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DOWNLOADING DATA: A STEP-BY-STEP 
MANUAL. Figure ES1 shows the entry web page 
for the European Centre for Medium-Range Weather 
Forecasts (ECMWF) interim reanalysis (ERA-Interim) 
climatologies at www.eraiclim.ethz.ch. In the first row, 
continuous fields are listed: potential temperature, 
wind velocity, potential vorticity (PV), tropopause 
pressure, and Eady growth rate. These fields are avail-
able at four pressure surfaces (700, 500, 300, and 250 
hPa). In the second row and the first two entries in 
the third row, the Eulerian features are listed: cyclones 
and anticyclones, atmospheric blocks, PV streamers 
and cutoffs (on isentropic surfaces from 305 to 340 K, 
in steps of 5 K), low-level fronts, upper-level jets, and 
tropopause folds. Finally, the last three icons refer to 
the Lagrangian feature climatologies: stratosphere–
troposphere exchange (STE), tropical moisture exports 
(TMEs), and warm conveyor belts (WCBs).

Before the individual climatologies can be selected, 
the registration form has to be filled (Fig. ES2). The 
username and password needed for login will then 
be sent by e-mail to the user. Suppose that the user 
has selected the feature climatology “Cyclones and 

Anticyclones” from the main web page (Fig. ES1), then 
a new web page will open that allows the selection to 
be further refined depending on the specific choice 
of a feature (Fig. ES3). This web page starts with a 
short summary about the climatologies provided and 
the relevant reference to the literature where they are 
described in greater detail. Typically, a feature (e.g., 
cyclones) comes with several options. In the case of the 
feature Cyclones and Anticyclones, the five options are 
listed on the web page as “available fields.”

As an example, the user might want to determine 
the frequency of how often a grid point “belongs” to 
a cyclone. In this case, the option “cyclone frequency” 
would be selected in the pulldown menu in the box 
below the options list. Now three options are offered 
to specify the way the monthly fields are aggregated. 
In the example of Fig. ES3 (first row), the monthly 
means from January 1980 until January 2014 will be 
averaged over all months in between and provided 
by the web page. The output will be in the three dif-
ferent formats marked: netCDF, PNG, and PDF. At 
this stage, the user can press the “get file(s)” button 
and the output is typically ready for download within 
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Fig. ES1. Main web page for the ERA-Interim climatologies at www.eraiclim.ethz.ch. Before the individual 
Eulerian and Lagrangian features can be selected, the user must register (button in the upper-right corner).

less than 1 min. Note that it would also be possible to 
request only the mean cyclone frequency for a single 
month by repeating in the specification of the time 
window the month, for example, “from Jan 1990 to 
Jan 1990” would result in the mean cyclone frequency 
for January 1990.

Two other options can be chosen for the temporal 
aggregation (Fig. ES4): either a monthly mean over 
several years is determined (second row), or corre-
spondingly a seasonal mean (third row). The result-
ing PNG image for the winter [December–February 
(DJF)] climatology of cyclone frequency from 1979 to 
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Fig. ES2. Registration form that has to be filled in before the access to the monthly climatologies is granted. 
A username and password will be sent to the e-mail entered into the form.

Fig. ES3. Web page for the feature Cyclones and Anticyclones. The feature contains the five different options 
listed under “available fields.” In this example, the option “cyclone frequency” is selected, and the monthly 
climatologies from Jan 1980 until Jan 2014 will be aggregated. The output is provided in the three different 
formats: netCDF, PNG, and PDF.
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Fig. ES4. Additional options for the temporal aggregation of the monthly mean fields. (left) The cyclone fre-
quency in Jan is determined for the years 1979–2014. (right) Correspondingly, seasonal means can be requested 
with the settings in the third row (here, winter means for the years 1979–2014).

Fig. ES5. Winter climatology of cyclone frequency for the time period 
1979–2014. This PNG output corresponds to the second example in Fig. ES4.

Fig. ES6. Two queries that enable the calculation of the anomaly field of cy-
clones frequencies for the year 2010.
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2014 is shown in Fig. ES5, where the colors represent 
how often a grid point is part of a cyclone within the 
time period mentioned above.

