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The equatorward breaking of Rossby waves is a frequent feate of the
synoptic-scale circulation over the North Atlantic. It often creates upper-
level disturbances at low latitudes that can cause heavy pegitation in the
Mediterranean region and Saharan dust outbreaks. The pres# study is the
first to systematically explore the enormous dynamical infanation content of
12-years of data from the operational ensemble predictionystem (EPS) of
the European Centre for Medium-Range Weather Forecasts fothis particular
atmospheric feature. Dynamical precursors, forecast quatly and predictability
are investigated using a range of verification and analysisobls based on
potential vorticity (PV). The main conclusions from this wak are: (i) The
EPS shows an underdispersive behaviour in the subtropics ding PV streamer
events. (ii) There is a tendency of too weak Rossby wave break and therefore
a northward shift of the streamers in the forecast. (iii) Stong PV streamers
in the medium-range forecasts are preceded by an active waueain in the
subtropics, strongly positively titled PV anomalies in the extratropics and
latent heating upstream of the PV streamer. There are no cleaindications
that blocking downstream is an important factor in contrast to other studies.
Analysis tools developed specifically for EPS data in this stly such as ensemble
correlation techniques could be applied to other atmosphec phenomena in the
future. Copyright (©) 2012 Royal Meteorological Society
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1. Introduction

Rossby wave trains are the dominant dynamical feature ofipiper troposphere in the mid-latitudes (e.g. Hoskins and
Ambrizzi 1993). They usually propagate eastward with theamféw, and their associated ridges and troughs are related
to high- and low-pressure systems at the surface. In casesmsfinear amplification, Rossby wave breaking (RWB)
can occur. The regions with the highest occurrence of RWBaathe downstream end of the storm tracks (Wernli and
Sprenger 2007). Berggreat al. (1949) (reproduced by Rossby 1959) were among the first tev e propagation of a
Rosshy wave train over the North Atlantic, its amplificateomd the non-linear wave breaking. The fastest Rossby wave
propagation is connected to the jet stream, which acts asvaguale (Schwierzt al. 2004b) and coincides with the

strongest isentropic gradients of potential vorticity JPWhich characterise the extratropical tropopause (Hed al.
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Equatorwards breaking Rossby waves in the ECMWF EPS 3

1985). RWB can result in elongated tongues of high-PV s$gteric air extending equatorwards and downwards into
the troposphere, sometimes referred to as PV streamersy Wisalised modelling, Daviest al. (1991) and Thorncroft

et al. (1993) demonstrate that PV streamers can form through drgrdics as part of the life cycle of baroclinic waves.
Diabatic heating can intensify the area of low PV upstreahi¢ctvin turn can modify the development of some real-world
PV streamers (Stoelinga 1996; Massacahal. 2001). The diabatic heating is often associated with warmvegor belts
(WCBs), areas where warm and moist air is advected polevadread of the cold front of an extratropical cyclone (cf.
e.g. Browning 1990; Carlson 1998). The air is then liftedinpper levels above the warm front, where it can either turn
right or circulate around the centre of the cyclone. Clinwgal studies (e.g. Eckhardt al.2004) showed that the North
Atlantic is a preferred region for WCB occurrence.

Furthermore, model sensitivity studies showed that dowast blocking over Europe can be crucial for a PV streamer
penetration into low latitudes (Meier and Knippertz 2008)mospheric blocking involves a vertically coherent and
quasi-stationary high pressure system in the extratropib®se amplitude is large enough to disrupt the prevailing
westerly circumpolar flow (Schwieet al.2004a). High-P\air arriving from the west can be forced to spread southward.
According to Pelly and Hoskins (2003), the essence of atimarsp blocking is the poleward advection and subsequent
cut-off of subtropical air induced by poleward RWB.

