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Climatology of potential vorticity streamers and associated
isentropic transport pathways across PV gradient barriers
A. Kunz1, M. Sprenger1, and H. Wernli1

1Institute for Atmospheric and Climate Science, ETH Zurich, Zurich, Switzerland

Abstract The European Centre for Medium-Range Weather Forecasts reanalysis product ERA-Interim
from 1979 to 2011 is used to investigate potential vorticity (PV) streamers as indicators of Rossby wave
breaking (RWB) and the exchange of air masses between the tropics and the extratropics on isentropes
between 350 and 500 K. The concept of the strongest isentropic gradients of PV and wind is applied to
mark a dynamically relevant PV boundary on every isentrope. An Eulerian algorithm is then used to identify
streamers of this PV contour and a trajectory-based technique to study the exchange across this contour.
The climatology of PV streamers reveals a seasonal cycle with a higher frequency in summer than in winter
in both hemispheres on all isentropes. During winter, PV streamers are suppressed above 400 K in line with
the occurrence of polar vortices. Globally, the highest frequency of PV streamers is found between 380 and
420 K over the eastern North Paci“c in summer. Exchange trajectories associated with these PV streamers
constitute important atmospheric transport pathways between the tropics and extratropics. In both
hemispheres, PV streamers and their associated air mass exchange are controlled by the presence of
monsoon anticyclones in summer and by RWB in the vicinity of jet splittings in winter. Cross-hemispheric
transport is observed between 380 and 400 K in the westerly ducts over the Paci“c and Atlantic.
Equatorward PV streamers are connected with a more frequent exchange than poleward PV streamers,
indicating a more reversible poleward and irreversible equatorward RWB. The latter is often connected with
a frequent breaking into PV cuto�s.

1. Introduction

The strong interconnection between radiation, dynamics, and chemistry in the upper troposphere and lower
stratosphere (UTLS) renders this region particularly sensitive to climate change. The tropopause, separating
the well-mixed troposphere from the strati“ed stratosphere, plays a central role in the UTLS. Although the
tropopause often acts as a barrier for air mass exchange in the UTLS [e.g.,Haynes and Shuckburgh, 2000;
Kunz et al., 2011a], there are meteorological ”ow phenomena associated, e.g., with midlatitude weather
systems that lead to an exchange of climate-relevant trace gases across the tropopause [Holton et al., 1995;
Stohl et al., 2003].

Stratosphere-troposphere exchange (STE) processes strongly a�ect the trace gas distribution in the UTLS
[Danielsen, 1968;Danielsen and Mohnen, 1977;Waugh, 2005;Pan et al., 2009;Kunz et al., 2011b;Ploeger et al.,
2013], which in turn in”uences the region•s radiativebalance and temperature through radiative forcing [Kunz
et al., 2009]. Further, the atmospheric composition in the UTLS has the potential to a�ect surface climate. In
particular, the maximum sensitivity of surface temperatures to ozone changes peaks near the tropopause
[de F. Forster and Shine, 1997;Riese et al., 2012], and the change in stratospheric water vapor has been linked
to the rate of surface warming [Solomon et al., 2010]. With respect to climate change, a change in the UT
”ow has been discussed, e.g., a northward shift in midlatitude storm tracks or tropospheric jet streams [Yin,
2005;Rivière, 2011], which may impact the occurrence and frequency of accompanied STE events. For a better
quanti“cation of chemistry-climate interactions in the UTLS, it is of key importance to further improve our
understanding of the dynamical processes that govern the distribution of trace gas constituents in the UTLS.

STE occurs preferentially in well-de“ned atmospheric ”ow structures, such as equatorward intrusions of
stratospheric air masses and poleward intrusions of tropospheric air masses [e.g.,Waugh and Polvani, 2000;
Waugh, 2005;Sprenger et al., 2007;Pan et al., 2009;Vogel et al., 2011]. These intrusions develop into elongated
and slender potential vorticity (PV) streamers, which may break up into vortex-like disturbances such as
cuto�s [e.g., Appenzeller and Davies, 1992;Wernli and Sprenger, 2007]. Over the North Atlantic and North
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Paci“c, regions with a weak climatological jet stream are accompanied by a frequent formation of isentropic
PV streamers. They are dynamically signi“cant structures in the UTLS and a manifestation of Rossby wave
breaking (RWB) related with a meridional overturning of the PV occurring near the tropopause [McIntyre and
Palmer, 1983, 1984;Hoskins et al., 1985;Sprenger et al., 2007;Wernli and Sprenger, 2007].

Air mass intrusions are evident by observations ofanomalous trace gas concentrations.AppenzellerandDavies
[1992] “rst identi“ed PV streamers of stratospheric air on isentropes around 320 K from water vapor satellite
imagery as dark “laments, due to the low moisture content compared with the tropospheric reservoir. Recent
case studies based on satellite and airborne observations identi“ed poleward intruding tropospheric air
masses between 370 and 400 K by lower ozone but higher water vapor and CO concentrations compared
to their respective concentrations in the stratospheric environment [Pan et al., 2009;Vogel et al., 2011;
Ploeger et al., 2013].Pan et al.[2009] also suggested a static stability diagnostic to identify these intrusions,
which is supported by long-term radiosonde observations of the thermal structure in the extratropical LS
[Kunz et al., 2013].

The feature-based identi“cation of individual intrusions is strongly dependent on the location of the
dynamical tropopause. In contrast to the thermal tropopause basedon the vertical temperature lapse rate,
the dynamical tropopause is a quasi-horizontal concept, as it is classically de“ned by a discontinuity in the
isentropic PV “eld [Reed, 1955]. On di�erent isentropes, high PV air masses in the stratosphere at high latitudes
are separated from low PV air masses in the troposphere at low latitudes. It is conventional to de“ne the
dynamical tropopause by the±2 potential vorticity unit (PVU) isosurface and the 380 K isentrope in the tropics
[Holton et al., 1995] and to calculate STE across this±2 PVU/380 K tropopause [�Skerlak et al., 2014]. Existing
climatologies that focus on STE associated with PV streamers are so far limited to isentropes below 350 K [e.g.,
Wernli and Sprenger, 2007].

Quantitative trajectory-based estimates of STE mass”uxes signi“cantly depend on the PV value used to de“ne
the tropopause [Seo and Bowman, 2002;Schoeberl, 2004;Bourqui, 2006]. A choice of 2 PVU instead of 4 PVU as
tropopause leads to an almost doubled net mass ”ux across the tropopause [e.g.,Bourqui, 2006]. In addition,
the identi“cation of isentropic intrusion events above the subtropical jet stream [e.g.,Pan et al., 2009;Kunz
et al., 2011b] also depends on the choice of the PV isolines.Kunz et al.[2011b] presented an example of a
tropospheric intrusion on the 380 K isentrope related to Rossby wave breaking near the subtropical jet stream
that develops into a cuto� [see alsoPan et al., 2012]. These dynamical ”ow structures were well identi“ed by
the 6 PVU isoline but not with lower PV values. Thus, the correct identi“cation of PV streamers, in particular
on isentropes above 350 K, strongly depends on the value of the PV isoline. An improved identi“cation and
quanti“cation of dynamical ”ow structures in the UTLS, e.g., of tropopause folds [Shapiro, 1980;Shapiro et al.,
1987] and intrusions [Waugh and Funatsu, 2003;Waugh, 2005], is important as they a�ect the UT distribution
and variability of trace gases. This relation is re”ected by the correlation between ozone and PV in the UTLS
[Danielsen, 1968].

