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ABSTRACT

Rossby wave breaking is an important mechanism for the two-way exchange of air between the tropical

upper troposphere and lower stratosphere and the extratropical lower stratosphere. The authors present

a 30-yr climatology (1981–2010) of anticyclonically and cyclonically sheared wave-breaking events along the

boundary of the tropics in the 350–500-K potential temperature range from ECMWF Interim Re-Analysis

(ERA-Interim). Lagrangian transport analyses show net equatorward transport from wave breaking near

380 K and poleward transport at altitudes below and above the 370–390-K layer. The finding of poleward

transport at lower levels is in disagreement with previous studies and is shown to largely depend on the choice

of tropical boundary. In addition, three distinct modes of transport for anticyclonic wave-breaking events are

found near the tropical tropopause (380 K): poleward, equatorward, and symmetric. Transport associated

with cyclonic wave-breaking events, however, is predominantly poleward. The three transport modes for

anticyclonic wave breaking are associated with specific characteristics of the geometry of the mean flow. In

particular, composite averages show that poleward transport is associated with a ‘‘split’’ subtropical jet where

the jet on the upstream side of the breaking wave extends eastward and lies poleward and at lower altitudes of

the subtropical jet on the downstream side, producing a substantial longitudinal overlap between the two jets.

Equatorward transport is not associated with a split subtropical jet and is found immediately downstream of

stationary anticyclones in the tropics, often associated with monsoon circulations. It is further shown that, in

general, the transport direction of breaking waves is determined primarily by the relative positions of the jets.

1. Introduction

Rossby wave breaking is known to affect both the

dynamics and chemistry of the upper troposphere and

lower stratosphere (UTLS) (McIntyre and Palmer

1983). Previous studies have shown relationships with

enhanced convection (Matthews and Kiladis 2000),

cutoff lows and blocking anticyclones (Baray et al. 2003;

Pelly and Hoskins 2003), hemispheric-scale climate

patterns such as the North Atlantic Oscillation (NAO;

Benedict et al. 2004), and stratosphere–troposphere

exchange (STE; Scott and Cammas 2002). Understand-

ing these dynamical and chemical impacts is important

for simulating current and future climates. Two estab-

lished methods for identifying Rossby wave breaking on

potential temperature surfaces using fields of potential

vorticity (PV) or a similar dynamical quantity can be

found in the literature. Postel and Hitchman (1999)

provide a method for identifying Rossby wave–breaking

events as meridional gradient reversals (folds) of PV.

Wernli and Sprenger (2007) identify Rossby wave–

breaking events as streamers and cutoff features of

PV that, during most life cycles, evolve into meridional

gradient reversals. Although these approaches use dif-

ferent wave-breaking diagnostics, analyses from the two

methods are comparable (e.g., Postel and Hitchman

1999; Wernli and Sprenger 2007; Martius et al. 2007;

Song et al. 2011). In addition, analyses of breaking

Rossby waves have typically included the separation of

events by their evolution—namely, whether they occur

in areas of anticyclonic or cyclonic shear and whether

they break predominantly poleward or equatorward.

Thorncroft et al. (1993) propose the classification of

equatorward breaking waves as type LC1 (anticyclonic)

or LC2 (cyclonic). Peters and Waugh (1996) similarly

classify poleward breaking waves as type P1 (cyclonic)

or P2 (anticyclonic). All four types have been studied
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recently in regard to their meridional fluxes of Rossby

wave activity (e.g., Gabriel and Peters 2008; Ndarana

and Waugh 2011).

Rossby wave breaking is an important mechanism for

horizontal transport between the tropical UTLS and

extratropical LS. Recent studies have examined the

characteristics of individual Rossby wave–breaking

events with predominantly poleward transport above

the subtropical jet, often on the 380-K potential tem-

perature surface (e.g., Newman and Schoeberl 1995;

Vaughan and Timmis 1998; O’Connor et al. 1999;

Bradshaw et al. 2002; Pan et al. 2009; Homeyer et al.

2011), which is conventionally taken to be the level of

the tropopause in the deep tropics (Holton et al. 1995).

Pan et al. (2009) label these poleward transport events

as ‘‘tropospheric intrusions.’’ Rossby wave breaking,

however, is known to be a two-way transport mechanism

and there have also been studies focused on intrusions of

extratropical LS air into the tropical UT (e.g., Waugh

and Polvani 2000; Waugh 2005; Konopka et al. 2010;

Ploeger et al. 2012). As discussed in Pan et al. (2009),

Rossby wave breaking has not been studied extensively

in the 370–400-K potential temperature range where

tropospheric intrusions have been observed. Previous

studies have focused largely on wave breaking at the

tropopause in the 320–360-K potential temperature

range, which is usually below and poleward of the sub-

tropical jet. The frequency of Rossby wave breaking

near the tropopause at 350 K has been shown to peak

from late spring into summer (e.g., Postel and Hitchman

1999; Hitchman and Huesmann 2007; Song et al. 2011).

The irreversible transport properties of wave-breaking

events between the troposphere and stratosphere are not

entirely understood. Scott and Cammas (2002) illustrate

that the dependence of mixing (or transport) intensity

along the tropopause in the Northern Hemisphere rea-

ches a maximum over the Atlantic region, while a sec-

ondary maximum is observed over the Pacific region,

which is consistent with previous climatologies of wave-

breaking frequency. The analyses presented in Scott and

Cammas (2002) relate the observed maximum in mixing

over the Atlantic to the dual meridional structure of the

jet there. There are also several studies of isentropic

transport and mixing between the tropics and extra-

tropics, which is dominated by Rossby wave breaking

(e.g., Chen et al. 1994; Waugh 1996; Dethof et al. 2000;

Seo and Bowman 2001; Jing et al. 2005; Nakamura

2007). As is true for investigations of Rossby wave–

breaking frequency, isentropic transport studies have

largely been limited to potential temperature levels at or

below 360 K and above 500 K. It is evident from these

analyses, however, that quantitative estimates of trans-

port are sensitive to the dynamical representation of the

tropopause and collectively show net stratosphere-to-

troposphere transport at potential temperature levels at

or below 350 K.

Transport calculations depend on how the boundaries

between domains of interest are defined. Because of its

quasi-conservative nature, potential vorticity is com-

monly used to define the boundary between the tropics

and extratropics, or between the stratosphere and tro-

posphere, but as we will show quantitative transport

calculations can depend strongly on the value of the PV

surface used to define the boundary. For example, es-

timates of stratosphere–troposphere exchange in the

extratropics depend on whether a PV surface or the

lapse-rate tropopause is used as the boundary between

the troposphere and stratosphere (e.g., Pan et al. 2004;

Hegglin et al. 2009).