The number of northern hemispheric PV streamers peaks imsuniPostel and Hitchman 1999; Abatzoglou and
Magnusdottir 2004; Wernli and Sprenger 2007). However, BR¥asners that penetrate far into the subtropics mainly
occur during boreal winter and spring and cluster over therakand eastern Pacific Ocean, and the eastern Atlantic
Ocean and Mediterranean Sea (Kiladis and Weickmann 199ugkivand Polvani 2000; Froehlich and Knippertz 2008).

These subtropical PV streamers are often connected toilmgaet weather events. Poleward moisture transport east
of PV streamers can lead to heavy precipitation and floodirmy (Tripoliet al. 2005; Knippertz and Martin 2005, 2007).
Studies for the European Alps (Massacahal. 1998; Fehimanet al. 2000; Hoinka and Davies 2007) have shown that
heavy precipitation events are closely related to elomgstit@tospheric intrusions over western Europe, althowglalh
PV streamers produce such events. Margusl. (2006) found a link between longer-lived PV streamers arehigr
amounts of accumulated precipitation as well as a highdvahility of intense precipitation events. At low latitudey
streamers can trigger tropical convection (Kiladis anddiigiann 1992; Slingo 1998) as well as mid- and high-levelpole
and eastward extending cloud bands from the Tropics intsuléropics denoted as Tropical Plumes (Iskenderian 1995;
Knippertz 2005). Large-scale Saharan dust outbreaks ataersignificant meteorological phenomenon associatéd wi
PV streamers penetrating into the subtropics (Bagktal. 2005; Slingcet al.2006; Knippertz and Fink 2006). Thorncroft
and Flocas (1997) found that PV anomalies arising "natyiralliring wave breaking can trigger cyclogenesis over the
Sahara with high winds and low visibility along the cold ftoRV streamers west of the Alps extending into Africa can
initiate dust emission, transport and deposition on Algjlaeiers (Sodemaret al. 2006).

To the best of our knowledge this study is the first to inveggdow-latitude PV streamers over the North Atlantic /
Mediterranean region using ensemble predictions. Thethrain objectives of this study are: (i) to assess the acgurac
of the forecasts with regard to position and intensity, dadlependance on lead-time; (ii) to assess predictabitygu
the spread of the ensemble as an indicator; (iii) to invagtidactors that control the penetration of PV streamersvo |
latitudes and how they influence the PV streamer forecasts.

Ensemble forecasts have been explored relatively littldyinamical research studies so far. For example Matsueda

(2009) studied the predictability of atmospheric blockewgnts, while Froude (2010) concentrated on the prediction
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4 L. Wiegand and P. Knippertz

Table 1. Main changes to the ECMWF EPS during the study pei@®¥ to 2008. The abbreviations used in the table are: SVgukinvector;
NH/SH = northern/southern hemisphere; TR = Tropics; Tx angular truncation at total wavenumber x; TLx = as Tx but Miitear reduced
Gaussian grid; HRes/VRes = horizontal/vertical resohytlok = vertical level; SP = stochastic physics.

Date Characteristics of SVs Forecast characteristics
HRes VRes Target Area| HRes VRes SP
Dec 1996| T42 L31 NH + SH TL159 L31 No

Oct 1998 K K K ? K Yes
Oct 1999 K L40 " ? L40 K
Nov 2000| ~ K " TL255 " K
Jan 2002 " " NH+SH+ TR ? K i
Feb 2006| ~ L62 K TL399 L62 i

extratropical cyclone tracks. Ensemble techniques wesedperationally implemented in the 1990s, such that tha dat
record is now long enough for a statistically meaningfuleisiigation of specific weather systems. As the individual
ensemble members start from initial conditions within thage of possible states of the atmosphere all forecasts are
realistic realisations of possible evolutions. This alloan assessment of physical mechanisms and of predictaiylit
guantifying the sensitivity to initial conditions. Severew diagnostic tools specifically designed for the analysi
ensemble data are developed and tested as part of this study.

The paper is structured as follows: Section 2 describes #te dnd methods. A climatology of PV streamers is
discussed in section 3. Section 4 investigates the forgeai&irmance including root-mean-square-error (RMSEpagh
comparisons, impacts of model changes and a discussionadilsgdisplacement errors. In section 5 an ensemble

correlation analysis is presented to identify dynamicatprsors. Conclusions are drawn in section 6.