In this study, we extend the 15 year climatology of PV streamers [Wernli and Sprenger, 2007] to a longer time
period and to higher isentropes between 350 and 500 K using the 33 year ERA-Interim reanalyses (1979…2011)
by the European Centre for Medium-Range Weather Forecasts (ECMWF). The isentropes between 350 and
380 K roughly extend from the core of the subtropical jet stream to the height of the thermal tropopause
in the tropics and represent the UT in the tropics and the LS in the extratropics. Isentropes above 380 K are
entirely in the LS both in the tropics and extratropics. Therefore, this analysis comprises wave breaking and
isentropic transport across the tropopause between the tropical UT and extratropical LS on •middle world
isentropesŽ between 350 and 380 K and transport between the tropical and extratropical LS on •overworld
isentropesŽ above 380 K [Hoskins, 1991]. The dynamically most relevant PV contour used to identify the PV
streamers on di�erent isentropes will be determined based on the background isentropic PV distribution.
Here the generalized concept of the dynamical tropopause will be used [Kunz et al., 2011a]. On each isentrope
the method determines a particular PV isoline that is characterized by the maximum of the product of the PV
gradient and wind speed.

Utilizing this PV gradient-based concept to de“ne the dynamically relevant PV contour is a step forward
for an insightful diagnostic of the key isentropic ”ow structures. An Eulerian algorithm is used to identify
streamers of this PV contour, and a trajectory-based technique serves to provide detailed insight into isen-
tropic transport across this contour. Based on the 33 year ERA-Interim reanalyses, the following objectives are
addressed: (i) computation of the dynamically relevant PV contour representing isentropic transport barriers,

KUNZ ET AL. PV STREAMER CLIMATOLOGY 3803

 21698996, 2015, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1002/2014JD

022615 by E
th Z

urich, W
iley O

nline Library on [27/10/2025]. S
ee the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



Journal of Geophysical Research: Atmospheres 10.1002/2014JD022615

(ii) identi“cation of the spatial and temporal distribution ofisentropic PV streamers, and (iii) determination of
isentropic cross-barrier transport related to Rossby wave breaking.

2. Data Sets and Methodology
2.1. ERA-Interim Reanalyses
ERA-Interim data from 1979 to 2011 [Dee et al., 2011] are used to generate the climatology of the dynamically
relevant PV contour, the PV “lament climatology, andthe trajectory analysis of cross-barrier transport. The
ECMWF model con“guration is based on 60 model hybrid levels with the top of the atmosphere located at
0.1 hPa and a spectral T255 horizontal resolution. ERA-Interim is based on the Integrated Forecast System
release Cy31r2, taken for operational forecasting at ECMWF from 12 December 2006 to 5 June 2007.Dee
et al. [2011] gave a comprehensive overview on this data set, including the data assimilation methodology,
the forecast model, and the input observations.

For this study, ERA-Interim meteorological “elds, i.e., zonal wind, meridional wind, temperature, and
geopotential height, are interpolated on isentropes between 350 and 500 K (every 10 K) on a1� ×1� horizontal
grid every 6 h. These “elds are necessary to calculate the isentropic PV distribution, which is the basis
for the climatology of the dynamically relevant PV contour on di�erent isentropes as described in the
following section.

2.2. PV Threshold Climatology
The concept of the PV gradient-based tropopause is used to determine a •dynamically relevant PV contourŽ
that represents a PV gradient barrier on di�erent isentropes between 350 and 500 K. According toKunz et al.
[2011a], the maximum product of meridional PV gradient and horizontal wind speed with equivalent latitude
is well suited to identify a PV isoline that best represents the dynamical discontinuity on the considered
isentropes, e.g., the extratropical tropopause for low isentropes. The analysis ofKunz et al.[2011a] was based
on 1 year of operational ECMWF analysis on middle world isentropes between 300 and 380 K.Kunz et al.
[2011b] extended the analysis to 5 years of data from the Whole Atmosphere Community Climate Model
version 4 and showed that the PV gradient concept also well represents a chemical discontinuity in trace gas
distributions in the UTLS. The dynamically relevant PV contour is therefore characterized by a band of strong
isentropic PV gradients and represents a barrier, althoughoften a leaky one, for isentropic trace gas transport
[e.g.,Haynes and Shuckburgh, 2000;Kunz et al., 2011b].

Here the PV gradient concept is extended to higher isentropes up to 500 K. Each day, the equivalent latitude
where the product of the meridional PV gradient and wind speed reaches a maximum is determined on
di�erent isentropes. The PV isoline associated withthis equivalent latitude is chosen to best represent the
dynamical discontinuity on the respective isentrope. Afterward, the seasonal mean of these PV values is
calculated for the entire ERA-Interim climatologyand de“ned as the dynamically relevant PV contour on the
di�erent isentropes.

In contrast to Kunz et al.[2011a] who used the horizontal wind speed to de“ne the PV gradient-based
tropopause, the zonal wind speed is used in the present analysis. On isentropes below 350 K, where the
subtropical and polar jet streams are prevalent, the peak in the horizontal wind speed corresponds well with
the dynamical discontinuity at the tropopause. On higher isentropes the zonal wind speed dominates and is
therefore su�cient to determine the dynamically relevant PV contour. This is in line with the diagnostic by
Nash et al.[1996] to determine the edge of the polar vortex.

Figure 1a shows the climatology of the dynamically relevant PV contour on isentropes between 320 and
500 K. In both hemispheres, the absolute value of the PV contour increases with altitude from values of
approximately 2.5 PVU on 320 K up to around 40 PVU on 500 K. There is an obvious seasonal cycle. On
isentropes between 320 and 390 K in the Northern Hemisphere (NH) the PV value is larger in summer (June,
July, and August (JJA)) than in winter (December, January, and February (DJF)). On higher isentropes the PV
value is larger in winter than in summer. The di�erence between summer and winter PV values increases with
height. At the same time, the variance of the data around the mean also increases with height. In the Southern
Hemisphere (SH) the same behavior is observed although the transition is found on 370 K, i.e., 20 K lower than
in the NH. Table 1 lists the values of the dynamically relevant contour separately for each season.

Figure 1b shows the equivalent latitude correspondingto the dynamically relevant PV contour. The reason
for the change of seasonality of the PV representing the dynamically relevant contour above 390 K in the NH
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Figure 1. Probability density function (PDF) of the 1979…2011 daily values of the (a) dynamically relevant contour of
PV and (b) equivalent latitude based on the maximum PV gradient, on isentropes between 320 and 500 K. The bin size
is 3 PVU for PV and 5� for equivalent latitude. Blue (green) dots represent the mean PV or mean equivalent latitude of
the dynamically relevant contour in JJA (DJF), and the solid yellow line represents an annual mean. Orange contours in
Figure 1b show the zonal mean zonal wind speed over the entire 33 years (contours for 0 m sŠ1, 10 m sŠ1, and 20 m sŠ1).

and above 370 K in the SH may well be the activity of the polar vortices. The edge of the polar vortices is
characterized by circumpolar bands of strong zonal winds on equivalent latitudes larger than60� and thus
in”uences the location of the dynamically relevant PV contour during winter (see also discussion in section 4).