As an example of the sensitivity of transport estimates

to the definition of the troposphere–stratosphere bound-

ary, Fig. 1 shows the late stages of an anticyclonic Rossby

wave–breaking event on the 350-K surface that injects

tropical air into the extratropics. Three PV isopleths are

highlighted in black [3, 4, and 5 potential vorticity units

(PVU), where 1 PVU 5 1026 K m2 kg21 s21]. Away

from the wave-breaking region, all three contours lie

close together, indicating a sharp PV gradient between

the tropics and extratropics. In the wave-breaking region,

however, their behavior is quite different. The 3-PVU

contour remains entirely within the tropics; it is not

stretched or folded during the event. In contrast, the 4-

and 5-PVU contours show large stretching and folding in

the meridional direction (Fig. 1a). As the breaking wave

evolves and separates from the tropical reservoir down-

stream, the 4- and 5-PVU contours show that a sub-

stantial volume of air from the boundary region has been

drawn into the extratropical LS (Fig. 1b). At 2 and 4 days

later (Figs. 1c and 1d), the air mass has been further

stretched and mixed into the extratropical LS, as is evi-

denced by the decreasing area enclosed by the 4- and

5-PVU contours. In this example, using 3 PVU as the

troposphere–stratosphere boundary would lead one to

infer that no transport had taken place. Using the 4- or

5-PVU contour as the boundary, on the other hand, would

lead to inference of poleward transport, but at signifi-

cantly different rates. Therefore, the choice of boundary

can have a critical impact on the estimation of transport

and the net annual transport direction (troposphere to

stratosphere or stratosphere to troposphere). Section 2b

will show that approximately 4 PVU provides a good

representation of the boundary between tropics and ex-

tratropics at 350 K and that the PV value of the boundary

depends on altitude.

Several modeling studies have examined the depen-

dence of wave-breaking evolution on the structure of the
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jet. The primary direction of breaking Rossby waves is

known to depend on asymmetries of the mean flow in

either the zonal or meridional direction and on the dis-

tance to the nearest critical line in the meridional di-

rection (e.g., Nakamura and Plumb 1994; Peters and

Waugh 1996). Although these model studies illustrate

that idealized jet structures can produce wave breaking

in either or both directions, the dependence of wave-

breaking direction on the mean flow in observations of

the UTLS is not known. Previous observational studies

suggest that poleward wave-breaking events above the

subtropical jet may be associated with a double-jet

structure in the meridional direction (e.g., Peters and

Waugh 2003; Pan et al. 2009; Homeyer et al. 2011).

Analysis of individual events show that the double-jet

structure can be the result of the subtropical jet splitting,

migrating poleward on the upstream side of the wave-

breaking event and overrunning the equatorward sub-

tropical jet downstream.

The goal of this study is to characterize the occurrence

and transport properties of Rossby wave breaking be-

tween the tropics and extratropics above the subtropical

jet. We present a climatology of wave-breaking events

from European Centre for Medium-Range Weather

Forecasts (ECMWF) InterimRe-Analysis (ERA-Interim)

in the 350–500-K potential temperature range, which is

FIG. 1. Evolution of a Rossby wave–breaking event on the 350-K potential temperature surface from the ERA-

Interim valid 1200UTC (a) 11May, (b) 12May, (c) 14May, and (d) 16May 2010. Red colors represent jPVj, 4 PVU

(tropical air); the black contours represent 3, 4 (thick), and 5 PVU. Black arrows identify the transported air mass at

each analysis time.
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a layer spanning the tropical UTLS and extratropical LS.

We use a seasonally varying definition of the boundary

between tropics and extratropics (troposphere and

stratosphere at some levels) for wave-breaking identi-

fication. For transport identification, we employ a La-

grangian method similar to that of Seo and Bowman

(2001) to represent mixing of tropical (extratropical)

air into the extratropics (tropics). Composite mean

dynamical states for wave-breaking events are also

shown to illustrate the dependence of transport di-

rection on the mean flow.

2. Data and methods

a. ERA-Interim data

To compute the Rossby wave–breaking climatology

we use 30 yr (1981–2010) of the ERA-Interim global

atmospheric product (Dee et al. 2011). Reanalyses are

provided daily at 0000, 0600, 1200, and 1800 UTC on

a horizontal Gaussian grid with a longitude–latitude

resolution of 0.758 3 ;0.758 (;80 km) and 37 unevenly

spaced pressure levels in the vertical. For all of the

analyses presented here, meteorological parameters are

interpolated linearly to a regular 1.58 3 1.58 grid in the

horizontal and to nine potential temperature surfaces:

350, 360, 370, 380, 390, 400, 420, 450, and 500 K.

b. Tropical boundary definition

Because the goal of this study is to characterize

Rossby wave breaking and isentropic transport above

the subtropical jet between the tropical UTLS and the

extratropical LS, an appropriate definition of the

boundary between the tropics and extratropics is re-

quired. In this study, we use the lapse-rate tropopause to

identify the tropical–extratropical boundary. The tropo-

pause is found at high altitudes in the tropics (15–17 km)

and at low altitudes in the extratropics (,12 km), as is

evidenced by a clear bimodal frequency distribution in

previous studies [e.g., Seidel and Randel (2007), their

Fig. 1, or Birner (2010), their Fig. 5]. The transition be-

tween the two regions usually lies within a narrow lati-

tude range near the subtropical jet. This sharp jump in

tropopause height is referred to as the ‘‘tropopause

break’’ (e.g., Randel et al. 2007; Castanheira andGimeno

2011) and can often be observed indirectly using column

ozone measurements (Hudson et al. 2003). We use the

location of the break as the time-varying boundary be-

tween the tropical tropospheric air on the equatorward

side of the jet and extratropical stratospheric air on the

poleward side of the jet. The histogram of tropopause

heights from the ERA-Interim for the entire 30-yr period

and individual analysis times is bimodal with a distinct

minimum at pressure altitudes near 13 km located be-

tween the tropical and extratropical modes (not shown).

For this analysis, we identify the tropopause break in

each hemisphere as the location of the 13-km tropo-

pause altitude contour that extends completely around

the globe (3608 of longitude). Because the tropopause is
uniformly higher than 13 km in the deep tropics and

lower than 13 km in high latitudes, this contour is

guaranteed to exist. The latitude of the contour can vary

significantly for a given analysis time.

An example of the observed sharpness of the

troposphere–stratosphere transition across the tropopause

break is given in Fig. 2. The tropopause is calculated

by applying the World Meteorological Organization

(WMO) definition (World Meteorological Organiza-

tion 1957) to the ERA-Interim data on the regular 1.58
horizontal grid following the algorithm outlined in

FIG. 2. Zonal mean zonal wind (m s21, color fill), potential

temperature (K, black and red lines), potential vorticity (purple

lines), and tropopause altitude (orange line) for (a) the pressure

altitude vertical coordinate and (b) the tropopause-relative vertical

and tropopause break-relative horizontal coordinates from the

ERA-Interim valid at 0000 UTC 1 May 2008. The mean latitude

of the tropopause break, taken as the global 13-km tropopause

altitude contour, is shown as the thick gray vertical lines in each

hemisphere. The width of these gray lines corresponds to tro-

popause break latitude 61.58 (the reanalysis horizontal grid

resolution).
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Homeyer et al. (2010). Figure 2a shows conventional

Eulerian zonal-mean meteorological fields from the

ERA-Interim at 0000 UTC on 1 May 2008. Figure 2b

shows the same analysis in a coordinate system that is

averaged relative to the tropopause in altitude and

relative to the tropopause break in latitude (the 13-km

altitude contour) (e.g., Pan and Munchak 2011). The

red contours of potential temperature in each section

show the bounds of the wave-breaking layer analyzed

in this study (350–500 K). The small-scale undulations

in potential temperature and PV in Fig. 2b within the

gray-shaded columns, which are 38 wide (two gridpoint

intervals), are artifacts resulting from the relative-altitude

averaging in regions where the altitude of the tropopause

is highly variable. This tropopause-relative zonal-mean

view illustrates the sharpness of the boundary between

the troposphere and stratosphere along the subtropical

jet. This cannot be seen in a conventional zonal mean

because of zonal variation of the latitude of the tropo-

pause break (Fig. 2a).