2. Data & Method

This section describes the data used with a focus on the tigmeabEnsemble Prediction System (EPS) of the European
Centre for Medium-Range Weather Forecasts (ECMWF; se2tibn Furthermore a method to identify PV streamers and

its adaptation to EPS data is discussed (section 2.2).

2.1. ECMWEF Ensemble Prediction System

The main data used in this study are forecasts from the EP&&EECMWF. The EPS became operational in December
1992 with 33 members and one forecast per day at 1200 UTC asspgctral resolution of T63L19, i.e. truncation at
wave number 63 (corresponds+d 80 km grid spacing) and 19 vertical levels (Palraeal. 1993; Molteniet al. 1996).
One member, the so called control forecast, was initialisgll the operational analysis. The remaining 32 members
were calculated from perturbations applied to this analyBuizzaet al. 1998; Barkmeijeret al. 1999). Buizzaet al.
(1998) found that increasing ensemble size and model résolimprove the ensemble skill. Therefore in December
1996 the operational system was upgraded to 51 members soidtien was increased to TL159L31. In order to avoid
complications with comparing results based on differembbers of ensemble members, this study uses forecasts feom th
12-year period January 1997 to December 2008 only. Alth@ugtently forecasts are started twice daily, only 1200 UTC
data is used here in order to be compatible with the earlygfatte record. Lead-times of up to 10 days (240 hours) are

investigated.
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Equatorwards breaking Rossby waves in the ECMWF EPS 5

Table 1 summarises the main changes to the ECMWF EPS duithgdtiod (based on documentations available from
the ECMWF websité). The horizontal resolution of the ensemble forecasteim®ed from TL159 to TL255 in November
2000 and to TL399 in February 2006, while the vertical reSofuincreased from L31 to L40 (October 1999) and then to
L62 (February 2006). Within this study all fields are intdgied to a 2.5 by 2.5 latlon grid. At ECMWEF perturbations
to the operational analysis are calculated using the simguglctor (SV) technique (Palmet al. 1993). The horizontal
resolution of SVs has remained T42 since the mid-1990shleutértical resolution increased from L31 to L40 in October
1999 and to L62 in February 2006. The optimisation time is d8rk for the period considered here. Originally SVs
were only computed for the northern and southern hemispegtiatropics poleward of 30but in January 2002 targeted
moist SV calculations in the tropics have been added. Teass the ensemble spread by accounting for model errors, a
'stochastic physics’ scheme was implemented in Octobe8 {BAizzaet al. 1998).

The changes to the operational system discussed above thgilyhe dataset analysed here is strictly speaking not
homogeneous. This is clearly a limitation of this study ameré¢fore some caution must be taken in interpreting Statist
comprising the whole time period. Section 4.2, howevernshthat the changes to the forecast quality are not nechssari
monotonic with system updates, particularly not for longad-times. In addition, it should be noted that as long eseth
is no long-term comprehensive ensemble hindcast datasetthe operational EPS data is the only option for the kind of

study presented here.

2.2. PV Streamer ldentification

For the identification of significant upper-level disturbas at low-latitude, an adaptation of the algorithm desctiin
Wernli and Sprenger (2007) is used, which is based on cositafusentropic PV equals 2 PVU (Potential Vorticity Unit,
1PVU = 10°m?s~'Kkg~1), a widely used definition of the dynamical tropopause (Agpenzelleret al. 1996). On
the synoptic scale the full Ertel PV is usually well approgied by the product of vertical stability and absolute caiti

vorticity in pressure coordinates.