2.3. Eulerian Identi“cation of PV Streamers
PV streamers are identi“ed using a PV contour searching algorithm introduced and described in detail by
Wernli and Sprenger[2007] [see alsoSprenger et al., 2007, 2013]. This technique has been re“ned by the use of
the dynamically relevant PV contours for di�erent seasons and isentropes from 320 to 500 K (see Table 1). The

Table 1. Seasonal Mean of the Dynamically Relevant PV (in PVU), Which Represents the
Contour of Maximum PV Gradients, on Isentropes Between 320 and 500 Ka

Northern Hemisphere Southern Hemisphere

Isentrope MAM JJA SON DJF MAM JJA SON DJF

320 K 2.22 2.44 2.60 2.21 Š2.98 Š2.25 Š2.37 Š2.53

330 K 2.59 3.08 3.28 2.65 Š3.80 Š2.52 Š2.77 Š3.59

340 K 2.85 3.62 3.74 2.91 Š3.92 Š2.79 Š3.00 Š4.48

350 K 2.98 4.46 4.10 3.24 Š3.83 Š3.17 Š3.33 Š4.78

360 K 3.64 5.51 4.91 3.80 Š4.43 Š3.93 Š5.62 Š5.18

370 K 4.63 6.36 5.99 4.65 Š5.50 Š6.20 Š9.54 Š6.24

380 K 5.88 7.24 7.20 6.07 Š6.69 Š9.57 Š11.47 Š7.61

390 K 7.76 8.56 8.54 8.58 Š8.67 Š12.52 Š13.34 Š9.23

400 K 9.63 10.04 9.99 11.36 Š11.08 Š14.37 Š15.47 Š10.92

410 K 11.50 11.67 11.51 13.93 Š13.07 Š16.20 Š17.73 Š12.64

420 K 13.53 13.44 13.21 16.55 Š15.12 Š18.39 Š20.10 Š14.51

430 K 15.68 15.33 15.15 19.20 Š17.20 Š21.17 Š22.55 Š16.51

440 K 17.85 17.28 17.26 21.94 Š19.29 Š24.60 Š25.15 Š18.50

450 K 20.15 19.28 19.52 24.95 Š21.56 Š28.61 Š28.02 Š20.50

460 K 22.55 21.38 22.01 28.17 Š24.11 Š32.81 Š31.30 Š22.52

470 K 25.09 23.65 24.82 31.69 Š27.00 Š37.38 Š35.27 Š24.52

480 K 27.80 26.08 27.85 35.46 Š30.19 Š42.20 Š39.75 Š26.64

490 K 30.62 28.55 31.16 39.47 Š33.80 Š47.35 Š44.47 Š28.93

500 K 33.64 31.44 34.80 43.90 Š37.78 Š52.86 Š49.46 Š31.47

aThe analysis is based on the ERA-Interim climatology (1979…2011), and the values are
listed separately for the NH and SH.
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Figure 2. PV distributions on 360, 400, and 440 K on three di�erent
days (gray shadings). The dynamically relevant PV contour is marked
by the yellow line; the poleward and equatorward PV streamers are
shaded in red and blue, respectively. The zonal wind speed is shown
by the orange contours (contours for 40 and 50 m sŠ1 on 360 K,
15 and 20 m sŠ1 on 400 K, and 7 and 10 m sŠ1 on 440 K) and the
Montgomery stream function by the non“lled gray contours.

respective PV contour on each isentrope

is analyzed to search for “lament-like

streamers. The identi“cation of PV stream-

ers requires the speci“cation of two

parameters that determine the width d

and length l of the contour feature that

has to be classi“ed as a PV streamer (see

Figure 1 ofWernli and Sprenger[2007] for a

schematic depiction).

For the identi“cation of PV streamers,

potential base points are identi“ed that are

geographically close and connected by the

dynamically relevant PV contour. For every

pair of contour points it is checked whether

the direct spherical distance between the

two points d is smaller than a certain

threshold (d < D) and the contour segment

length l between the two points is longer

than a threshold (l > L). Then the grid

points that are enclosed by the direct con-

nection of the two base points and the

contour itself are determined as the PV

streamer.Wernli and Sprenger[2007] used

D = 800 km for the maximum length of

the streamer baseline andL = 1500 km

for the minimum length of a streamer in

their analysis of PV streamers on isentropes

between 295 and 360 K. In general, the size

of streamers increases toward higher isen-

tropes between 350 and 500 K. Therefore,

in this study the thresholds are taken as

L = 2000 km and D = 2000 km lower

equal 400 K and asL = 5000 km and

D = 3500km above 400 K.

Figure 2 presents examples of the PV distribution and the identi“ed poleward and equatorward PV streamers

at arbitrary times on three isentropes 360, 400, and 440 K in the NH. The PV “eld is more complicated on higher

than on lower isentropes. The streamer algorithm successfully identi“es “lament-like streamers as can be seen

by the “nger-like poleward PV streamer over the eastern North Atlantic on 360 K (Figure 2a). PV streamers

are much more complex on higher isentropes, e.g., on 440 K between Europe and eastern Asia (Figure 2c).

Here the PV streamers occur in pairs of meridionally shifted poleward and equatorward streamers expanding

over the two continents. Even a third structure of a poleward streamer is observed farther downstream over

East Asia.

These examples demonstrate the advantage of the wave breaking diagnostic used in this analysis. The

algorithm detects pairs of poleward and equatorward PV streamers (Figures 2b and 2c) that are characterized

by a reversal of the meridional PV gradient, which is the criterion for the identi“cation of RWB in previous

studies [e.g.,Postel and Hitchman, 1999;Homeyer and Bowman, 2013]. In addition, our algorithm identi“es

“nger-like “laments that do not appear as pairs of poleward and equatorward extending PV streamers.

KUNZ ET AL. PV STREAMER CLIMATOLOGY 3806
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Figure 3. Frequency of PV streamers in percent for the period of
1979…2011 in (a) JJA and (b) DJF at each latitude and isentrope. This
frequency is based on counts, which are registered if there is at least one
longitude with a PV streamer at a particular latitude. Blue-gray shading
is for equatorward PV streamers, and black contours are for poleward PV
streamers (contours are 1%, 20%, 40%, 60%, and 80%). The zonal mean
zonal wind speed over the 33 years is shown by the orange contours.

2.4. Lagrangian Identi“cation of
PV Streamer-Related Cross-Barrier
Transport
Atmospheric transport pathways, i.e.,
air mass transport across the PV
gradient barrier as identi“ed by the
dynamically relevant PV contour
on isentropes above 350 K, are
investigated with trajectories using
the Lagrangian analysis tool [Wernli
and Davies, 1997]. A set of 2-D
trajectories is run in an isentropic
mode; i.e., trajectories are calculated
using horizontal winds interpolated
to isentropes between 350 and 500 K
(every 10 K). Potential cross-isentropic
transport due to diabatic heating and
cooling is neglected.

The following procedure is applied
to identify trajectories crossing the
dynamically relevant PV contour.
Twenty-four hour forward trajectories
are started every day at 00 UTC for
the 33 year period on all isentropes.
These trajectories are initialized at grid
points with a horizontal distance of
80 km; i.e., around 80,000 trajectories
are started on each isentrope per
day. Only trajectories that cross the

dynamically relevant PV contour during the 24 h are considered and treated as preliminary events crossing the
PV contour. These preliminary exchange trajectories are then extended both 10 day backward and forward
in time. FollowingWernli and Bourqui[2002] andSprenger et al.[2007], the air parcels have to remain during a
so-called residence time on both sides of the dynamically relevant PV contour before and after crossing the
contour. A careful analysis of the exchange trajectories on isentropes above 350 K showed that air parcels
with residence times larger than 96 h are well suited to identify signi“cant exchange events (not shown). With
this residence time, trajectories are selected that remain for a considerably long time in the new reservoir
persistently. Air parcels that move rapidly across the dynamically relevant PV contour without changing their
reservoir are neglected.

Because we are interested in the cross-barrier transport associated with PV streamers, the focus of this study is
on •severe exchange trajectoriesŽ that are connected with PV streamers on the di�erent isentropes. Therefore,
only those exchange trajectories that are colocated with isentropic PV streamers at the exchange time are
“nally used for the study of the atmospheric transport pathways in section 3.2.