Potential temperature surfaces above about 380 K

generally lie above the tropical tropopause. Analyses of

the location of the maximum meridional PV gradient

show that it coincides with the tropopause break in the

350–370-K potential temperature range and extends

into the LS (e.g., Kunz et al. 2011). This suggests that the

tropopause break is also a useful choice for the tropical–

extratropical boundary in the lower stratosphere, and in

this analysis we assume that the boundary at levels

above 380 K lies at the same location as the tropopause

break.

The jump in the lapse-rate tropopause at the sub-

tropical jet provides a natural boundary between the

tropics and extratropics in the layer above the jet, but

wave-breaking diagnostics are more meaningfully com-

puted using a conserved quantity such as PV. Therefore,

we calculate climatological values of PV along the

13-km tropopause height contour to identify a PV value

that best represents the location of the tropopause

break. Figure 3a shows the annual-mean PV along the

tropopause break as a function of altitude (solid line).

The dashed lines indicate the annual range of the clima-

tological monthly-mean values. Note the natural increase

of PV as the static stability increases with altitude. At all

altitudes and in both hemispheres, the annual variation of

PV along the tropopause break is small (60.5–1.5 PVU,

depending on altitude). Previous studies have often cho-

sen PV values near62 PVU as the tropical–extratropical

boundary in the 350–370-K potential temperature range.

We find that the average PV along the tropopause break

in that layer is closer to 64-PVU and the 62-PVU iso-

pleths usually lie within the tropics (see also Fig. 2b).

These differences in the location of the tropical boundary

have significant impacts on estimates of the direction and

magnitude of transport.

To allow for easier comparisons between results at

different levels, we use PV-based equivalent-latitude

coordinates rather than PV itself (e.g., Butchart and

Remsberg 1986). Equivalent latitude is a quasi-conservative

PV-basedmeridional coordinate that effectively removes

zonal variability due to large-scale waves. For a given PV

value q0, the equivalent latitude fe is defined as the lati-

tude of the boundary of a symmetric polar capwhose area

is equal to the area of all locations with q . q0. There is

a one-to-one correspondence betweenPVand equivalent

latitude. In physical terms, equivalent latitude tells you

FIG. 3. ERA-Interim annual-mean (solid lines), -minimum, and -maximum (dashed lines) (a) potential vorticity

and (b) equivalent latitude at the tropopause break (Ztrop5 13 km) from 30-yr climatological monthly means (1981–

2010). Profiles of negative magnitudes represent the Southern Hemisphere and positive magnitudes the Northern

Hemisphere.
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the latitude that an air parcel would have if all of the

parcels on an isentropic surface were rearranged to be

zonally symmetric and to have PVmonotonic in latitude.

Figure 3b shows the annual mean and annual range of

climatological monthly-mean equivalent latitude along

the tropopause break.

c. Wave-breaking identification

Once an appropriate PV value for the tropical

boundary has been chosen, Fig. 4 illustrates the neces-

sary steps to identify a continuous boundary in an in-

stantaneous analysis and to characterize wave-breaking

events. We identify Rossby wave–breaking events us-

ing a method similar to that outlined in Postel and

Hitchman (1999). For a given potential temperature

surface, wave breaking exists at a particular longitude if

there is a significant reversal in the meridional gradient

of PV or equivalent latitude. To require that gradient

reversals involve deep tropical and extratropical air

masses, Postel and Hitchman (1999) consider a reversal

of at least60.5 PVU relative to the PVboundary used as

evidence of Rossby wave breaking. Comparisons with

the PV reversal criteria in Postel andHitchman (1999) at

350 K reveal that an equivalent-latitude reversal of

62.58 relative to the boundary is comparable. Although

not shown, the distribution of equivalent-latitude re-

versals for identified wave-breaking events in this study

has a sharp peak at658 and a long tail to larger reversals,
which suggests that the chosen threshold sufficiently

captures nearly all potential wave-breaking features.

Less than 8% of wave-breaking events at any surface

analyzed in this study have gradient reversals less than

658. It should be emphasized here that the use of

equivalent latitude to identify dynamic contour folds is

exactly equivalent to the identification with a corre-

sponding PV value. Small differences between the re-

sults given from the methods used in Postel and

Hitchman (1999) and this study may occur because of

the choice of the 2.58 threshold in equivalent-latitude

coordinates instead of the 0.5-PVU threshold in PV

space. Figure 3b shows that the annual cycle of equiva-

lent latitude at the tropopause break is large (108–158)
because of the seasonality of the meridional location of

the subtropical jet and tropopause break. To account for

the annual cycle of equivalent latitude at the tropopause

break, we use climatological monthly-mean values of fe

to define the contours used for wave-breaking analysis.

Figure 4a illustrates the identification of a continuous

tropical boundary for identifying gradient reversals

(folds). At any given analysis time, there may be cutoff

regions of tropical air masses within the extratropical

reservoir (or vice versa). These cutoffs may be residual

evidence of previous wave-breaking events. To identify

active Rossby wave–breaking events between tropical

and extratropical air masses and ignore cutoff regions,

we first identify globe-circling contours of the appro-

priate equivalent-latitude value in each hemisphere.

Each global contour is then searched for regions of

meridional folding. Following Postel and Hitchman

(1999), if the meridional gradient reversal criteria within

a folded region are satisfied for at least 108 of consecu-
tive longitude, the fold is tagged as a Rossby wave–

breaking region. This 108 longitude threshold is used to

exclude folds that result from processes that take place

at scales much smaller than Rossby waves. The magni-

tude of the gradient reversal at each longitude, the

contour segments of the equatorward and poleward

boundaries of the folded region, and the areas of the

tropical and extratropical air masses are saved for fur-

ther analysis.

Figure 4b illustrates the classification of wave-breaking

evolution: anticyclonic or cyclonic. In previous studies,

anticyclonically and cyclonically sheared breaking waves

have been separated by the local downstream longitudi-

nal PV gradient and/or the meridional component of the

wave activity flux (e.g., Esler and Haynes 1999; Gabriel

and Peters 2008;Ndarana andWaugh 2011). In this study,

we use a novel approach to separate anticyclonic and

cyclonic wave breaking by the direction of themeridional

fold in each global equivalent-latitude contour. In the

example in Fig. 4b, an anticyclonically sheared breaking

wave is identified over the central Pacific and a cycloni-

cally sheared breaking wave is identified over the eastern

Pacific.