Finally, we shortly discuss how to use the netCDF 
output of the flow features. To this aim, we show how 
an anomaly of cyclones, as, for instance, in Fig. 3d in 
the main paper, can be obtained. Figure ES6 shows 
the two queries that have to be launched. The first 
extracts the mean of the cyclone frequencies for the 
single winter 2010, and the second extracts the mean 
of all winters from 1979 to 2014. There is no need to get 
the fields in either PNG or PDF format. The resulting 
files are named as follows:

 DJF_mean_cycl_freq_from_2010_to_2010.nc
 DJF_mean_cycl_freq_from_1979_to_2014.nc

There are several ways how to proceed at this point. 
One option is to use the netCDF Operator (NCO) 
tools (http://nco.sf.net) and calculate the difference 
between the two files. In a Linux environment where 
these tools are installed, the command would be

 ncdiff DJF_mean_cycl_freq_from_2010_to_2010 
.nc…

 …DJF_mean_cycl_freq_from_1979_to_2014.nc 
DJF_anomaly_cycl_freq_2010.nc

The resulting anomaly is then available in the 
netCDF file “DJF_anomaly_cycl_freq_2010.nc.” In 
a first-order visualization (using the tool “ncview”), 
the anomaly is shown in Fig. ES7.

COMPLETE DESCRIPTION OF DATASET. A 
complete description of the dataset is given in Tables 
ES1 and ES2.

MONTHLY TIME SE-
RIES AND CORRE-
LATIONS BETWEEN 
FLOW FEATURES. The 
aim of this supplement is 
twofold: first, to show the 
35-yr time series (1979–
2014) of the flow features in 
Fig. 1 and, second, to pres-
ent the correlation between 
the flow features.

T he  mont h ly  me a n 
anomalies are calculated 
as in Fig. 2 of the main pa-
per, but on a monthly basis. 
They are shown in Fig. ES8.

The f low features and 
their anomalies are not independent. To see how the 
correlation between them influences the integrated 
anomalies in Fig. 2, we calculate their temporal cor-
relations based on the winter anomalies. The scat-
terplot matrix and the correlation coefficients are 
shown in Fig. ES9.

ADDITIONAL GEOGRAPHICAL MAPS. 
Figure ES10 contains additional geographical maps.

UPDATED DESCRIPTION OF CYCLONE 
AND PV STREAMER IDENTIFICATIONS. 
The identification of the Eulerian and Lagrangian 
features is very brief ly described in Table 1 of the 
main paper. There, the discussion of each feature is 
mainly reduced to a concise one-sentence statement 
that captures the basic idea underlying the identifica-
tion, complemented by the references to the original 
papers that introduced the algorithms. However, 
there are two features, cyclones and PV streamers, for 
which the original algorithms have been substantially 
developed since their initial description. This supple-
ment reports on these refinements.

Cyclone identification and tracking. The aim of this sec-
tion is to describe in detail the cyclone identification 
and tracking used in the article. It is essentially based 
on the concepts presented in Wernli and Schwierz 
(2006) but differs in some distinct aspects and refines 
other parts. The following discussion is split into 
three parts: (i) cyclone identification, (ii) handling of 
multicenter systems, and (iii) tracking and filtering.

cyclone identiFication. The cyclone identification 
starts from the raw global 6-hourly ERA-Interim sea 
level pressure (SLP) field, for which isobars/contours 

Fig. ES7. Simple visualization of the cyclone frequency anomaly in winter 
2010, calculated with the NCO tools and based on the two queries of cyclone 
frequencies listed in Fig. ES6.
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Table ES2. List of available Lagrangian features at http://eraiclim.ethz.ch. The gridding of the trajec-
tory positions for all Lagrangian features is done in the following way: if a trajectory position fulfills the 
criterion listed in the table, the nearest grid point in the 1° × 1° ERA-Interim grid is labeled with value 1. 
All other grid points are unchanged; that is, if it was already labeled with 1 by another trajectory fulfilling 
the criterion, it remains 1, and if it was not yet labeled so far, it keeps its value 0. If the labeled arrays for 
several time instances are averaged, a frequency map of the respective feature results.