00

Pvpg*Q%'(f+§)a 1)

wheref is the Coriolis parametey, the gravitational acceleratiog,relative vorticity andO potential temperature with
the latter two being a direct output from ECMWF model datatil2006 the ECMWF EPS data were only archived at
five pressure levels (50, 200, 500, 700 and 925 hPa). Constyueper-level PV has to be approximated by the rather
crude formulation below involving the 200 and 500 hPa lewelly:

_,99

©500 — O200

&500 + €200
300hPa (F+ ) 2)

UPV =
2

(f+&)=—g

A comparison between UPV and PV using all currently avadaBCMWF model levels shows generally similar
geographical structures but somewhat smaller absolutgesalnot shown). This suggests that the rather simplified
parameter UPV can be used for PV streamer identificationlgfjaate adaptions are applied.

The algorithm by Wernli and Sprenger (2007) checks for eypaty of contour points whether the spherical distance
between the two pointd is smaller than a threshold D =800 km while the distance atbegcontout is larger than a

threshold value L =1500 km (cf. Figure 1 in Wernli and Sprer2f#07). If both criteria are fulfilled, the area bordered by

*http://www.ecmwf.int/products/data/technical/madefindex.html, 03 February 2011
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320 K (DJF, sS+1S) | | e L 11

a)

i

Figure 1. Winter mean (DJF) frequency of PV streamers in % (gray sligd{ia) Taken from Wernli and Sprenger (2007) using PV on 326rkhe
ERA-15 time period 1979-1993 (black solid lines are freaies of PV cut-offs not relevant to this study) and (b) usingWfrom the operational
analysis during the study period 1997-2008.

this part of the contour line and the spherical line betwéertwo points is defined as the PV streamer. To account for the

systematically lower UPV compared to full PV, 1.5 PVU wasdisestead of 2 PVU.

Figure 1 shows a comparison between the original results Yirnli and Sprenger (2007) based on ECMWF ERA-15
re-analysis and the adapted algorithm using UPV calculiated twice daily operational analysis over the study period
of this paper (1997-2008) for the winter months Decembeetarrary. Absolute numbers and geographical distribution
agree well, despite the differences in time period and ifleation algorithm. Maximum frequencies are found over the
Mediterranean Sea stretching into adjacent Europe, AfnithAsia. A secondary maximum occurs over North America

stretching into the adjacent North Pacific and Atlantic Ocea

These results are used for detecting suitable PV streanmdgs to study EPS forecast performance using a simple
tracking algorithm searching for spatial overlap of PV atners during consecutive 12 or 24 hour time steps (i.e. one
analysis time with no identified streamer is tolerated). Ais@de must consist of at least two identified streamersiit
a given episode the southernmost PV streamer point is egjtorbe to the south of 278 and between 3W and 30E
meridionally (solid box in Figure 2) to filter out streamerittwextreme equatorward extensions. This procedure ifiehti
101 episodes, 52 of which were merged due to close proximitynie, ultimately giving 75 sufficiently independent
episodes. One analysis time out of each episode was theectiubly selected as a verification time for the EPS analysis
based on the following criteria: (i) southernmost extens{@) highest intensity, (iii) largest extension, (iv)ghiest impact

on weather, e.g. precipitation and or dust mobilisation.

Figure 2 shows an example episode in February 1998, whiclthascterised by a high-amplitude ridge over central
Europe and an anticyclonic wave breaking downstream. Tbagly positively tilted PV streamer that formed from this
RWB (marked with thick black lines) slowly moved from the Miedranean Sea (Figure 2a) into northeastern Africa
within the two days shown. Despite the clear connection éprevious and subsequent times, the algorithm fails to
identify the streamer at 0000 UTC 19 February (2b), which &nty due to the widening of the 1.5-PVU contour over
Turkey. The deepest PV intrusion took place at 0000 UTC 20u=zek (Figure 2d), but as this time step is not available in
the EPS data, the previous 1200 UTC 19 February 1998 (Figine&s selected as verification date.