3. Results
3.1. PV Streamer Climatology
3.1.1. Zonal Mean Distribution of PV Streamers Between 320 and 500 K
Figure 3 presents the 33 year climatology of the zonal mean distribution of equatorward and poleward PV
streamers on isentropes between 320 and 500 K in JJA (June, July, and August) and DJF (December, January,
and February). A frequency of 40% at a particular latitude and isentrope means that during 40% of the
considered time periods in JJA or DJF (each day at 12 UTC) at least one PV streamer was present along the
entire latitude circle. The counts of PV streamers are then integrated over around 90 days per season for all
years from 1979 to 2011. The frequency, which is dependent on latitude and isentrope, represents the ratio
of these counts to the maximum possible count number 2970.

KUNZ ET AL. PV STREAMER CLIMATOLOGY 3807

 21698996, 2015, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1002/2014JD

022615 by E
th Z

urich, W
iley O

nline Library on [27/10/2025]. S
ee the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



Journal of Geophysical Research: Atmospheres 10.1002/2014JD022615

The most notable feature is a seasonal cycle with higher PV streamer frequencies during summer (JJA in the
NH and DJF in the SH), when poleward and equatorward PV streamers are prevalent on all isentropes from
320 to 500 K. The regions with frequent PV streamers are characterized by a strong zonal wind speed. On
isentropes between 350 and 380 K the frequency is higher than 80%; i.e., at these particular latitudes on more
than 80% of the days a PV streamer was present irrespective of its longitude. In the winter hemispheres, the
PV streamers are completely suppressed on isentropes above 410 K in the NH and above 400 K in the SH.
This re”ects the activity of the polar vortices, which are the dominant dynamical features of the stratospheric
winter circulation in both hemispheres [e.g.,Schoeberl et al., 1992]. The boundary region of a typical vortex
is marked by a band of strong PV gradients and thus strong zonal winds [Butchart and Remsberg, 1986;Nash
et al., 1996], which acts as a barrier for cross vortex transport of air masses between the midlatitudes and
polar regions. Consequently, Rossby wave breaking and thus the frequency of PV streamers are reduced in
winter. In spring (March, April, and May (MAM) in the NH and September, October, and November (SON) in
the SH), the polar vortices usually break and the zonal wind speeds weaken. This decay of the polar vortices
is associated with wave breaking at its boundaries, and thus, PV streamers also appear on these overworld
isentropes during spring (not shown).

On middle world isentropes the subtropical jet stream plays a key role for the occurrence of PV streamers.
In the summer hemispheres, the core of the subtropical jet stream on isentropes around 350 K is connected
with a strongly increased PV streamer frequency compared with the winter hemispheres. The core of the
subtropical jet stream coincides with the location of the dynamical tropopause. In particular, in the NH winter
(DJF), the core of the jet stream is characterized by a strongly increased wind speed of 40 m sŠ1 compared
to 20 m sŠ1 in summer, and strong PV gradients act as a barrier for cross-tropopause transport [Haynes and
Shuckburgh, 2000;Kunz et al., 2011a]. This barrier at the subtropical jet stream is thus stronger in winter than
in summer, leading to a strongly increased PV streamer frequency of more than 80% in summer. This notable
seasonal di�erence occurs in both hemispheres and is even stronger in the SH than in the NH.

In summary, the highest global frequency of PV streamers is found in the summer hemispheres, in particular,
in the NH between 330 and 440 K and in the SH between 320 and 380 K. On these isentropes, at least one
PV streamer can occur at the respective latitude during up to 80% of the entire period. In the following, the
detailed geographical distribution and temporal evolution of PV streamers on di�erent isentropes during the
course of the year are investigated.
3.1.2. Geographical Distribution of PV Streamers on Isentropes Between 360 and 440 K
Figure 4 shows the climatological distribution of PV streamers in summer, i.e., JJA in the NH (a…e) and DJF in
the SH (f…j), on selected isentropes between 360 and 440 K. Here the counts of PV streamers are determined
each day at 12 UTC of a season, and the frequency corresponds to the ratio of the counts to the maximum
possible count number 2970 for all seasons in the 33 year period. This frequency is di�erent from that shown
in Figure 3, which explains the di�erence in maximum frequencies occurring in Figures 3 and 4.

In the NH, there is a pronounced zonal asymmetry of PV streamers on all isentropes between 360 and 440 K in
JJA (Figures 4a…4e). Two maxima of equatorward PV streamer frequency larger than 20% can be clearly seen
over the North Atlantic and Paci“c, e.g., on 360 and 380 K. There is a change of patterns with altitude; i.e.,
the maxima are shifted in westward direction when comparing the 360 and 380 K isentropes. Above 380 K,
the maxima are rather in the same region, in particular the maximum over the North Paci“c. Above 400 K, the
maximum over the North Atlantic gets weaker. In contrast, three distinct frequency maxima appear between
the western Atlantic and central Europe. On all isentropes, there is a zonal and meridional shift between
equatorward and poleward PV streamers, which is similar to isentropes below 350 K [Wernli and Sprenger,
2007]. The equatorward PV streamers are located slightly south and east of the poleward PV streamers. The
equatorward PV streamers are more frequent than the poleward ones above 400 K. On lower isentropes the
frequencies of both types of PV streamers are rather comparable. In general, the location of both types of PV
streamers is in close vicinity to the climatological mean location of the dynamically relevant PV contour on
the di�erent isentropes.

During the SH summer (Figures 4f…4j), the distribution of equatorward and poleward PV streamers is rather
zonally symmetric compared to the NH summer. The total frequency of PV streamers is smaller than in the NH.
The maxima in PV streamer frequency are between 15 and 20% and occur over the South Paci“c between 380
and 400 K. Toward higher isentropes the frequency maxima of both poleward and equatorward PV streamers
decrease signi“cantly and are located farther west.
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Figure 4. PV streamer frequencies for the period 1979…2011 on isentropes from 360 to 440 K in the summer hemisphere,
i.e., (a…e) JJA for the NH and (f…j) DJF for the SH. NH shows geographical latitudes between 10 and 90� N and SH between
Š10 and Š90� S. Blue-gray shading is for equatorward PV streamers, and black contours are for poleward PV streamers
(contours denote 2%, 10%, 15%, and 20%). The dynamically relevant PV contour is shown as yellow contour, and isolines
of the Montgomery stream function are shown by gray contours.
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Figure 5. Same as Figure 4 but for the winter hemisphere, i.e., (a…c) DJF for the NH and (d…f) JJA for the SH. Results are
only shown from 360 to 400 K since during winter no PV streamers are found on higher isentropes (see Figure 3).

Figure 5 shows the climatological distribution of PV streamers in winter, i.e., DJF in the NH (a…c) and JJA in
the SH (d…f), on isentropes lower than 400 K. PV streamers above 400 K are suppressed during the winter (see
with Figure 3). In both hemispheres, the PV streamer frequencies between 360 and 400 K are signi“cantly
decreased during winter compared to summer. In the NH, PV streamer frequency maxima are again found
over the North Atlantic and North Paci“c. On 360 and 380 K, the two maxima are located over the eastern
Paci“c and North America and above Europe and the eastern Atlantic. In DJF, the frequency of PV streamers
near Europe is higher than near North America, whereas in JJA the two maxima are comparable.

In general, the PV streamer frequency maxima well coincide with the climatological mean location of the
UTLS jet stream splits, i.e., regions with reduced wind intensity compared to the zonal mean [e.g.,Koch et al.,
2006;Kunz et al., 2011a;Manney et al., 2014]. In addition, in the NH summer (Figures 4a…4e), there is a striking
distribution of the PV streamer frequencies in the vicinity of the Asian monsoon anticyclone. Highest
frequencies of PV streamers are observed on the downstream side of this anticyclonic system. In the SH
summer, highest frequencies of PV streamers are observed over the eastern Paci“c (Figures 4f…4j),
downstream of the Australian monsoon anticyclonic system. This indicates a link between the anticyclonic
monsoon systems and the occurrence of PV streamers in both hemispheres.
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Figure 6. Climatological Hovmöller diagrams of the frequency of (a and b) equatorward PV streamers and (c and d) mean
product of the PV gradient and the zonal wind speed (in m sŠ1) poleward of 15� on 380 K for the NH and SH during the
course of the year for the period 1979…2011.