The wave-breaking signatures detected in each in-

stantaneous field are objectively linked with succeeding

FIG. 4. An illustration of the identification process for wave-

breaking events described in section 2c.
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times to identify full wave-breaking life cycles. We

consider wave-breaking events to be those that are

identified for at least three consecutive analysis times

(18 h) and 1) if anticyclonic, have a minimum eastward

propagation of 1.58 and a maximum eastward propa-

gation of 158, and 2) if cyclonic, have a maximum zonal

propagation in either direction of 158. Subjective analyses
suggest that requiring a minimum wave-breaking life

cycle is necessary to avoid the identification of small,

short-lived folds in the dynamical boundary that do

not exhibit characteristics consistent with irreversible

Rossby wave breaking. Minimum propagation distances

are used for anticyclonic wave-breaking events to

avoid overidentification of stationary dynamical fea-

tures such as monsoon circulations. Maximum propa-

gation distances between analysis times are used to

correctly associate regional wave-breaking signatures

between analysis times. Once linked, the wave-breaking

event life cycles are used for characterization and trans-

port analyses.

Previous studies of isentropic transport between the

tropics and extratropics in the 350–500-K potential

temperature layer are calculated using Lagrangian

methods initialized at regular time intervals. In this

study, we provide a new event-based transport analysis

to avoid over- or underidentification of responsible

transport processes that occur over varying time scales.

We identify transport for each individual Rossby wave–

breaking event by using forward trajectories initialized

in the tropical and extratropical air masses of the iden-

tified fold (red and blue particles in Fig. 4c). At the final

analysis time of each event, particles are initialized at

a longitude–latitude resolution of 0.58 3 0.58 and ad-

vected forward isentropically for 10 days. If particles in

the tropical (extratropical) air mass gain (lose) 58 of

equivalent latitude and are within regions of extra-

tropical (tropical) tropopause heights [below (above)

13 km] 10 days downstream, they are considered to be

irreversibly transported (mixed). Quantitatively, if the

initial area of tropical air covered by red particles in

a wave-breaking event is A, the area covered by red

particles that meet the above criteria for irreversible

transport is Ai, while the particles that do not meet the

criteria for irreversible transport have areaAr, soA5Ai1
Ar. The fraction of the initial area that is irreversibly

transported poleward is f Pi 5Ai/A. Similarly, for the

other side of the PV fold (blue particles), the fraction of

the extratropical air that is irreversibly transported

equatorward is denoted f Ei .

Although the transport calculations depend upon the

choice of equivalent-latitude change, inspection ofmany

events suggests that a 10-day equivalent-latitude change

of 58 is appropriate for the ERA-Interim dataset. Such

a threshold identifies air that is transported a significant

distance in PV coordinates from its original reservoir. In

addition, previous studies have shown that transport and

mixing for a given event using contour advection tech-

niques generally takes place within the first 7 days of its

life cycle (e.g., Dethof et al. 2000). For that reason, the

transport estimates presented in this analysis are ex-

pected to be comparable to those from previous studies.

Trajectory analyses of the observed wave-breaking events

follow the methods given in Bowman et al. (2007). In

this study, higher-resolution, three-dimensional ERA-

Interim wind fields are used with the TRAJ3D trajec-

tory model of Bowman (1993) and Bowman and Carrie

(2002).

3. Results

a. Frequency, seasonality, and transport

The Rossby wave–breaking identification techniques

described in section 2c were applied to 30 yr of ERA-

Interim (1981–2010). The total number of events that

occurred during the analysis period is plotted in Fig. 5 as

a function of potential temperature. The fewest Rossby

wave–breaking events are found at the lowest potential

temperature levels (350–360 K, near the core of the

subtropical jet). The frequency increases with altitude

up to a pronounced maximum at 420 K. The general

behavior is consistent across hemispheres and wave-

breaking sense (cyclonic or anticyclonic). Anticycloni-

cally sheared wave-breaking events dominate in both

hemispheres and at all altitudes. Anticyclonic events

constitute a greater fraction of the total events in the

SouthernHemisphere than in the Northern Hemisphere

at all altitudes, while the opposite is true for cyclonic

FIG. 5. The number of wave-breaking events identified in the

ERA-Interim from 1981 to 2010 as a function of potential tem-

perature. Symbols illustrate the potential temperature surfaces

used. The gray symbol-marked lines represent the number of cy-

clonically sheared events and the black symbol-marked lines an-

ticyclonic events. Square symbols are NorthernHemisphere events

and triangle symbols are Southern Hemisphere events. The thick

black line is the total of all four profiles.
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events. In addition, cyclonically sheared wave-breaking

events are nearly absent at the lowest altitudes (fewer

than about 10 yr21 in each hemisphere), increase by an

order of magnitude with increasing altitude from 360 to

420 K, and then decrease at higher levels. This variation

contributes to the observed peak in total wave-breaking

events at 420 K. Anticyclonic events increase rapidly

from 360 to 380 K but have nearly constant frequencies

above 380 K.Annual cycles of wave-breaking frequency

in the 350–400-K potential temperature range (not

shown) are comparable to results from previous studies

at 350 K, which show a strong peak in the summer of

each hemisphere (e.g., Postel and Hitchman 1999).

There is no observed annual cycle at 420 K in this anal-

ysis, while the annual cycle becomes strong again at

500 K, but is shifted 6 months relative to the lower alti-

tudes (awinter peak). This behavior at 500 K is consistent

with the occurrence of mean easterly winds at this level

during summer, which inhibit Rossby wave propagation

altogether.

Net annual Rossby wave-breaking transport estimates

from trajectory calculations of all events are shown in

Fig. 6 as a function of potential temperature. Transport

magnitudes are shown as the percentage of the area of

one hemisphere with error bars (plus/minus one stan-

dard deviation) illustrating the interannual variability.

The remaining discussion refers to transport into the

tropics as equatorward and transport into the extra-

tropics as poleward. For both hemispheres, net transport

is poleward except from 370–390 K in the Northern

Hemisphere and 380–390 K in the Southern Hemi-

sphere with a sharp peak in net equatorward transport at

380 K. Net poleward transport aloft is comparable to

previous studies at 500 K (e.g., Waugh 1996). Poleward

transport below 370 K, however, disagrees with pre-

vious studies of isentropic transport.

On the basis of Fig. 6, and other analyses to be pre-

sented later, the potential temperature levels can be

grouped into four distinct layers: 350–360, 370–400, 420,

and 450–500 K. The remaining analyses will focus on

four representative levels from these layers: 350 (near

the core of the subtropical jet and a focus of many pre-

vious studies), 380 (coincident with previous tropo-

spheric intrusion analyses), 420 (the observed peak in

cyclonic wave-breaking events from Fig. 5), and 500 K

(a level well into the tropical and extratropical strato-

sphere and near the altitude of the winter polar vortices).

Figure 7 shows the annual cycles of transport for both

hemispheres stratified by wave-breaking sense and by

transport direction. The Southern Hemisphere is shifted

by 6 months to simplify comparisons between the

hemispheres. The thick black line is the net transport

from all components. As in Fig. 6, negative values rep-

resent equatorward transport.