Warm conveyor 
belts (WCBs)

WCB frequency (gridding of all WCB trajectory positions during the ascent, i.e., time 0–48 h)

WCB inflow (gridding of WCB trajectory positions when pressure p > 800 hPa)

WCB ascent (gridding of WCB trajectory positions when 400 hPa < p < 800 hPa)

WCB outflow (gridding of WCB trajectory positions when p < 400 hPa)

WCB evolution (gridding of WCB trajectory positions at times 0, 24, 48, and 96 h since the start of 
the ascent)

Tropical mois-
ture exports 
(TMEs)

TME frequency (gridding of all TME trajectory positions)

TME evolution (gridding of all TME trajectory positions at times 0, 24, 48, and 72 h since start in 
the subtropical band)

Stratosphere–
troposphere 
exchange (STE)

Downward/upward STE trajectories crossing the tropopause (gridding of all positions when an STE 
trajectory crosses the tropopause)

Downward/upward STE trajectories crossing the 500-hPa level after/before exchange (gridding of 
all positions when an STE trajectory crosses the 500-hPa surface)

Deep downward/upward STE trajectories crossing the planetary boundary layer (PBL) top after/
before exchange (gridding of all positions when an STE trajectory crosses the PBL top)

Deep downward/upward STE trajectories crossing the tropopause (gridding of all positions when 
an STE trajectory crosses the tropopause, including only the STE trajectories reaching the PBL)

Table ES1. List of all available Eulerian features at http://eraiclim.ethz.ch. The following Eulerian fields 
are also provided: potential temperature (at 700, 500, 300, and 250 hPa), wind velocity (at 500, 300, and 
250 hPa), PV (at 305, 310, 320, 330, and 340 K), tropopause pressure, and Eady growth rate.

Upper-level jet 
streams

Jet frequency

Frequency of shallow and deep jets, as introduced by Koch et al. (2006)

Extratropical 
cyclones (and 
anticyclones)

Cyclone frequency (gridding of all positions within the cyclone area as defined in text; cyclones in 
all stages of their life cycle are included)

Cyclone center (gridding of the exact position of the cyclone, i.e., not of all grid points within the cyclone 
area but only the position of the SLP minimum; cyclones in all stages of their life cycle are included)

Cyclone genesis/lysis frequency (gridding of all positions where cyclogenesis/-lysis occurs; in contrast 
to the cyclone frequency, only the exact position of the genesis/lysis is gridded (as for cyclone centers)

Anticyclone frequency (gridding of all positions within the anticyclone area as defined in the text; 
anticyclones in all stages of their life cycle are included)

Fronts

Front frequency

Front velocity [averaged frontal advection speed in m s–1, as defined in Jenkner et al. (2010)]

Front intensity [averaged gradient of equivalent potential temperature at 850 hPa, as defined in 
Jenkner et al. (2010)]

Blocks Block frequency

PV cutoffs
Stratospheric PV cutoff frequency (at 305, 310, 320, 330, and 340 K)

Tropospheric PV cutoff frequency (at 305, 310, 320, 330, and 340 K)

PV streamers
Stratospheric PV streamer frequency (at 305, 310, 320, 330, and 340 K)

Tropospheric PV streamer frequency (at 305, 310, 320, 330, and 340 K)

Tropopause 
folds

Fold frequency (all folds are included, i.e., irrespective of their depth)

Frequency of shallow, medium, and deep folds, as introduced by Sprenger et al. (2003)

Averaged vertical pressure difference over all folds [see Fig. 2 in Sprenger et al. (2003) for details]

Averaged maximum/minimum pressure values in the folds [see Fig. 2 in Sprenger et al. (2003) for details]
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with a 0.5-hPa interval are 
computed, assuming zon-
ally periodic boundaries. 
This field of dense isobars 
is shown for the North At-
lantic in Fig. ES11a together 
with the local SLP mini-
ma (white circles) and SLP 
maxima (blue circles). SLP 
extrema below topography 
exceeding 1,500-m height 
are excluded because they 
might be artificially cre-
ated due to the reduction to 
sea level. In the Northern 
Hemisphere this applies 
particularly to the Rocky 
Mountains, Greenland, and 
the Himalayas.