3.1.3. PV Streamers and Barriers During the Course of a Year on 380 and 400 K
Figures 6a and 6b present Hovmöller diagrams of the frequency of equatorward PV streamers during the
course of the year in the NH and SH on 380 K. Here the frequencies can be understood as probabilities to “nd
a PV streamer at a particular day and longitude at any latitude during the 1979…2011 period.

In the NH, there are two clearly separated longitudinal bands of PV streamers in the Atlantic and Paci“c sectors.
PV streamer frequencies of larger than 30% are found over the North Atlantic from June to November. Over
the North Paci“c, similar PV streamer frequencies are found from May to October. In the SH, there is a rather
zonal symmetry of PV streamers compared to the NH. Highest PV streamer frequencies occur during summer
(DJF) over the South Paci“c. These are rather stationary patterns, which do not strongly meander in zonal
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direction during the course of the summer. In the SH from September to November, PV streamers are strongly
reduced with a frequency of less than 10%.

The spatial and temporal variation of these PV streamers closely resembles the climatology of the product
of the PV gradient with the zonal wind speed in both hemispheres (Figures 6c and 6d). In the NH, the PV
gradient reveals a seasonal cycle with stronger values in winter (DJF) than in summer (JJA). In JJA, it is strongly
decreased over the North Atlantic and North Paci“c, indicating that the observed increase in PV streamers is
related to a decreased PV gradient. In DJF, the PV gradient is enhanced in regions of decreased PV streamer
frequencies, in particular in two bands above North America and eastern Asia and the western Paci“c. These
high PV gradients act as a more or less e�ective barrier for Rossby wave breaking and thus for cross-barrier
transport of air masses. This transport barrier is also re”ected by a chemical discontinuity, i.e., increased
isentropic gradients of ozone and CO [Kunz et al., 2011b]. In particular, the Asian sector near90� E is
characterized by strong isentropic gradients of ozone and CO, which are even stronger in DJF than in JJA. This
seasonal cycle in chemical trace gas gradients is re”ected by the strength of the PV gradient at this latitude
during the course of the year (Figure 6c). In the SH, there is a zonally symmetric band of strongly enhanced
PV gradients from July to October, i.e., in winter and spring. These enhanced PV gradients correspond to a
persistent jet stream pattern with weak variability around the globe [Koch et al., 2006;Manney et al., 2014]. At
the same time, these PV gradients re”ect the strong in”uence of the stable polar vortex in the SH.

The temporal and spatial linkage between increased PV streamer frequencies and decreased PV gradients in
the NH and SH con“rms the usefulness of the methodology to detect isentropic PV structures based on the
contour corresponding to the maximum isentropic PV gradient. High PV gradients have the potential to act
as a barrier for Rossby wave breaking and in turn in”uence the related exchange of air masses between high
and low latitudes. In the following, the signi“cance of the PV gradients for atmospheric transport of air masses
across the dynamically relevant PV contours is studied in more detail.

3.2. Climatological Distribution of Isentropic Transport Pathways
3.2.1. Case Study of Exchange Trajectories on 400 K
Figure 7 presents the synoptic evolution of trajectories on 400 K that are related to an equatorward PV
streamer over the eastern North Paci“c and cross the dynamically relevant PV contour on 13 July 2000 (see
section 2.4 for methodological details). The situation at the exchange time is shown in Figure 7c. Six days
earlier, on 7 July 2000, the exchange trajectories “rst enter the equatorward PV streamer east of Japan at
45� N (Figure 7b). Until the exchange on 13 July 2000, the trajectories remain in this PV streamer and follow its
southward evolution into a thin tongue of high PV intruding into the tropics. Over the South China Sea, on the
southeastern side of the Asian anticyclone, these trajectories leave the PV streamer and cross the dynamically
relevant PV contour of 10 PVU on 400 K (see Table 1). Within the following days, the trajectories move westward
in the subtropical easterlies between0� and 15� N. Six days after the exchange event, on 19 July 2000, the
trajectories arrive between North Africa and India (Figure 7b).

After the exchange on 13 July 2000, the trajectories enter a reservoir characterized by a PV lower than the
dynamically relevant PV value. Figure 8 shows the time evolution of PV along the trajectories from 9 days
before to 9 days after the exchange event on 13 July 2000. The trajectories were relatively close to the
dynamically relevant PV contour before the exchange event, in particular between 6 and 9 days before the
exchange day. Afterward, they enter the equatorward PV streamer (compare Figure 7a), and the PV slowly
decreases toward the value of the dynamically relevant PV contour. After the exchange event, the PV values
along the trajectories depart more and more from this PV contour with time. In particular, 6 days after the
exchange day the PV values along the trajectories are between 4 and 8 PVU, and 8 days after the exchange
day the PV values become as low as 2 PVU.

There are three important features of this exchange event:

1. During 48 h around the exchange date, the trajectories are very close and may cross the dynamically
relevant PV contour several times. This happens quite often even in cases of severe exchange events. In
particular, trajectories that actually change their reservoir and remain in the new reservoir for more than
96 h may not abruptly change their PV value at the exchange date and meander between both reservoirs
during a few hours around the exchange date. We therefore allow the trajectories to cross the dynamically
relevant PV contour within 48 h around the exchange date.
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Figure 7. Case study of cross-barrier exchange trajectories (green dots) related to an equatorward PV streamer on 400 K
over the North Paci“c on (c) 13 July 2000. Trajectory locations (a and b) on 7 and 12 July 2000 before the exchange event
and (d and e) on 14 and 19 July 2000 after the exchange event. Gray shading shows the PV distribution, the yellow line
represents the dynamically relevant PV contour, blue shading marks the equatorward PV streamers, orange contours
the horizontal wind speed (contours for 20 and 30 m sŠ1), and black contours the Montgomery stream function. Red
dots mark the location of the exchange trajectories at the respective date, and green dots mark the location of these
trajectories between 10 days before the exchange event, i.e., 3 July 2000, and the respective date of the panels.

2. Between 2 and 4 days after the exchange event, i.e., on 15…17 July, a few trajectories have PV values up to
14 PVU, i.e., higher values than the dynamically relevant PV contour. A detailed analysis shows that these
trajectories cross remnants of another PV streamer, which breaks into PV cuto�s. Figure 7d shows how some
trajectories are within these cuto�s 1 day after the exchange date on 14 July 2000. Such two-dimensional

Figure 8. Time evolution of PV along the exchange trajectories related to the equatorward PV streamer over the North
Paci“c on 13 July 2000 as shown in Figure 7. The times corresponding to the panels of Figure 7 are marked with solid red
lines, the exchange date with a dashed red line, and the dynamically relevant PV with a yellow line.
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cuto�s of the dynamically relevant PV contour are fully embedded within air of the di�erent PV reservoir.
They are determined using the method introduced byWernli andSprenger[2007]. For the selection of severe
exchange events, the trajectories are consequently allowed to enter these transient PV cuto�s after the
exchange event.

3. According to section 2.4, trajectories have to ful“ll a residence time criterion; i.e., severe trajectories have to
stay within the two di�erent reservoirs for at least 96 h. The example trajectories shown in Figure 8 ful“ll this
restriction, and the resulting trajectories form an obvious equatorward pathway in the vicinity of the Asian
monsoon anticyclone (Figure 7). Whether this example represents a climatologically relevant isentropic
transport pathway for the time period from 1979 to 2011 is analyzed in the following section.