At 350, 380, and 500 K, cyclonic wave breaking con-

tributes very little to the transport in either direction,

which is consistent with the observed wave-breaking

frequency in Fig. 5. The annual cycles of poleward

FIG. 6. Net annual Rossby wave–breaking transport as a function of potential temperature for (left) the Southern

Hemisphere and (right) the Northern Hemisphere. In each plot, the black line is the mean and error bars are the

standard deviation. Transport magnitudes are shown as the percentage of the area of one hemisphere. Negative

values represent net transport into the tropics and positive values into the extratropics.

614 JOURNAL OF THE ATMOSPHER IC SC IENCES VOLUME 70



transport at 350 and 380 K (dotted lines) have a fall

maximum in both hemispheres, whereas equatorward

transport reaches a maximum during each hemisphere’s

summer (dashed lines). At 350 K the net transport is

dominated by the poleward component. At 380 K the

summer peak in equatorward transport exceeds the

poleward component, leading to net equatorward trans-

port. Themaximumexchanges reach as high as 20%–30%

FIG. 7. Annual cycles of Rossby wave–breaking transport at (a) 500, (b) 420, (c) 380, and (d) 350 K. Anti-

cyclonically sheared events are shown in black and cyclonically sheared events in gray. Dashed lines are equatorward

transport and dotted lines poleward. The thick black line is the net transport, with negative values representing

equatorward transport (stratosphere to troposphere at lower levels). Note that the abscissa is shifted 6 months

between the two hemispheres and that the ordinate is doubly exaggerated for the panels at 350 K. Transport mag-

nitudes are shown as the percentage of the area of one hemisphere.
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of the hemispheric area per month. During the remainder

of the year at that level, the two components nearly can-

cel, with little net transport.

There is little annual cycle in either transport di-

rection at 420 K, although there is a weak annual cycle

in net transport with a spring maximum in the Northern

Hemisphere. At 500 K, the annual cycles for both trans-

port directions reach a maximum in both hemispheres

during winter and spring, in agreement with the analysis

of Waugh (1996). The transport magnitudes observed

at 500 K in this analysis also agree with Waugh (1996),

with the exception of the observed winter peak which is

roughly twice the previously observed magnitude.

It is important to note that the near zero transport

observed in both directions during winter at 350 K is

likely due to our definition of transport in section 2c,

which identifies only deep transport events ($58 along-
trajectory equivalent-latitude change over 10 days).

There are wave-breaking events observed throughout

the entire year at all levels, but transport and mixing is

confined to a narrow region along the troposphere–

stratosphere boundary during the annual minimum in

wave-breaking frequency. Differences in seasonal and

annual transport magnitudes between this study and

previous studies may in part be a result of this definition.

As discussed in section 2b, PV at the tropopause break

from the ERA-Interim is near64 PVU in the 350–370-K

potential temperature range while the62-PVU contour

for troposphere–stratosphere separation used in pre-

vious studies lies deeper into the tropics. To test the

dependence of transport magnitude and direction on the

choice of PV contour, the same analysis techniques used

for dynamical contours at the tropopause break are

applied at 350 K using the 62-PVU contour. Figure 8

shows the observed annual cycle of transport by hemi-

sphere, wave-breaking sense, and transport direction.

For both hemispheres, the net annual cycle of transport

is now primarily equatorward (into the tropical tropo-

sphere), which is in agreement with previous studies.

This analysis illustrates that the choice of troposphere–

stratosphere boundary has a significant impact on the

observed direction and magnitude of transport. This is

especially true for surfaces that intersect the tropopause

break at or below the tropical tropopause (e.g., 350–

380 K), where meridional PV gradients are particu-

larly sharp. The number of events identified along the

62-PVU contour is slightly lower than at the tropo-

pause break.

b. Geographical distributions

In addition to transport estimates of Rossby

wave–breaking events, geographical distributions of

wave-breaking events are useful for air mass source

characterization. Figure 9 shows hemispherically nor-

malized geographical distributions of wave-breaking

events for selected seasons and wave-breaking senses at

the four potential temperature levels. The significant

variations in the locations of wave-breaking maxima

at different altitudes, especially in the Northern Hemi-

sphere, illustrate the observed sensitivity of wave break-

ing to the mean flow. Wave breaking at lower altitudes

is determined by the characteristics of the subtropical

jet, while wave breaking aloft is largely controlled by

the geometry of the polar vortices (e.g., Norton 1994;

Waugh 1996). The transitional altitude between these

competing flow regimes is near 420 K in the ERA-Interim

(not shown).

Figure 9a shows the geographical distribution of an-

ticyclonically sheared wave-breaking events at 350 K

during each hemisphere’s summer. In the Northern

Hemisphere, two distinct maxima are observed: one

over the central Pacific and another over the eastern

Atlantic. In the Southern Hemisphere, one distinct

maximum is observed in the southeastern Pacific just

west of the southern tip of South America while a

FIG. 8. As in Fig. 7d, but relative to the 62-PVU contour of PV

at 350 K.
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broader, less distinct maximum is observed south and

west of Australia over the Indian Ocean. These distribu-

tions are comparable to previous climatologies at 350 K

and are collocated with regions of weak westerlies (e.g.,

Postel and Hitchman 1999).

Figure 9b shows the geographical distribution of an-

ticyclonic wave-breaking events at 500 K during each

hemisphere’s winter. This level is near the altitude of the

polar vortices and above the vertical extent of the sub-

tropical jet. One large, dominant maximum in wave-

breaking frequency is observed in each hemisphere. The

Northern Hemisphere maximum stretches from the

south of Alaska to the south-central United States over

the eastern Pacific. The SouthernHemispheremaximum,

which is broader in longitude and narrower in latitude,

stretches from the southeastern tip of Africa over the

Indian Ocean to the south-central Pacific. These results

are qualitatively similar to those presented in Hitchman

and Huesmann (2007).

Figures 9c and 9d show geographical distributions for

all seasons at 420 K for anticyclonic and cyclonic wave-

breaking events, respectively. The distribution of anti-

cyclonic events at 420 K shows maxima consistent with

features observed at 350 and 500 K and is evidence of

contributions from wave breaking along the subtropical

jet and wave breaking associated with the polar vortices.

For cyclonically sheared wave-breaking events, maxima

are found in regions of relatively low anticyclonic wave-

breaking frequency and correspond to regions of equa-

torward displacements of the subtropical jet, which is in

agreement with cyclonic meridional wind shear along

the tropical boundary.