The next step attributes 
closed isobars to the SLP 
minima found before. All 
SLP contours are individu-
ally considered, and it is 
checked whether they en-
close an SLP minimum. If 
a closed contour is found 
to include an SLP mini-
mum, the contour is kept. 
However, it has to fulfill 
some additional criteria: 
first, the pressure value at 
the SLP minimum must 
be smaller than the SLP 
value of the contour itself, 
and the contour is not al-
lowed to include an SLP 
maximum larger than the 
contour value. This criterion 
ensures that the contour is 
enclosing a “true” pressure 
minimum and not, for ex-
ample, a local high-pressure 
system with an embedded 
local pressure minimum. 
As a second criterion, the 
overall length of the closed 
SLP contours is restricted to 

▶ Fig. ES8. Time series of nor-
malized monthly features anom-
alies. The red line corresponds 
to a 12-month running average.
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Fig. ES9. Scatterplot matrix for all flow features shown in Fig. 1. The 35 data points in each panel correspond to 
the 35 winter means of the absolute anomalies (as used in Fig. 2 to obtain the integrated anomaly). Additionally, 
the correlation coefficients between the winter-mean anomalies are given in the upper part of the matrix.

values below 7,500 km and above 100 km. The latter 
criterion excludes very small-scale contours, cor-
responding to an equivalent radius of about 15 km 
in the 1° ERA-Interim grid. On the other hand, the 
former criterion is directed against very long SLP 
contours, for instance, in situations with a rather 
flat pressure distribution. The equivalent radius for 
a 7,500-km contour would be 1,200 km, that is, a 
scale at the outer range expected to be reasonable 

for extratropical cyclones. Figure ES11b shows the SLP 
minima accepted by the algorithm (as black dots), as well 
as the SLP contours enclosing the SLP minima. Note that 
several SLP minima from Fig. ES11a disappear because of 
the closed-contour criterion. Furthermore, it is possible 
that SLP minima share common contours.

Finally, the identification finishes with saving the co-
ordinates (longitude and latitude) of the SLP minima and 
labeling all grid points within the outermost enclosing 
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Fig. ES10. Climatological winter (DJF) standard deviation (interannual root-mean-square of seasonal means) 
fields in the Northern Hemisphere for the period 1979–2014 of (a) tropopause pressure (hPa), (b) Eady growth 
rate (day-1), (c) jet frequency (%), (d) cyclone frequency (%), (e) block frequency (%), (f) frequency of stratospheric 
PV cutoffs on 310 K (%), (g) frequency of downward STE trajectories (%), (h) frequency of WCB trajectories 
during the ascent (%), and (i) frequency of TME trajectories (%). The black contours correspond to the mean 
DJF climatology of each field (Fig. 1 in the manuscript).

contour with the value 1. All grid points outside 
obtain the value 0. Hence, for each cyclone two 
complementary pieces of geographical information 
are saved: the exact position of the SLP minimum, 
that is, the cyclone center, and the region influenced 
by the cyclone. We will call the latter the “cyclone 
area,” keeping in mind that a cyclone’s inf luence 

might well be felt outside the labeled region. For 
instance, this certainly is the case if long warm and 
cold fronts are associated with a cyclone. Note that 
the labels are chosen in such a way that simply cal-
culating the mean over many time instances gives 
the frequency how often a specific region is part of 
a cyclone.
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handling oF Multicenter cycloneS. Multicenter cy-
clones pose two distinct challenges, corresponding 
to the geographical information retained, that is, 
the cyclone center (SLP minimum) and the cyclone 
area (region enclosed by outermost contour). First, 
neighboring SLP minima can occur and become a 
hurdle for any objective tracking algorithm (see next 

subsection). On the other hand, sometimes it is ben-
eficial to attribute the cyclone area uniquely to one 
SLP minimum. This attribution, of course, becomes 
ambiguous in the case of two SLP minima sharing a 
common enclosing contour.

With respect to the first problem of neighbor-
ing SLP minima, we adopt the following strategy. 
For every SLP minimum found so far (see previous 
subsection), we determine the distance to all other 
minima. If the distance between the minima falls 
below a threshold of 1,000 km, then they are attrib-
uted to the same cyclone cluster. SLP minima with 
no neighboring cyclone centers form a single-center 
cluster. The parameter of 1,000 km for the cluster-
ing is well adapted to exclude neighboring cyclone 
centers, but allows secondary cyclones to be kept as 
separate items. If two- or multicenter cyclone clusters 
are found, the deepest cyclone is kept and all other cy-
clone centers within this cluster are rejected. Typically, 
however, clusters contain only a single center. Still, the 
remaining cyclone centers of different clusters can 
share the same cyclone area (we come back to that 
below). The exclusion technique, as discussed before, 
entails that the objective tracking algorithm does not 
have to choose between several neighboring cyclone 
centers as the continuation of a cyclone track (see next 
subsection). This becomes particularly reasonable for 
cyclone tracks in the relatively coarse resolution of 
ERA-Interim, whereas in higher-resolution simula-
tions the multicenter structure of cyclones can by itself 
be an interesting topic of research.