3.2.2. Isentropic Transport Pathways (360…440 K)
Figure 9 presents the seasonal isentropic transport pathways on isentropes between 360 and 440 K that are
based on all trajectories between 1979 and 2011 that cross the dynamically relevant PV contour and are
related to a PV streamer. The geographical location of these trajectories is shown between 10 days before and
10 days after the exchange date. At each latitude and longitude position the number of exchange trajectories
is counted within 1� × 1� grid boxes. A value of 50 means that at this geographical location 50 exchange
trajectories were present from 1979 to 2013.

Both in JJA and DJF, the total global number of relevant exchange trajectories is increasing from 360 to 440 K
except for the 420 K isentrope (see numbers in the top right corner of Figures 9a…9j). The direction of these
isentropic trajectories, i.e., poleward or equatorward, is identi“ed through the di�erence between the mean
of the geographical latitudes and of the PV before and after the exchange date, i.e., larger and smaller than the
dynamically relevant PV contour. In general, equatorward cross-barrier trajectories are more frequent (around
80 to 95% dependent on isentrope) than poleward trajectories for each isentrope and season. This indicates
that the cross-barrier air mass transport related to PV streamers is stronger in the equatorward direction
than in poleward direction. In the following, the isentropic transport pathways are studied for both types of
trajectories together.

In both hemispheres, the air mass transport is strongly dominated by the presence of large anticyclonic
systems during summer, while during winter the activity of the polar vortices and strong UTLS jet streams
suppress this transport. In JJA, there are two striking isentropic transport pathways in the NH while the
exchange is completely suppressed in the SH (Figures 9a…9e). The dominant isentropic transport pathway can
be found in the vicinity of the Asian monsoon anticyclone, and a weaker one is related to the North American
monsoon anticyclone. North of the Asian monsoon anticyclone, the air masses are transported eastward into
the North Paci“c. Here the trajectories enter the PV streamers and are consequently transported southward
where they cross the dynamically relevant PV contour to the other reservoir. South of the Asian anticyclone,
they then travel in a narrow band back toward the west.

In general, the origin region of the trajectories in the vicinity of the Asian monsoon anticyclone is north of
30� N on all isentropes. In contrast, the destination regionsare much closer to the equator. Some trajectories
even cross the equator over the Indian Ocean on 360 and 380 K. On higher isentropes, the intensity of the
Asian monsoon decreases. On 440 K, most of the trajectories are con“ned to the Asian continent north of
25� N. This transport pathway is di�erent to the isentropic transport pathway related to PV streamers over the
western North Paci“c. It is related to the complex PV streamer structures on these high isentropes (see also
Figure 2c) and often connected with comparatively weak meridional motion.

In DJF, the striking isentropic transport pathways are in the SH, in particular on isentropes above 400 K
(Figures 9f…9j). On 360 K, the exchange of air masses across the dynamically relevant PV contour is completely
suppressed in both hemispheres. On isentropes between 380 and 420 K, the dominant isentropic transport
pathways are related to the Australian monsoon anticycloneand the Bolivian High. The trajectories related to
the Australian monsoon anticyclone “rst travel to the eastand then enter the equatorward PV streamers in
the central South Paci“c and move northward reaching the equator at180� E. Parts of these trajectories may
travel on the northward side of the anticyclones upstream again. In the NH, trajectories related to Rossby wave
breaking in the subtropics travel southward into the central North Paci“c and reach the equator also at180� E.
Thus, in both hemispheres trajectories travel into the central Paci“c followed by cross-equatorial transport of
air masses.
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Figure 9. Climatology of isentropic cross-barrier transport pathways indicated by counts per 1� latitude and 1� longitude
bin of 10 day backward and forward trajectories (green-gray shadings) from 1979 to 2011. These trajectories cross the
dynamically relevant PV contour (yellow line) and are related to PV streamers (see Figures 4 and 5) from 360 to 440 K in
(a…e) JJA and (f…j) DJF. Also shown are the seasonal mean isolines of the Montgomery stream function (gray lines) and of
the horizontal wind speed (orange lines). The total numbers of cross-barrier trajectories are listed in the top right corners.

KUNZ ET AL. PV STREAMER CLIMATOLOGY 3815



Journal of Geophysical Research: Atmospheres 10.1002/2014JD022615

On 440 K, there is no isentropic transport pathway in the NH in DJF due to the activity of the polar vortex. In
the SH, no preferred isentropic transport pathway is obvious on 440 K, and air mass exchange is found in an
almost zonally symmetric band between 30 and70� S.

4. Discussion
4.1. Climatology of the Dynamically Relevant PV Contour
A climatology of the dynamically relevant PV contour representing isentropic transport barriers is presented
(Figure 1). In general, the PV values representing the location of maximum isentropic PV gradients with
equivalent latitude increase with increasing isentrope. In the NH, the climatological mean PV values of this
contour vary between 2.21 PVU (DJF) and 2.44 PVU (JJA) on 320 K and between 3.80 PVU (DJF) and 5.51 PVU
(JJA) on 360 K. Thus, on isentropes below 400 K the value of the dynamically relevant PV contour is lower in
the winter than in the summer. On higher isentropes, there is a reversed seasonality with higher PV values
during winter, e.g., on 420 K with PV values varying between 13.44 PVU (JJA) and 16.55 PVU (DJF).

The dynamically relevant PV contour represents the strongest barrier for transport of air masses on each
isentrope. There may well be further barriers characterized by a weaker PV gradient and wind speed compared
to the selected PV contour on the same isentrope. For example, on isentropes above 380 K in the LS there
is a weaker PV gradient (connected with a lower wind speed) identi“ed within the subtropics, which likely
identi“es a subtropical barrier (not shown). An analysis of this subtropical barrier is beyond the scope of
this paper.

Here on every isentrope we focus on a PV contour that is characterized by maximum isentropic PV gradients
and wind speed. On overworld isentropes above 400 K, this contour represents a boundary that is
characterized by the dynamics in the lower stratosphere, in particular the polar vortices in winter [see also
Nash et al., 1996]. The activity of the polar vortex during its stable phase when its edge is associated with very
strong isentropic PV gradients and zonal wind speeds is also responsible for the reversed seasonality of PV
values of the dynamically relevant PV contour on isentropes above 400 K . Thedynamically relevant PV contour
is locally linked to the edge of the polar vortex on LS isentropes in winter. An important consequence of
this approach is that on every isentropic surface and in a given season, RWB is considered only in a region
characterized by maximum meridional PV gradients; i.e., above 400 K, PV streamers are identi“ed in summer
in the subtropics and in winter near the polar vortex edge.

On middle world isentropes below 380 K, the boundary represents the dynamical discontinuity at the
extratropical tropopause [see alsoKunz et al., 2011b]. In particular, near the core of the subtropical jet stream
PV gradients are strongly enhanced and thus represent a barrier for cross-tropopause exchange [Haynes and
Shuckburgh, 2000;Kunz et al., 2011a]. The dynamically relevant PV contour is therefore well suited for the
detection of isentropic PV streamers since these PV structures are linked to synoptic- and planetary-scale
variability of the dynamical tropopause [Martius et al., 2007]. In contrast to existing studies of PV streamers
and thus RWB on particular isentropes [e.g.,Waugh and Polvani, 2000;Wernli and Sprenger, 2007;Ndarana
and Waugh, 2011], the dynamically relevant PV contour identi“es a boundary with strongest PV gradients
on a wide range of isentropes, which then of course is represented by di�erent PV values on the
di�erent isentropes.