FIG. 9. Hemispherically normalized distributions of anticyclonically sheared wave-breaking events at (a) 350 K

during summer, (b) 500 K during winter, and (c) 420 K during all seasons; (d) cyclonically sheared wave-breaking

events at 420 K during all seasons; and anticyclonically sheared wave-breaking events at 380 K during (e) summer

and (f) fall. The white contours in (e) and (f) represent normalized maxima of symmetric transport events and are

contoured from 0.6 to 1.0 with an interval of 0.1. Similarly, the black contours in (e) represent predominately

equatorward transport events and in (f) predominately poleward transport events. The transport designations cor-

respond to the three frequency maxima identified in Fig. 10c.
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Figures 9e and 9f show geographical distributions of

anticyclonic wave-breaking events at 380 K for the

summer and fall, respectively. These two seasons are

shown in order to characterize source regions of the

three transport modes identified in Figs. 10, 11, and 12

in section 3c below. Overlaid on each map at 380 K

are contours of hemispherically normalized frequency

maxima of two of the three transport modes. The thick

white contours in both maps show frequency maxima

of the symmetric transport mode, which is a mode of

comparable equatorward and poleward transport. In

Fig. 9e (380 K, summer), the thick black contours show

frequency maxima of predominately equatorward trans-

port. Anticyclonic wave-breaking events that transport

air deep into the tropics occur downstream of the quasi-

stationary anticyclones in each hemisphere. In the

Northern Hemisphere, the observed frequency maxi-

mum in the western Pacific is dominated by equatorward

transport immediately downstream of the Southeast

Asian monsoon anticyclone while the maximum over

North America is dominated by symmetric transport. In

the Southern Hemisphere, there are three maxima of

equatorward transport. The maximum in the western

Pacific is immediately downstream of the Australian

monsoon anticyclone, while the maxima over the Indian

Ocean and Atlantic are downstream of much smaller

anticyclones that are not associated with the Australian

monsoon. Themaxima in equatorward transport over the

Indian Ocean and southwestern Pacific are located up-

stream of symmetric transport maxima, while the weaker

maximum over the southern Atlantic is dominated by

equatorward transport.

In Fig. 9f (380 K, fall), the thick black contours show

frequency maxima of predominately poleward trans-

port. The maxima in wave-breaking frequency here

occur in regions consistent with wave-breaking maxima

at 350 K. In both hemispheres, poleward and sym-

metric transport frequency maxima are located within

regions of weak climatological westerlies or ‘‘breaks’’

in the subtropical jet that are not associated with any

stationary anticyclones (see Fig. 13 below). In addition,

poleward transport frequency maxima lie immediately

downstream and slightly poleward of symmetric trans-

port frequency maxima in both hemispheres.

c. Mean flow characteristics

To address the questions raised in section 1 about the

dependence of transport direction on the characteristics

of the mean flow, we compute transport statistics of

wave-breaking events stratified by the type of event.

Figure 10 shows the joint frequency distributions of

Rossby wave-breaking events as a function of f Pi and f Ei ,

defined in section 2c. Using fractional instead of absolute

areas helps to remove the effects of the size of wave-

breaking events and focuses on the efficiency of irre-

versible transport in both directions. For cyclonically

sheared wave-breaking events, transport is primarily

poleward at all levels.

Three distinct modes of wave breaking with irre-

versible transport can be seen for anticyclonic events in

Fig. 10. All three modes are visible at 380 K (Fig. 10c,

gray arrows). A mode with predominately poleward

transport (Fig. 10a) is evidenced by transport fractions

of more than 70% of the tropical air mass and less than

15% of the extratropical air mass. Similarly, a mode

with predominately equatorward transport (Fig. 10c) is

evidenced by transport fractions of less than 15% of the

tropical air mass and more than 70% of the extratropical

air mass. Third, a mode with comparable transport in

both directions (Fig. 10b) is evidenced by transport

fractions of 30%–50% in each direction. The three fre-

quency maxima are also observed at 420 K, but the

equatorward mode is weak. The equatorward transport

mode is not observed for the anticyclonic distributions at

350 or 500 K. The distributions in Fig. 10 are not sepa-

rated by hemisphere because there is little difference

between the hemispheres.

Using the three transport modes identified in Fig. 10c,

composite mean dynamical fields from the ERA-

Interim at the last identified time in each wave-breaking

event life cycle are computed. Figure 11 shows com-

posite mean equivalent latitude, wind speed and di-

rection, and tropopause height of anticyclonic events at

380 K for each hemisphere for the poleward, equator-

ward, and symmetric transport modes. The number of

events contributing to and the mean latitude of these

composites are given in Table 1. For the poleward trans-

port mode (Fig. 11a), the mean flow shows characteristics

similar to that proposed in the introduction: a ‘‘split jet’’

where the subtropical jet on the upstream side of the

breaking wave extends poleward and meridionally over-

laps the equatorward branch of the subtropical jet on the

downstream side [e.g., see Homeyer et al. (2011), their

Fig. 5]. In the Northern Hemisphere, this split jet feature

is clearly observed to have a large meridional overlap

(;458 of longitude). Although there is also evidence of

distinct jet axes poleward and equatorward of the wave-

breaking region in the Southern Hemisphere, the pole-

ward jet axis stretches over the entire domain while the

equatorward jet axis extends from the western edge of

the wave-breaking signature (;158 upstream) to ap-

proximately 358 downstream, approaching the latitude of

the poleward subtropical jet.

For the equatorward transportmode (Fig. 11b), there is

no evidence of a split subtropical jet in either hemisphere.

There is, however, a weakening of the subtropical jet
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FIG. 10. Normalized joint frequency distributions of Rossby wave–breaking events

as a function of poleward and equatorward transport fractions at (a) 500, (b) 420,

(c) 380, and (d) 350 K for (left) cyclonically and (right) anticyclonically sheared events.

Transport magnitudes are shown as the percentage of the analyzed area of each wave-

breaking air mass. The arrows labeled ‘‘a,’’ ‘‘b,’’ and ‘‘c’’ for anticyclonically sheared

events at 380 K correspond to frequency maxima in predominantly poleward, sym-

metric, and predominantly equatorward transport, respectively. These distributions

were calculated using a bin resolution of 5% 3 5%.
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immediately downstream of the breaking wave and a

strong anticyclonic circulation upstream in the tropical

reservoir of the Northern Hemisphere. In the Southern

Hemisphere, there is also a slight weakening of the

subtropical jet downstream of the breaking wave, evi-

denced by uncertainty in the location of the jet axis

there. In addition, there is a much weaker anticyclonic

circulation observed in the tropical reservoir upstream

that is not clearly observed at the scale shown. The ob-

served anticyclonic circulation upstream of the breaking

wave in both hemispheres is in agreement with the

geographical locations of these events discussed pre-

viously in section 3b (see Fig. 9e).

For the symmetric transport mode (Fig. 11c), the

mean flow shows characteristics consistent with features

of both directional modes, but with a nearly uniform

subtropical jet. The largest differences between hemi-

spheres are observed downstream of the breaking wave,

where the jet axis in the Northern Hemisphere tilts

equatorward while the jet axis in the Southern Hemi-

sphere tilts slightly poleward.

For these composite states, there are clear differences

in the characteristic mean flow between hemispheres.