Fig. ES11. (a) SLP at 0000 UTC 1 Feb 2014. The contour lines are drawn every 1 hPa, that is, twice the inter-
val used in the cyclone identification (see text for details). Local SLP minima (white) and maxima (blue) are 
marked. (b) Cyclone centers and associated SLP contours after applying the criterion that each cyclone center 
must be surrounded by closed isobars.

Fig. ES12. Cyclone area at 0000 UTC 1 Feb 2014 after 
applying the region-growing algorithm to split the 
cyclone area to all cyclone centers within a common 
enclosing isobar. The cyclone area to the south of 
Iceland is uniquely attributed to cyclone 1, whereas 
the one west of Greenland is split between the two 
centers 2 and 3.
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Although neighboring 
cyclones are “reduced” to 
a single one in the previous 
step, two cyclones still can 
be part of the same cyclone 
area, as defined in the previ-
ous subsection. This can be 
due to two reasons: (i) the 
distance between two SLP 
minima exceeds 1,000 km 
or (ii) the SLP minima have 
a distance <1,000 km and 
belong to one cyclone clus-
ter but have a very similar 
value of SLP, so that none 
of them has its own enclos-
ing SLP contour. A typical 
situation for the first situ-
ation would be associated 
with an already well-devel-
oped mother cyclone and a 
younger secondary cyclone 
that is also much less deep 
and more than 1,000 km 
away from the mother cy-
clone center. A typical situa-
tion for the second situation 
is a mature cyclone, whose 
core region weakens and 
features two or more SLP 
minima of the same value 
within a distance of less 
than 1,000 km. The problem 
to solve, hence, is to split 
the common cyclone area 
between the two or more cy-
clones in a meaningful way. 
Here we assume that the cy-
clone area should be split between the two (or possibly 
more) cyclone centers according to their depth. More 
specifically, we apply a region-growing algorithm that 
starts from several seeds, that is, the cyclone centers 
within the same cyclone area. Expansion steps are 
performed until the whole cyclone area is covered, 
whereby the expansion “speed” depends on the initial 
intensity of the SLP minimum:1 the expansion speed is 
proportional to the depth, that is, the deepest cyclone 
seeds grows fastest and the most shallow one most 
slowly. As the final outcome of this step, a secondary 

label field is defined that splits the cyclone area ac-
cording to its rank with respect to cyclone depth. The 
part attributed to the deepest part gets rank 1, followed 
by the second-deepest part with rank 2, and so on. 
The outcome is shown in Fig. ES12 for the case study 
discussed before. 

cyclone tracking and Filtering. The tracking aims 
to temporally connect cyclone centers at consecu-
tive time steps. To this end, we apply and refine the 
relatively simple algorithm described in Wernli and 
Schwierz (2006). Suppose that all cyclones at one 
time instance N are already categorized as either 
new cyclones (cyclogenesis) or continuations of ex-
isting cyclone tracks. Then, the cyclones at the next 

Fig. ES13. Basic mechanism of the tracking algorithm. (a) Cyclone centers 
at different time instances are shown as circles. The blue circles are already 
part of a cyclone track; the red one at time N is considered as a candidate 
for continuation of the track because it falls within the forward-projected 
search box around the existing track. Additionally, the search box without 
track alignment is shown, as it was used in Wernli and Schwierz (2006). (b) 
Allowance for 6- or 12-h gaps in the identification of cyclone centers. At the 
intermediate time steps, the cyclone center appears as a trough; that is, it 
lacks the enclosing contour required for the cyclone identification. The track 
position within the gap is linearly interpolated from the coordinates at its 
boundaries [adapted from Graf (2010)].

1 More specifically, the expansion speed for the region growing 
is weighted by the ratio of the SLP minimum and the deep-
est SLP minimum of all minima in the same cyclone area.

