours), and anomalous planetary EP flux divergence
(X10* m?s~2; red contours) integrated from 60° to 90°N. Negative contours are indicated as dashes. The thick black
solid line represents the lagged composite on the zonal-mean tropopause pressure averaged from 65° to 90°N.

intraannual time scales. The leading mode has a dipolar
structure with a node in the midlatitudes and is strongly
correlated with the zonal index. The second mode has a
tripolar structure and large amplitude over the polar and
subpolar regions. The structure of both modes is robust
against changes in the latitudinal and temporal domains of
analysis.

Previous observational studies of the intraseasonal
tropopause variability (e.g., Dell’Aquila et al. 2006; Son
et al. 2007) were motivated by the general circulation

problem and by theoretical arguments relating baroclinic
equilibration and tropopause rise (Held 1982; Lindzen
1993; Schneider 2004). In idealized models, these ideas
have been found to have some relevance for tropopause
height adjustment in the initial value problem (Egger
1995) and for the mean tropopause in forced-dissipative
atmospheres (Zurita-Gotor and Vallis 2011, 2013). In
contrast, there is increasing evidence that baroclinic eddy
equilibration is quantitatively of little importance for
the extratropical internal tropopause variability on
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FIG. 13. Lagged composite of the vertical component of Eliassen—Palm flux integrated between 50° and 80°N (X10'*m?s ™2 Pa) on (left)
stratospheric zonal index [SZI; see Limpasuvan et al. (2004) for details], (center) leading mode, and (right) second mode of the zonal-

mean extratropical tropopause height variability.

intraseasonal time scales. This was already noted by Son
et al. (2007) who found that (i) strong baroclinic life
cycles have a small impact on tropopause height and
(ii) intense tropopause height events have a large strato-
spheric signal. Our analysis is consistent with the findings
of Son et al. (2007) and provides additional insight on the
dynamical forcing of the tropopause variations.

In this regard, the first conclusion of our work is that
the dominant modes of zonal-mean tropopause variabil-
ity are characterized by wavelike patterns with opposite-
sign anomalies over different latitudinal bands—that is,
with tropopause deformations rather than changes in the
extratropical-mean tropopause height. Aiming to find a
connection between baroclinic equilibration and tropo-
pause height, we have also computed an index for the
extratropical-mean tropopause height and calculated the
leading modes of tropopause deformations (changes in
tropopause height relative to its time-dependent extra-
tropical mean) at different time scales. We found (results
not shown in this paper) that changes in the extratropical-
mean tropopause height explain a very small fraction of
the full tropopause variability (roughly 20% of the leading
EOF variance) and that the leading EOFs of tropopause
deformations are nearly indistinguishable from the full
EOFs described here. Additionally, we found that changes
in the extratropical-mean tropopause are typically associ-
ated with large local changes in the subtropical and/or
polar tropopause, with weak midlatitude changes.

Based on the thermal definition, it is natural to in-
terpret the tropopause deformations from a heat budget
perspective. In particular, the anomalous vertical prop-
agation of synoptic and planetary waves in the upper-
troposphere/lower-stratosphere region will produce an
anomalous dipole in potential temperature associated

with the horizontal eddy heat flux convergence (or,
equivalently, the residual vertical velocity). The mech-
anism is well described by Egger (1995) using a baro-
clinic channel and was also observed by Dell’Aquila
et al. (2006) in actual data. Because planetary waves can
propagate more easily at upper levels and/or into the
stratosphere (Charney and Drazin 1961), they may
have a larger impact on tropopause height than synoptic
waves as found by Son et al. (2007).

Alternatively, one could use a potential vorticity
framework to understand the tropopause deformations
(Hoskins et al. 1985; Zingl and Wirth 2002). Despite the
well-known limitations of quasigeostrophic theory for
dealing with tropopause dynamics [see, e.g., Song and
Nakamura (2000)], a clear link was found in this work
between the structure of the tropopause changes and the
sign of the anomalous quasigeostrophic potential vor-
ticity flux. The modes of tropopause variability obtained
here are associated with the enhancement/weakening of
wave breaking at tropopause levels, which produces a
southward/northward eddy flux of potential vorticity. A
negative eddy PV flux is associated with a positive (neg-
ative) PV tendency to the south (north) of the enhanced
wave breaking and thus with a tropopause drop (rise),
while the opposite is true for a positive eddy PV flux/
reduced wave breaking. The quasigeostrophic diagnostics
provide a simple conceptual framework for interpreting
the changes in wave breaking and associated tropopause
deformations in terms of changes in eddy propagation,
exploiting the Eliassen—Palm theorem (Edmon et al
1980). We found that synoptic and planetary waves pro-
duce comparable contributions to the Eliassen—Palm di-
vergence for the leading two modes. Additionally, we
found that the eddy momentum flux convergence is the
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dominant term in the anomalous Eliassen—Palm di-
vergence, particularly for the first EOF, which is strongly
connected with zonal index variability (Lorenz and
Hartmann 2003).

Both modes of tropopause variability also exhibit a
large polar signature. Changes in the polar and subpolar
tropopause are associated with changes in the strength
of the stratospheric jet that are consistent with the
mechanism described by Ambaum and Hoskins (2002).
Since isentropic surfaces bend toward cyclonic potential
vorticity anomalies (Hoskins et al. 1985), a strong
(weak) polar vortex is associated with a rise (drop) in the
polar tropopause. The characteristic time scale of polar
vortex changes is much longer than that associated with
synoptic and planetary wave breaking at tropopause
levels, so that persistent stratospheric wind anomalies
can be observed well in advance of the EP-divergence
anomalies. We can cleanly separate both influences on
tropopause height filtering the data.

Although we have not analyzed in this study the
source of the preexisting polar vortex anomalies, these
resemble the patterns associated with the polar-jet os-
cillation (PJO; Kodera et al. 2000) and the life cycle of
sudden stratospheric warmings (SSW; Limpasuvan et al.
2004). In this regard, significant correlations are found
for both PC1 and PC2 with the leading mode of vari-
ability of the zonal-mean zonal wind at 50 hPa (strato-
spheric zonal index), peaking at lags from —7 to —4 days
(0.29 for PC1, —0.34 for PC2). Figure 12 shows the
downward propagation of stratospheric temperature
and wind anomalies as well as the change in phase
characteristic of the polar jet vacillations [cf. Fig. 4 of
Limpasuvan et al. (2004)] during the development and
decay of the tropopause modes. In contrast, the tropo-
spheric evolution of the tropopause modes is very dif-
ferent from that of SSWs. Instead of the downward
propagation of the temperature anomalies down to the
troposphere observed during the mature stages of SSWs
(Limpasuvan et al. 2004), temperature anomalies re-
verse sign across the tropopause for our modes. This
difference highlights the role of the upper-level EP flux
divergence (i.e., vertical changes in meridional eddy
heat flux/vertical EP flux) for driving the tropopause
anomalies, in contrast with the more vertically uniform
EP flux anomalies observed during SSWs (Fig. 13). In a
similar manner, the convergence of the meridional eddy
momentum flux associated with EP flux divergence at
tropopause levels causes tropospheric zonal wind per-
turbations that are not observed during SSWs.
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