The mean flow throughout the domain of each transport

mode in the Southern Hemisphere is considerably

stronger than in the Northern Hemisphere. The con-

trasting features between transport modes outlined

above, however, are most distinct in the Northern Hemi-

sphere. In addition, the meridional extent of the wave-

breaking signature (equivalent-latitude fold) is smaller

in the Southern Hemisphere for all modes, possibly be-

cause of the increased jet strength there. The observed

FIG. 11. Composite-mean equivalent latitude (color fill), wind speed (m s21, solid black lines), wind direction

(vectors), jet axes (dashed black lines), and tropopause pressure altitudes of 12, 13 (solid), and 14 km (white lines) of

anticyclonically sheared wave-breaking events on the 380-K potential temperature surface for (a) predominately

poleward transport, (b) predominately equatorward transport, and (c) symmetric transport. The transport desig-

nations correspond to the three frequency maxima identified in Fig. 10c. Red colors of equivalent latitude represent

air equatorward of the mean analyzed wave-breaking contour, while blue colors represent air poleward. Jet axes are

shown as meridional maxima in wind speed for wind speeds exceeding 15 m s21. Note that the relative latitude axes

for both hemispheres are oriented equator to pole. The number of events and their mean latitudes contributing to

these composites are given in Table 1.
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differences in flow geometry between hemispheres for

the different transport modes may be related to differ-

ences in the large-scale geometry of the subtropical jet. In

addition, the poleward and equatorward transport modes

are consistent with the characteristics of primarily pole-

ward (P2) and primarily equatorward (LC1) anticyclonic

wave-breaking events, evidenced by the meridionally

folded equivalent-latitude field relative to the mean

13-km tropopause altitude contour (the tropopause

break) and the mean latitudes of the wave-breaking

region (see Table 1).

Because the composites in Fig. 11 are computed late

in the life cycles of the breaking waves, it is not clear

whether the observed structures are characteristic of the

mean flow in the absence of the wave, or simply indic-

ative of the presence of the breaking waves themselves.

To check this we computed composite mean states at

earlier stages of the wave-breaking life cycles. These

composites do not differ significantly from those at the end

of the life cycles shown in Fig. 11. A split jet is observed

at all identified times for poleward transport events.

Similarly, a large upstream anticyclone is observed at all

times for equatorward events. The most noticeable dif-

ference between earlier times in the life cycle and the

composites shown in Fig. 11 is the scale of the equivalent-

latitude fold, which elongates zonally throughout the

wave-breaking life cycle, as would be expected from the

evolution of the breaking wave. Differences in the mean

wind speed and direction, as well as the location of the

tropopause break, throughout the life cycle are small.

Also, composite means for the identified transport

modes at other levels dominated by the subtropical jet

(i.e., below 420 K) are similar to Fig. 11 (not shown).

The seasonal dependency of the three transport

modes illustrates their contribution to the observed an-

nual cycle of transport at 380 K (Fig. 7c). Annual cycles

of the monthly frequency of the three transport modes

relative to the total annual frequency of each mode are

shown in Fig. 12. For both hemispheres, the equator-

ward transport mode shows a distinct peak during

summer while the poleward transport mode shows two

peaks: a smaller one during late spring/early summer

and one nearly twice as large during fall. Annual cycles

of the symmetric transport mode show a broad peak

from late spring to late fall in each hemisphere. These

annual cycles in transport mode frequency illustrate that

the directional transport modes largely control the ob-

served annual cycles in the transport fractions in Fig. 7c.

The annual cycles in transport show similar seasonality

with less distinct peaks owing to the additional transport

from symmetric events.

While equatorward anticyclonic wave-breaking events

are shown to be dependent on strong, quasi-stationary

anticyclonic circulations in both hemispheres, poleward

and symmetric transport events depend on regional

asymmetries in the subtropical jet that are not directly

associated with these anticyclones. Previous studies

have shown that wave breaking at 350 K, which we show

to be dominated by poleward transport events, occurs in

regions of weak climatological westerly winds. Figure 13

shows global climatological mean zonal wind speeds

FIG. 12. Annual cycles of anticyclonically shearedwave-breaking

events on the 380-K potential temperature surface for pre-

dominately poleward transport (dotted lines), equatorward trans-

port (dashed lines), and symmetric transport (solid lines). The

transport designations correspond to the three frequency maxima

identified in Fig. 10c. Note that the abscissa is shifted 6 months

between the two hemispheres.

TABLE 1. Number and mean latitude f of wave-breaking events

contributing to the transport-mode composites at 380 K in Fig. 11

for the Northern and Southern (in parentheses) Hemisphere.

Poleward Equatorward Symmetric

No. 348 (494) 676 (659) 615 (706)

No. yr21 11.6 (16.5) 22.5 (22.0) 20.5 (23.5)

f 41.348N (38.218S) 30.728N (30.068S) 35.408N (33.958S)
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during the transition seasons at 350 K, which is near

the core of the subtropical jet. During both transition

seasons, climatological features consistent with the

composite means for poleward and symmetric transport

events can be seen in both hemispheres. Climatological

split jets are most distinct during Northern Hemisphere

spring [March–May (MAM)] over the central Pacific in

the Northern Hemisphere and over the Indian Ocean in

the Southern Hemisphere. In Northern Hemisphere fall

[September–November (SON)], split-jet features are

observed over the Atlantic in the Northern Hemisphere

and again, over the Indian Ocean in the Southern Hemi-

sphere. Comparison of these climatological features of

the jet and the geographical distribution in Fig. 9f shows

that poleward transport events occur within climatologi-

cal split jets, which is in agreement with the composite

means. Similarly, symmetric transport events occur both

immediately upstream of split jets and near additional

breaks in the subtropical jet. These associations suggest

that the mean flow may not control the transport di-

rection, and, of course, wave-breaking events may in turn

affect the structure of the mean flow.

To test the impact of poleward wave-breaking events

on the observed structure in the climatological mean

flow, we compute mean winds with and without the

actively breaking waves. Results are shown for the re-

gion of frequent poleward wave breaking over the

northern Atlantic during North Hemisphere fall iden-

tified in Fig. 9f. Figures 14a and 14b show themean zonal

wind u for periods with and without breaking waves,

respectively. Figure 14c shows the difference between

wave-breaking and non-wave-breaking climatological

means. These climatological means show that a split jet

exists regardless of the presence of a breaking wave

within the domain. The difference between the two

FIG. 13. Climatological mean zonal wind speed on the 350-K

potential temperature surface fromERA-Interim during (a)MAM

and (b) SON.White areas represent regions of climatological mean

easterlies.

FIG. 14. Climatological mean zonal wind speed on the 350-K

potential temperature surface from ERA-Interim during SON for

analysis times with (a) active wave breaking within the domain, (b)

no wave breaking, and (c) the difference (wave breaking2 none).
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means shows that wave breaking results in a poleward

shift of the upstream subtropical jet. These results

suggest that the geometry of the mean flow near the

location of the breaking wave determines the subse-

quent transport for all wave-breaking events. In addi-

tion, feedbacks may exist between the localization of

wave breaking within the split-jet regions and the ob-

servedmodulation of the split jet during wave-breaking

events.

4. Summary and discussion

The observed frequency, seasonality, transport char-

acteristics, and geographical distributions of Rossby

wave–breaking events at the equivalent latitude of

the tropopause break are analyzed in the 350–500-K

potential temperature range using 30 yr of the ERA-

Interim. Mesoscale motions that are not resolved by the

1.58 ERA Interim grid are not captured by this analysis.

The results presented in this study are, with the excep-

tion of the transport direction, in good agreement with

the results from previous studies of the ‘‘dynamical

tropopause’’ at 350 K, which ranges from 1.5 to 3.5 PVU

in the referenced literature. The observed seasonality

and geographical distributions of wave-breaking events

are consistent with that shown in previous studies, with

a distinct peak during summer in each hemisphere. In

this study, anticyclonically sheared wave-breaking events

dominate in both hemispheres and at all altitudes, oc-

curring most frequently in the Southern Hemisphere.