ES233AUGUST 2017AMERICAN METEOROLOGICAL SOCIETY |



time instance N + 1 are read from the database of 
identified cyclone centers, and the aim is to decide 
whether these new cyclone centers extend existing 
tracks or must be considered as cyclogenesis events. 
Of course, all cyclone centers from time N that cannot 
be extended are categorized as dying cyclones (i.e., 
cyclolysis events).

Hence, the tracking algorithm must identify a likely 
successor for each cyclone at time N. To this end, all 
neighboring cyclones at time N + 1 are considered. 
However, in defining “neighborhood,” we take into 
account the previous cyclone movement. More spe-
cifically, if the cyclone center had a velocity v(N) at 
its position x(N) (given by its longitude and latitude), 
then we assume that it will move to a new posi-
tion x(N + 1) = x(N) + Dt × v(N), where Dt gives the time 
step between the cyclone data (6 h for the ERA-Interim 

dataset). A search box is 
then placed around this 
projected new cyclone posi-
tion, and all cyclone cen-
ters within this box at time 
N + 1 are handled as po-
tential extensions of the cy-
clone track. This approach is 
schematically shown in Fig. 
ES13a, where blue dots rep-
resents an already existing 
cyclone track, the green ar-
row points to the projected 
first-guess position of the 
cyclone center at the next 
time step, and the black box 
around the arrow defines 
the search box, with a width 
of 400 km and a length of 
700 km. Note that the box 
is oriented parallel to the 
cyclone track, in contrast 
to the version described in 
Wernli and Schwierz (2006), 
shown in orange within it. 
Except for the initial phase 
of a cyclone life cycle, that is, 
when the movement can be 
somewhat erratic, this align-
ment of the search box with 
the cyclone track is found 
to yield better results than 
a simple zonal orientation. 
If only one cyclone is found 
within the box, it clearly de-
fines the continuation of the 

cyclone track. If several potential candidates are found 
within the search box, the one nearest to the projected 
cyclone position is taken as the continuation. The other 
candidates are either continuations of other cyclones 
tracks or they are treated as cyclogenesis events.

Special care is needed if no cyclone can be identi-
fied (as described in cyclone identification section) 
because no closed contour is found—an issue that 
relies on the method of cyclone identification [see, 
e.g., Neu et al. (2013) for a thorough discussion]. 
This might particularly occur in the initial and final 
stage of a cyclone’s life cycle, that is, when only weak 
SLP gradients are found. In Wernli and Schwierz 
(2006) this leads to artificial gaps within a cyclone 
track. Stated otherwise, whenever a cyclone becomes 
only discernible as a weak trough, with no closed 
isobars, the track is interrupted, leading to transient 

Fig. ES14. Example of a cyclone track with a 12-h gap. SLP (hPa) is shown, 
and the arrow points at the position of Extratropical Cyclone Martin. The 
panels correspond to different times: (a) 0600 UTC 26 Dec, (b) 1200 UTC 26 
Dec, (c) 1800 UTC 26 Dec, (d) 0000 UTC 27 Dec, (e) 0600 UTC 27 Dec, and 
(f) 1200 UTC 27 Dec 1999. At time instances (d) and (e) no closed isobars are 
discernible; that is, no cyclone can be identified [taken from Graf (2010)].
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cyclogenesis and cyclolysis events. To circumvent 
this problem of artificial gaps, we allow for 6- or 12-h 
gaps along a cyclone track. Hence, the cyclone track 
is not interrupted in between, and the location is 
linearly interpolated from the nearest time instances 
with closed isobars. Schematically, this is shown in 
Fig. ES13b, and in a real-case example it improves the 
track for Extratropical Cyclone Martin (Fig. ES14).

Finally, the cyclone tracks are filtered according 
to their lifetime. All cyclones living less than 24 h 
are removed from the database. Requiring a minimal 
lifetime ensures that transient cyclones, for example, 
associated with thermal lows, are neglected. Except 
for this, no other filter is applied; in particular, we 
do not require the cyclone to reach a minimal depth.