4.2. Spatial and Temporal Distribution of Isentropic PV Streamers
Using the dynamically relevant PV contour on di�erent isentropes, the existing climatology of PV streamers
by Wernli and Sprenger[2007] is successfully extended on isentropes above 350 K. In general, the PV streamer
frequency is higher during summer than during winter in both hemispheres, whereas there are less PV
streamers in the SH compared to the NH in all seasons.

In the NH summer (JJA), there are two striking maxima of PV streamer frequencies in the North Paci“c and
the North Atlantic on middle world isentropes up to 380 K. A high frequency of RWB over the North Paci“c
and the North Atlantic identi“ed on isentropes lower than 350 K and below the core of the subtropical jet
stream [Postel and Hitchman, 1999;Wernli and Sprenger, 2007;Gabriel and Peters, 2008] is also a characteristic
dynamical feature on isentropes above the subtropical jet stream. On overworld isentropes, the PV streamer
frequency maximum over the North Atlantic breaks into three distinct maxima between eastern North
America and central Europe. In winter, these frequencies are strongly reduced on middle world isentropes
while PV streamers above 400 K are completely suppressed due to the activity of the polar vortex. In the SH
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summer (DJF), a rather zonally symmetric band of high PV streamer frequency is found at around60� S with
highest frequencies over the South Paci“c south of Australia. These frequency maxima are southward of the
maxima found on lower isentropes, e.g., on 350 K with RWB dominating in a zonal band between 30 and 40� S
[Ndarana and Waugh, 2011]. In both hemispheres, the frequencies of equatorward PV streamers are slightly
higher than those of the poleward PV streamers on all isentropes.

There is a seasonal dependency of the location of PV streamer in meridional and zonal directions. In the NH,
the frequency maxima over the North Paci“c and North Atlantic are shifted eastward from winter toward
summer months. At the same time, these frequency maxima are characterized by a strongly decreased
gradient in PV and wind speed. In other words, the stronger the local PV gradient, the lower the PV streamer
frequency [Hitchman and Huesmann, 2007]. This relationship is also re”ected by the e�ective di�usivity
diagnostic of Haynes and Shuckburgh[2000] and can be found in both hemispheres on all isentropes. A
strongly increased PV streamer frequency should therefore identify isentropic transport pathways, which are
accompanied with an enhanced frequency of isentropic exchange across the dynamically relevant contour.

4.3. Isentropic Transport Pathways Related to Rossby Wave Breaking
The isentropic transport pathways of air masses related to Rossby wave breaking are climatologically studied
with isentropic Lagrangian trajectories. Ingeneral, in the summer hemispheres the isentropic transport
pathways are controlled by the presence of large anticyclonic systems. In the winter hemispheres there is also
the in”uence of Rossby wave breaking near the gaps of the climatological jet streams over the North Atlantic
and North Paci“c on the exchange and transport of air masses across the dynamically relevant PV contour.
These transport pathways represent two spatial regimes associated with dynamical causes of RWB, i.e., the
westerly jets and the periphery of monsoon anticyclones suggested byHitchman and Huesmann[2007].

In the NH summer (JJA), two striking isentropic pathways are found related to the Asian and the North
American monsoons. The Asian monsoon pathway is stronger than the North American pathway suggesting
that PV streamers over the North Paci“c are more active in nonreversible air mass exchange than the PV
streamers over the North Atlantic. In the SH summer (DJF), the Australian monsoon anticyclone and the
Bolivian High are e�ective drivers for air mass exchange related to PV streamers. These isentropic pathways
represent a 33 year climatology and suggest a more complete picture of the case studies presented by
Postel and Hitchman[1999], which highlighted isentropic trajectories on 350 K a few days before theinitiation
of two particular RWB events over the North Paci“c in June 1988 and in the South Atlantic in December 1993
downstream of the Asian monsoon and the Bolivian High, respectively.

For the Asian monsoon,Randel and Park[2006] argued that the transient deep convective events over Asia
may favor diabatic depletion of upper level PV and thus strengthen the Asian monsoon anticyclone. As a result,
high PV is advected toward lower latitudes on the downstream side along the eastern edge of the monsoon
anticyclone. Here this is re”ected by an increased PV streamer frequency over the Paci“c and an equatorward
directed isentropic transport pathway.

Dependent on the isentrope, there are regions of cross-equatorial transport of air masses. In NH summer
(JJA), the isentropic transport pathway related tothe Asian monsoon anticyclone intersects the equator in the
eastern Indian Ocean on 360 K and the western Indian Ocean on 380 K. In DJF, there are two preferred
regions of cross-equatorial transport over the central Paci“c near180� E and central Eastern Atlantic near45� W
on isentropes between 380 and 400 K. Isentropic transport pathways from both hemispheres intersect in
these regions. The intersection areas of NH and SH cross-equatorial trajectories agree with the regions of the
equatorial westerly ducts over the Paci“c and Atlantic, which have been identi“ed as key regions for
interhemispheric transport [Waugh and Polvani, 2000].

Thus, these isentropic transport pathways are, ingeneral, dominated by an equatorward transport.
Dependent on the isentrope, between 80 and 95% of the exchange trajectories are related to equatorward
transport and only 5 to 20% to poleward transport. Based on a composite analysis of PV and meridional ”uxes
of wave activity,NdaranaandWaugh[2011] investigated RWB along the tropopause in the SH. In their analysis,
anticyclonic breaking dominates cyclonic breaking between 330 and 350 K, which may be in line with the
stronger equatorward transport as suggested in our studyfor the entire isentropic range between 350 and
440 K in both hemispheres. Our analysis suggests that poleward PV streamers are mainly related to reversible
transport; i.e., PV streamers develop and retreat withoutan exchange of air masses. In contrast, equatorward
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Figure 10. Same as Figure 4 but for PV cuto�s in the NH in (a) JJA and (b) DJF on 380 K. Blue-gray shading indicates the
frequency of equatorward PV cuto�s and black contours the frequency of poleward cuto�s (contour intervals are 2 and
5%). The Montgomery stream function is highlighted by the gray open contours.

PV streamers are rather frequently accompanied by irreversible transport and an exchange of air masses. In
addition, these equatorward PV streamers break up into PV cuto�s much more frequently than poleward
PV streamers.

Figure 10 shows an example of the climatological distribution of equatorward and poleward PV cuto�s, i.e.,
cuto�s with PV values larger and smaller than the dynamically relevant PV contour, respectively, on 380 K for
NH summer and winter. In JJA, highest frequencies of equatorward PV cuto�s are found over North America
and the western North Paci“c. These features result from PV streamers that break into cuto�s in these
regions (see also Figures 4b and 4g). The equatorward PV cuto�s typically decay within a few days and
therefore represent an irreversible cross-barrier transport of air masses to the equatorward side of the Asian
monsoon anticyclone.

In general, equatorward PV cuto�s are much more frequent than poleward PV cuto�s. On 380 K, the maximum
frequency of equatorward PV cuto�s over the eastern Paci“c is 20% that is comparable to the maximum
frequency of PV streamers in this region (see also Figure 4b). In contrast, the frequency of poleward PV cuto�s
is around 2% (Figure 10a) and much less than the frequency of poleward PV streamers. A better PV
conservation may play a role for the less frequent poleward break into PV cuto�s and thus a less frequent
exchange across the dynamically relevant PV contour. Consequently, reversible PV streamers play a role for the
poleward transport of air masses from the tropics toward the poles in the LS. Based on airborne case studies
of two PV intrusions,Vogel et al.[2011] suggested that the timescales of the related transport is much longer
in the poleward (weeks) than in the equatorward direction (days).