Cyclonically sheared wave-breaking events are ob-

servedmost frequently in the Northern Hemisphere and

reach a maximum in the stratosphere at 420 K, strongly

decreasing in frequency above and below this level in

both hemispheres. Similarly, the total number of wave-

breaking events reaches a maximum at 420 K, with the

lowest wave-breaking frequencies observed near the

core of the subtropical jet (350–360 K). Because wave

breaking is shown to be associated with the character-

istics of the jet, observed differences in the jet structures

of the two hemispheres implies the observed differences

in wave-breaking types.

Irreversible transport for each Rossby wave–breaking

event was estimated using a Lagrangian method described

in detail in section 2c. The net annual wave-breaking

transport is observed to be equatorward within the

370–390-K potential temperature range and poleward

at altitudes above and below. The observed differences

between hemispheres in the depth of the net equatorward

transport layer may be due to the vertical extent of as-

sociated anticyclonic circulations. Away from 420 K,

transport from Rossby wave breaking shows signifi-

cant seasonal variability with a strong peak during

hemisphere summer at lower levels (#400 K) and a

winter peak at upper levels ($450 K), which is consis-

tent with previous isentropic transport studies. Al-

though the observed seasonal cycles in transport are

consistent with results from previous work, the magni-

tude and direction of transport show significant differ-

ences. Notably, the observed direction of transport in the

350–360-K potential temperature range is in disagree-

ment with previous studies. These discrepancies are

shown to be largely dependent on the choice of tropics–

extratropics (or troposphere–stratosphere) boundary in

the dynamical field. Absolute values of PV at the tropo-

pause break (or tropical boundary) in this study are found

to be *4 PVU at all analyzed altitudes, while the more

commonly used 2-PVU contour is found deeper into the

tropics (Figs. 2b and 3a). When a PV value of62 PVU is

used for analysis, the transport direction is shown to re-

verse and become consistent with previous studies (con-

trast Figs. 7d and 8). The general characteristics of the

geographical distributions at 350 K, however, seem to be

independent of the analyzed dynamical boundary. As

identified in section 2b, the annual cycle of a dynamical

boundary at the tropopause can vary significantly and

care should be taken when evaluating transport rela-

tive to such a boundary. Furthermore, several previous

studies have also used 62 PVU as the troposphere–

stratosphere boundary on lower potential temperature

levels that vertically intersect the lapse-rate tropopause in

the extratropics. Kunz et al. (2011) show that there is also

significant seasonal variability in PV at the tropopause

below 350 K, which is often nearer 63 PVU. The sensi-

tivity of transport estimates to this boundary at lower

levels is not known.

Frequency distributions of wave-breaking events as

a function of the fractional transport of the tropical and

extratropical air masses allow for the identification of

three prevalent modes of anticyclonic wave-breaking

transport near the subtropical jet: poleward, equator-

ward, and symmetric. Composite-mean meteorological

and dynamical fields identify characteristics of the mean

flow for each transport mode. The poleward transport

mode is shown to be associated with a split subtropical

jet, as proposed in the introduction and illustrated pre-

viously in individual case studies (e.g., Peters andWaugh

2003). Comparatively, events within the equatorward

transport mode are shown to be located immediately

downstream of large anticyclones during hemisphere

summer and not associated with a split subtropical jet.

These equatorward transport events are responsible for

the observed net transport into the tropics in the 370–

390-K potential temperature range and are primarily as-

sociated with monsoon circulations. Symmetric transport

events are observed during all seasons and are generally
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collocated with all global frequency maxima, except for

that downstream of the Southeast Asian monsoon

during North Hemisphere summer, which is uniquely

a source for extratropics-to-tropics wave-breaking

transport. Furthermore, the equatorward and poleward

transport modes are comparable to the LC1 and P2

classifications from Thorncroft et al. (1993) and Peters

and Waugh (1996), respectively.

The mechanisms for the development and mainte-

nance of split subtropical jets are not known, though

they occur frequently during transition seasons in both

hemispheres (Fig. 13). Numerical studies suggest that

their stability may, in part, be a result of baroclinic eddy

accumulation poleward of a preexisting subtropical jet

or eddy moment flux divergence between the poleward

and equatorward jet components of a split jet (e.g., Lee

andKim 2003; Yoo and Lee 2010). The results presented

here suggest that these splits in the subtropical jet are

distinct pathways for tropical UTLS air into the extra-

tropical LS during wave-breaking events. The charac-

teristics of the mean state with or without wave breaking

in these regions show only slight differences, suggesting

that the geometry of themean state in the region of wave

breaking largely determines the subsequent transport

(Fig. 14). Feedbacks between the localization of wave

breakingwithin splits or breaks of the subtropical jet and

modulation of these features by frequent Rossby wave

breaking are potentially significant. Few studies have

analyzed observations within these transported air masses

and no in situ observations near the subtropical jet during

the development of one of these wave-breaking events

have been analyzed at this time. Additional studies are

needed to develop an understanding of split-jet structures

and any feedbacks related to Rossby wave breaking in

these regions.

In addition, little is known about the dominant equa-

torward transport downstream of the monsoon circula-

tions. Monsoon circulations are known to inject polluted

boundary layer air deep into the tropical LS via con-

vection and large-scale ascent (e.g., Randel et al. 2010).

The results presented in this study suggest that transport

of extratropical LS air into the tropics downstream of

monsoon anticyclones may play a critical role in de-

termining the composition of the tropical UTLS and

subsequent ascent into the Brewer–Dobson circulation.

In addition, recent analyses of satellite-retrieved ozone

concentrations near the tropopause have revealed sim-

ilar characteristics (e.g., Konopka et al. 2010; Ploeger

et al. 2012). In situ meteorological and chemical obser-

vations of these processes will help to further charac-

terize the climatological impact of these events. Additional

analysis of trace-gas observations from satellites in the

UTLS will also be helpful.

It is evident from the transport analyses presented and

the example given in Fig. 1 that the sensitivity of trans-

port to the dynamic boundary used, even between tro-

posphere and stratosphere in the horizontal dimension,

requires further evaluation. Previous studies have

shown that the lapse-rate tropopause sharply identifies

the transition between troposphere and stratosphere

and tropics and extratropics, both chemically and dy-

namically (e.g., Pan et al. 2004; Hegglin et al. 2009;

Gettelman et al. 2011). It has also been shown pre-

viously and within this study that dynamical variables

such as PV (or equivalent latitude) at the lapse-rate

tropopause can vary significantly with season and me-

teorological condition. Identifying the best represen-

tation of the boundary between troposphere and

stratosphere in these dynamic variables at all altitudes

is necessary for accurate transport determination. The

use of a seasonally varying tropical boundary in this

study shows that care must be taken when choosing the

tropical–extratropical boundary in the 350–360-K po-

tential temperature range. These results also suggest

that commonly used nonvarying dynamic boundaries,

such as 2 PVU, may not the best representation of

the boundary between troposphere and stratosphere

above the subtropical jet. Consequently, transport

studies at lower altitudes should be updated to reflect

potential dependencies of the magnitude and direction

of transport on the choice of troposphere–stratosphere

boundary.
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