Identification of PV streamers. PV streamers are identi-
fied on a stack of isentropic surfaces (305–370 K, in 
steps of 5 K). To this aim, PV is first interpolated from 
ECMWF model levels to these isentropic levels, and 
then the 2-PVU (1 PVU = 10–6 K kg–1 m2 s–1) isoline 
on each isentropic surface is extracted. Based on these 
2-PVU contours, PV streamers are identified as nar-
row, elongated sections along the contour, as already 
described in Wernli and Sprenger (2007). Since its 
initial development, the algorithm was improved in 
several aspects, which were partly outlined in Sprenger 
et al. (2013). The aim of this section is to provide an 
updated and thorough description of the improved 
methodology. The following section is split into the 

three distinct steps of the algorithm, that is, (i) the 
extraction of the 2-PVU contour; (ii) the identification 
of narrow filaments along the contour, including some 
surgery steps to well capture the PV streamer from its 
“base” to its tip; and (iii) the labeling of all grid points 
within the narrow filament as a PV streamer.

Fig. ES15. PV (in PVU) on the 320-K isentrope at 0000 
UTC 1 Jan 2000 (color shaded). Additionally, the initial 
(blue), intermediate (magenta, gray, blue), and the 
final (black) steps of the contour extraction are shown. 
The black line corresponds to the 2-PVU isoline with 
a resolution of 75 km.

Fig. ES16. PV (in PVU) at 320 K at 1200 UTC 1 Jan 2000. The 2-PVU contour is marked in black, and a (a) 
stratospheric and (b) tropospheric PV streamer is marked in magenta. The grid points within the PV stream-
ers are marked in white.
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extraction oF the 2-pVu contour on an iSentropic 
SurFace. The contour extraction used in Wernli and 
Sprenger (2007) relied on a contour searching algo-
rithm developed for the identification of closed isobars 
around extratropical cyclones (Wernli and Schwierz 
2006). This algorithm was adapted to the PV field on an 
isentropic surface. Basically, this approach determined 
an initial point on the 2-PVU isoline and then used the 
local gradient of the PV field to advance the contour 
forward in a direction perpendicular to this gradient. 
If the advancing contour reached its starting point, a 
closed 2-PVU contour was found. Particularly in the 
case of noisy PV fields, some smoothing was necessary 
to successfully close a contour.

In contrast to this local approach, the contour 
searching algorithm used in this study applies a 
“global” approach. First, it defines a circular initial 
contour within the 2-PVU “reservoir” (stratospheric 
body on an isentropic surface), typically centered over 
the North or South Pole. The vertices (longitude and 
latitude points) of this initial contour are equidistant-
ly spaced at a 75-km interval, which is well adapted 
to the resolution of the ERA-Interim dataset. The al-
gorithm further proceeds in expanding this contour, 
always keeping a vertex distance of 75 km, until it 
reaches the 2-PVU isoline. There the contour remains 
“anchored,” of course allowing it to be expanded in 
other directions. The algorithm is global in the sense 
that no local gradients of the PV fields are required. 

It also works reliably if the 
PV field is not smoothed 
prior to the contour ex-
traction. As an example, 
some expansion steps are 
shown in Fig. ES15. The 
starting contour is centered 
over the North Pole and 
still located fully inside 
the stratospheric reservoir. 
The expanded contours at 
iteration 20, 40, and 60 have 
partly already reached the 
2-PVU contour and remain 
anchored there. The final 
contour (in black) clearly 
captures the full complex-
ity of the outer boundary of 
the stratospheric reservoir.

In the contour extrac-
tion algorithm, some (tech-
nical) subtleties have to 
be considered. First, the 
stratospheric reservoir 

(with PV > 2 PVU) might not cover the pole, that 
is, the starting positions cannot be defined as a cir-
cumpolar contour. In this case, the starting contour 
is shifted to the nearest stratospheric reservoir and 
expanded from there. A further problem arises if 
tropospheric cutoffs, that is, closed regions with 
PV < 2 PVU, are located inside the stratospheric res-
ervoir.2 If not taken into account, the expansion would 
erroneously stop at the cutoff ’s boundary. To circum-
vent this, all tropospheric cutoffs are “filled” with PV 
values >2 PVU, thus allowing the expansion to pass 
over these regions unimpededly. The same applies if 
the isentropic surface intersects the topography and 
this intersection is fully embedded in the stratospheric 
reservoir, which typically occurs over the Himalayas. 