Copyright(© 2012 Royal Meteorological Society
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1200 UTC 18 Feb 1998 0000 UTC 19 Feb 1998
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Figure 2. Example PV streamer episode from 1200 UTC 18 (a) to 0000 UTEetfuary 1998 (d)The shading is UPV in PVUThick black lines:
Identified PV streamer contouf&entification done with an adapted algorithm from WermldeSprenger (2007). For details see texlack solid
rectangle: area that PV streamer need to reach during andepis be considered for this study’(027.5°N, 30°W - 30°E); black dashed rectangle:
GFB used for verification as defined in section 2.3.

2.3. \Verification methods

Different methods are used to verify the forecast perforreasf the ECMWF EPS. These are mainly based on simple
RMSE calculations using UPV and 500 hPa geopotential hefgkarger geographically fixed box (referred to as GFB
and SRB from now on) and a smaller system-relative box (SRB)ised for the computations. The former bordefd\49

0°S and 40W —40°E and covers the eastern Atlantic, southern Mediterraneara8d northern hemispheric Africa (cf.
dashed rectangle in Figure 2). The latter is only fixed in tbehern and southern borders (ADand 25N), while the
fixed east—west dimension of 2& centred on the longitude where the box contains the maximumber of streamer
grid points. Only central longitudes betweerf@0and 30E are considered. The SRB is used in sections 4.3 and 5. In

addition, the actual streamer area (bordered by thick Hiaek in Figure 2) within GFB is used in section 4.1.

3. Climatology

Figure 3a shows the interannual distribution of the 75 calkadified in section 2.2 for the years 1997 to 2008. Averaged
over the 12 years 6.25 PV streamers occur per year, varyang four (2000, 2003 and 2004) to nine (1999 and 2008).
There is no clear trend or periodicity in this rather sharnigiseries. As expected low-latitude streamer activity ifioed

to boreal winter and spring from November to April (Figure).3Maximum total numbers of 24 occur in January
corresponding to 2 on average per year. The annual cycle iislyrdue to seasonal variations of temperature in the
extratropics and the associated shift of the tropopausksansequently the North Atlantic storm track. This disttibn

is consistent with various other studies as discussed tioset (Froehlich and Knippertz 2008, e.g.).
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Figure 3. Number of PV streamers per a) year, b) month and c) longitué&e steps from 30W - 30°E identified in ECMWF operational analysis data.
The identification of the PV streamers is described in detakection 2.2.

The distribution of the streamer position, defined as théredongitude of SRB (see details in section 2.3), for all ¥5 P
streamer cases irf Jongitudinal steps shows a clear increase from west to Eagire 3c), consistent with the horizontal
distribution shown in Figure 1b. The maximum is found ovex Western half of Egypt (between Z5and 30E) with
20 cases over the twelve years examined. Together with beiging eastern Libya (2& to 25°E), which has 14 cases,
nearly half of all PV streamers under study are placed withi® 10 longitudinal zone. The rest of the cases, except for
two Atlantic streamers, are identified between the westtaifddorocco (~ 15°W) and the Gulf of Sidra (2(E) with the

majority falling to the east of the Strait of Gibraltar. Theotoutliers over the Atlantic are both located~aB0°W.

4. Forecast performance

4.1. RMSE-spread comparison

A well-configured EPS should be non-dispersive. A widelydiselicator for this is that the RMSE of the ensemble mean
is of a magnitude similar to the spread (standard deviationemmber forecasts) (Leutbecher and Palmer 2008). A smaller

(larger) spread is called underdispersive (overdispe)sighaviour.
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Figure 4. Comparison of RMSE (solid lines) and spread (dashed lirmsjhe 1- to 10-day ECMWF ensemble forecasts. RMSE and spweael
averaged over 75 PV streamer cases and calculated for thbl&k (ines with open circles) in GFB (defined in section 2BY restricted to the PV
streamer area within GFB (black lines with filled circlesfajeopotential height at 500 hPa in GFB (grey lines).