These air masses may likely be characterized by chemical constituents and thermodynamic properties of the
tropical UT, e.g., lower ozone and higher CO concentrations and lower static stability compared to the LS
environment [Pan et al., 2009;Vogel et al., 2011]. Thus, poleward transport related to reversible PV streamer
may likely play a role for the horizontal transport of water vapor from the subtropics toward the pole during
summer [Ploeger et al., 2013] and for the dominating in”uence of tropical tropospheric air above the
extratropical mixing layer as evident from airborne CO measurements [Hoor et al., 2005]. The isentropic PV
streamer climatology is therefore particularly relevant for the assessment of the chemical impact of horizontal
transport both in the tropics and extratropics.

4.4. Further Remarks
The climatology of PV streamers and the isentropic transport pathways are based on a reanalysis data set.
Albeit high quality, these data still represent an approximation to the real atmosphere, and problems with
the data assimilation scheme and model physics remain that potentially a�ect the results of this paper.
Furthermore, idealized trajectories that are restricted on isentropes are calculated in this study. Thus, diabatic
processes, such as latent heating, may only indirectly in”uence the results through the use of the ERA-Interim
meteorological “elds. Transport pathways are thus studied on isentropic surfaces. Cross-isentropic transport,
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e.g., related to rapid uplifts in typhoons that are part of a potential atmospheric pathway that can transport
air masses from Asian source regions toward Europe [Vogel et al., 2014], is not considered by this analysis.

The tool to identify the PV streamers on di�erent isentropes is quite a ”exible tool. FollowingWernli and
Sprenger[2007], adjustable parametersD and Lhave been adopted to PV streamer sizes both on the middle
world and overworld isentropes (see section 2.4). As a result, meridionally aligned “lamentary structures are
also identi“ed as PV streamers. This makes our wave breaking diagnostic di�erent from approaches based
on the meridional reversal of the isentropic PV gradient [e.g.,Postel and Hitchman, 1999;Gabriel and Peters,
2008;Wang and Magnusdottir, 2011;Ndarana and Waugh, 2011;Homeyer and Bowman, 2013] or the merid-
ional reversal of the potential temperature along the 2 PVU dynamic tropopause [Berrisford et al., 2007]. These
studies consequently do not identify meridionally aligned single PV streamers. This is of importance since
Rossby wave breaking does not necessarily appear as pairs of PV streamers in equatorward and poleward
directions. Another important result of this study is the suppression of PV streamers above 400 K that has
been discussed in relation to the polar vortices in winter (see section 3.1.1). This is a persistent result, which is
not an artifact of the choice of the parametersD and Labove 400 K. When using di�erent values ofD and L,
e.g., those for isentropes below 400 K, also no PV streamers are detected.

In this study, the dynamically relevant PV contour as a boundary to identify PV streamers on isentropes above
350 K is determined by the strongest PV gradients and wind speed (see section 2.2). This is a novel approach
that is di�erent from previous studies [e.g.,Homeyer and Bowman, 2013]. For the investigation of Rossby
wave breaking and the related exchange of air between the tropical UT and extratropical LS,Homeyer and
Bowman, [2013] introduced a so-called tropical boundary condition based on the location of the break
between the tropical and midlatitude tropopause at 13 km and assumed that this boundary lies at the same
location at levels above 380 K. PV streamers on di�erent isentropes are then determined by climatological
values of PV and equivalent latitude along the 13 kmtropopause height contour. Consequently, the tropi-
cal boundary ofHomeyer and Bowman[2013] is at equivalent latitudes of35� N and 35� S on all isentropes
between 350 and 500 K. In contrast, the dynamically relevant PV boundary of this analysis identi“es the region
of highest meridional PV gradients and wind speed. The respective equivalent latitudes are between 30 and
60� on both hemispheres (see Figure 1) and represent a dynamical discontinuity on each isentrope. Main isen-
tropic transport barriers are identi“ed, e.g., the dynamical tropopause on middle world isentropes and the
polar vortex on overworld isentropes.

5. Summary and Conclusions

Using the ERA-Interim reanalyses from the ECMWF, this study presents a climatology of PV streamers as
indicators of Rossby wave breaking (RWB) on isentropes between 320 and 500 K for the time period from
1979 to 2011. For the determination of a dynamically relevant PV contour, the PV gradient concept suggested
by Kunz et al.[2011a] is extended to isentropes above 380 K. PV streamers, i.e., “laments of this dynamically
relevant PV contour, are then identi“ed following the concept byWernli and Sprenger[2007]. Through the
analysis of isentropic Lagrangian trajectories that cross the dynamically relevant PV contour within these PV
streamers, the dominant isentropic atmospheric transport pathways between the tropics and extratropics
due to wave breaking are identi“ed.

Since many previous studies have presented climatologies of RWB, it is important to highlight the novel
methodological aspects and results of this study. Methodologically, most previous studies considered
the overturning of PV contours on isentropes [e.g.,Postel and Hitchman, 1999;Wang and Magnusdottir,
2011;Homeyer and Bowman, 2013] or the overturning of potential temperature contours on an isosurface
of PV [Berrisford et al., 2007] as the key indicator for RWB. This approach is technically comparatively
straightforward but ignores RWB events that leadto the formation of meridionally oriented PV “laments,
i.e., not or only weakly overturning PV “laments. We think that including this type of RWB is important and
therefore use the PV streamer identi“cation approach introduced byWernli and Sprenger[2007].

Most studies so far considered RWB on single isentropes, which is not ideal to obtain a complete picture of the
seasonal cycle of RWB [Wernli and Sprenger, 2007], or on a selection of isentropes typically between 300 and
360 K, or they focused on one hemisphere only. Together withHitchman and Huesmann[2007] andHomeyer
andBowman[2013], this study is one of the “rst to consider RWB globally in a vertical layer ranging from below
the subtropical jet stream to the lower stratosphere (320…500 K). This study di�ers by using higher-resolution
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gridded data (here 1� horizontal resolution), the alternative selection of the relevant PV contours, and the
more detailed approach to identify RWB. We therefore consider our study to be the currently most detailed
and comprehensive global analysis of RWB in an extended vertical layer of the atmosphere.

The results qualitatively con“rm many “ndings from previous studies, e.g., concerning the strong seasonality
of RWB above 350 K [e.g.,Hitchman and Huesmann, 2007] and the key role of monsoon anticyclones for RWB
in summer [e.g.,Homeyer and Bowman, 2013]. They clearly extend previous knowledge by showing that (i)
the zonal mean latitude at which the isentropic PV gradient is largest has strong vertical and seasonal vari-
ations; (ii) above 400 K, RWB is virtually absent at the PV contour characterized by the strongest isentropic
PV gradient; (iii) zonal variability of the frequency of RWB is clearly larger in the NH compared to the SH; (iv)
equatorward RWB is more often associated with a transport across the PV barrier than poleward RWB, which
is more reversible; and (v) transport pathways of barrier-crossing air parcels in the summer seasons show very
pronounced vertical and hemispheric variations: in the NH up to 400 K, trajectories ”ow around the strong
monsoon anticyclone and reach the inner tropics; at 440 K, however, they are trapped in the anticyclone above
the Asian continent near 30…40� N. In contrast, in the SH the cross-barrier transport is very weak below 400 K
and fairly zonally symmetric at 440 K.

These “ndings have important implications for atmospheric chemistry, as they reveal a large geographical,
vertical, and seasonal variability of the transport between more polar and tropical •reservoirs.Ž For instance,
the Asian monsoon anticyclone is a primary dynamical agent for the isentropic transport of polar and poten-
tially aged stratospheric air masses across the barrier into the tropical Indian Ocean up to 400 K. At higher
levels, the exchanged air parcels are unlikely to reach the tropics, and in the Southern Hemisphere there are
no clearly preferred cross-barrier transport pathways and air parcels typically do not reach the tropics.
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