Fig. ES17. Schematic diagram showing the PV streamer identification [re-
drawn and extended from Wernli and Sprenger (2007)]. Narrow sections (d) 
along a narrow filament of the 2-PVU isoline (l) are identified. The bold part 
of the 2-PVU isoline acts as a first-guess boundary of a (stratospheric) PV 
streamer. Note that the marked PV streamer field, that is, the area within 
the narrow filament (dashed), extends from this “middle,” narrowest con-
necting line to the PV streamer’s southernmost tip—this is the approach 
used in Wernli and Sprenger (2007). As a refinement, a “surgery” algorithm 
is applied in this study. It aims to extend the PV streamer area to a better 
guess of the PV streamer’s baseline (b), connecting the two edges B1 and B2 
on the 2-PVU contour along a semicircle on the globe.

2 Tropospheric cutoffs are identified on an isentropic surface in 
the following way. First, all grid points with PV < 2 PVU are 
labeled. Second, a single (and arbitrary) labeled grid point is 
chosen and all grid points with PV < 2 PVU and connected 
to the initially chosen grid point are attributed to the same 
low-PV feature. Then, this step is iteratively repeated with a 
new labeled grid point that is not yet attributed to a low-PV 
feature, until all grid points with PV < 2 PVU belong to a 
unique low-PV feature. The largest of these low-PV features 
coincides with the tropospheric part on the given isentropic 
surface; all other low-PV features must be tropospheric cut-
offs within the stratospheric reservoir. For further details, 
see Nieto et al. (2008).
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Finally, some care must be taken that the expansion 
step leads from a given contour to a new and mean-
ingful one. Thereby, we define “meaningful” in the 
sense that a contour is not allowed to exhibit some 
self-crossing. To exclude this violation at expansion, 
checks are performed to remove all self-crossings.

identiFication oF narroW FilaMentS along the 2-pVu 
contour. PV streamers are identified as narrow fila-
ments along the 2-PVU contour. More precisely, first 
two points along the contour are searched that are 
separated at most 1,500 km along a semicircle along 
the globe, but at least 2,000 km along the contour. 
This approach was applied in Wernli and Sprenger 
(2007) and is also the first step of the refined method 
presented in Sprenger et al. (2013). As an example, 
Fig. ES16a shows a stratospheric PV streamer on the 
320-K isentrope. The base points of this streamer (of 
which the distance along a semicircle is 1,500 km) 
are marked as large magenta points, and all grid 
points within the PV streamer are marked as white 
points (see next subsection). In this case, the two base 
points already agree well with the ones one would 
subjectively determine. Hence, no further surgery is 
necessary. The second example (Fig. ES16b) shows 
the tropospheric PV streamer at the same isentropic 
level and time instance. In this case the base points 
are objectively extended by the algorithm (as de-
scribed below). Here, the extensions might not be 
particularly important. It can become so, however, 
if a streamer tends to narrow and finally cuts off 
from its stratospheric or tropospheric reservoir. Note 
that the schematic diagram in Wernli and Sprenger 
(2007) indeed shows an identified stratospheric PV 
streamer that takes its smallest width somewhere in 
the “middle” [Fig. ES17 is redrawn from Wernli and 
Sprenger (2007) and shows the PV streamer part as 
the dashed region].

At the end of the surgery step, a section along 
the 2-PVU contour is identified as a PV streamer. 
Typically, more than one streamer is identified along 
the contour at a specific time instance. In fact, the 
part of the 2-PVU contour classified as a PV streamer 
can become very large if the lowest (~300 K) isentro-
pic surfaces are considered. There, the whole concept 
of a PV streamer becomes questionable, and therefore 
we neglect all time instances where the fraction of 
the PV contour classified as a streamer exceeds 0.8.

laBeling oF FilaMent area aS pV StreaMer. In the 
final step in the PV streamer identification, the grid 
points (i.e., all longitude and latitude points of the 

ERA-Interim grid) are marked if they belong to the 
streamer or not. To this aim, the two edge points of 
the PV streamer contour are connected by the semi-
circle baseline. Given a closed contour on the sphere, it 
is straightforward to determine for each grid point if 
it is located within or outside. Here, we adopt a simple 
geometric approach. To decide whether a specific grid 
points falls within the closed contour, we connect it 
with all the vertices of the enclosing contour, resulting 
in a succession of “radial” vectors. Finally, the accu-
mulated angle is determined. For a grid point within 
the closed contour, the accumulated angle becomes 
360°, whereas it sums to 0° for any grid point outside.
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