Such a comparison, averaged over all 75 PV streamer cast®yvis in Figure 4 using UPV and 500 hPa geopotential
heightin the GFB as well as the area of the analysed PV streaitién the GFB as explained in section 2.3. In all three
cases the RMSE and spread grow with lead time as expected@vénal behaviour is strongly underdispersive. Wiegand
et al. (2011) studied a PV streamer case in May 2008 and found thdsrdispersive behaviour in all EPS within the
TIGGE archive. The RMSE and spread values for UPV in the P&astier area are nearly twice as large as those for UPV
in GFB and keep increasing almost linearly for longer ldates. The main reason for this behaviour is the generally low
UPV south of 40N (northern border of GFB), implying that the streamer citatgs a large anomaly. For grid points
away from the PV streamer the differences between the fetecal the analysis are generally small, independent of the
quality of the forecast, leading to lower spatially aveihgalues in a larger box. The continued growth of RMSE for
UPV in the analysed PV streamer area implies consideraffeg@ices in location and or intensity at longer lead-times
although the sharp gradients at the edges of PV streamersaoae large RMSE, even for relatively minor spatial shifts
already. To further investigate this, GFB values based dnh®B@& geopotential height, which is used by the majority of
studies on EPS evaluation (Buizegal. 2005, e.g.), are shown. Due to the continuous nature of geopal height fields
RMSE and spread keep growing more linearly with lead time foa UPV and therefore show a behaviour more similar
to the UPV within the analysed PV streamer area values. Thager increase of spread at long lead-times suggests less

underdispersive behaviour than the UPV diagnostics.

4.2. Impacts of model changes

This section focuses on an investigation of changes in EFSrpeance for low-latitude PV streamers with changes to the
operational forecasting system (e.g. resolution, sirrgtdators etc., see Table 1 for details).

Figure 5 shows RMSE and spread calculations using the GFBiXaronsecutive periods bordered by major model
changes. The legend shows that the number of PV streamaentfiet in each period varies from 5 to 25. Therefore
particularly the two middle periods with 5 and 6 identifiedt®ms, respectively, should be regarded with some caution.

For short lead-times (24 h to 72 h) there is a clear decrea®MSE for later model versions, particularly associated
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Figure 5. Comparison of RMSE (bars) and spread (white lines withirsjofar the 1- to 10-day ECMWF ensemble forecasts separatedemporal

sections based on EPS changes with time (Table 1). RMSE aeddspere averaged over all 75 PV streamer cases and oveFBégsS black lines
with open circles in Figure 4).

with the increase in horizontal resolution to TL255 in Nov®n2000. The spread for these lead-times remains almost
constant, leading to a considerable improvement of the ndiigfgersive behaviour of the EPS. For longer lead-times
the earliest period (January 1997 to October 1998) remhmpoorest forecast and a general improvement with model
version is evident, although not strictly monotonic. Thamges in spread are more varied with a notable marked drop
in the November 1999 to November 2000 period. Improvementise underdispersive behaviour at long lead-times are
small. The introduction of stochastic physics in Octobe®8 8oes not show a clear increase for our analysis, but the

introduction of tropical SVs in January 2002 does.
4.3. Displacement errors

To study a possible displacement error in the PV streamecésts, the SRB as defined in section 2.3 is shifted in steps
of 2.5° over the forecast field in all four directions before diffeces in box averaged UPV to the verifying analysis are
calculated. Figure 6 shows the results for four differeatiitimes. Squares stand for higher/lower averaged PV salue
inside the shifted box than in the analysis. The PV streamprddicted correctly in terms of averaged UPV if there is no
square. The squares in the middle of each plot show diffeewithout any shifting. These grow with lead-time, reflegti

the general increase of forecast error evident from FiguF®#24 h the smallest square is in the centre of the plot (Eigu
6a), indicating accuracy in position and amplitude. Nodhavshifts of the SRB in the forecasts lead to slightly higher
values, while southward shifts lead to dramatically lon&iues. This is to be expected from the low background values

in the subtropics, where the streamers constitutes a largmaly. Interestingly, there is a small east—west asymmetr
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Figure 6. Analysis of displacement errors. Difference between SRBayed UPV of displaced forecast fields and analysis fieldsllf@5 PV streamer
events. The figures show the results for lead-times of (a) 896 h, 144 h and (d) 216 h.

that suggests a slight tendency for eastward displacemeheiforecasts. For the longer lead-times there is a general
shift to more blue colours indicating a weakening of theastrers in the forecasts (Figures 6b—d). At the same time the
east—west asymmetry grows, eventually indicating low#fgrénces for boxes shifted by 5 degrees to the north antd eas
in the forecasts. This suggests too weak RWB and too littheefyation of the typically positively tilted streamersarow

latitudes.

5. Ensemble Correlation Analysis

This section focuses on the identification of dynamical prears for PV streamers over Africa using an ensemble
correlation approach. Following previous work the analysill concentrate on Rossby wave amplification, downstream
blocking and diabatic heating upstream. The method wilbj@aened in section 5.1 followed by an example case study

in section 5.2 and a statistical analysis in section 5.3.

5.1. Method

The ensemble correlation method is adapted from Hawbkitzal (2007) who used correlations between different forecast
variables to investigate precursors for successful ptiedis of convective systems. Here, the linear correlatietween

different forecast variables is investigated in the follogway:
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N
v 3 (et —ofy) (nPvaid - PVERE)
t n=
., PV = T 1 3
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x5 (- ) ] v 3 (v - PV |

The first key variable i§ PVZ$52. It denotes the 168 hour forecast of UPV from it EPS member averaged over
the SRB as defined in section 2.3 for one of the identified steza. A 7-day lead time was chosen to give the ensemble
enough time to spread significantly to ensure stable cdiveta The second variablg ; is the forecast of an atmospheric
variablex at grid pointi, j from the sameith member at an earlier lead-timeThe correlation is computed over all
N =50 EPS members.

As an example 290 r?fjh is described hereafter to point out the essence of the etioelapproach. Areas where this
correlation is positive implythat ensemble members haaaelatively high geopotential height at 200 hPa (Z200) at a
given grid pointi, 5 48 hours into the forecast will develop a stronger PV streamél the verification time, i.e. higher
SRB-averaged UPV at 168 hours. Negative correlations atelithe opposite behaviour. This way dynamic precursors
for particularly strong streamer developments can be eteddafrom a set of realistic realisations of the full nonetm
evolution of the atmosphere, although, of course, coimglatoes not necessarily imply a causal relationship. Nuodé t
theamplitudeof the correlation will be somewhat sensitive to the enseraptead iPV4 55" . Ensemble correlations were
computed for all 75 identified PV streamers, for lead time4&f72, 96, 120, 144 and 168 hours and for the atmospheric
variables UPV, geopotential height at 200 hPa (Z200), edent potential temperature at 850 hPa (THE850) and vértica
wind at 700 hPa (w700). While the former is considered to atet@ve amplification and blocking, the latter two give

indications for upstream latent heating.
5.2. Example Case

Figure 7 shows the example streamer episode of 0000 UTC Oéritlegr 2005, which nicely illustrates some of the main
aspects of the ensemble correlation approach. Initiaisdime for this case is 0000 UTC 24 November 2005.

The black lines in all panels of Figure 7 show UPV contours &PVU taken from ECMWF analysis for better
orientation. They show that the PV streamer over northwesidrica forms from the zonal compression of a broad,
almost stationary, high-amplitude ridge / trough pattevarahe North Atlantic / western Europe associated with the
approach of a short-wave trough, which moves from aroundfblemdland into the central North Atlantic during the last
four days of the development. There are indications for #waard cyclonic wave breaking over the North Atlantic digrin
30 November and 01 December 2005.

Let us begin the discussion of the ensemble correlations thi evolution at 200 hPa (top row). On 26 November
(48 hours into the forecast) ensemble members that ultljndéyelop the strongest PV streamers are characterised by
a wave train pattern in the subtropics with a broad ridge (ima, marked as A) over the North Atlantic, a trough
over southwest Europe / northwest Africa (B) and a ridge oegtheast Africa (C), while signals at northern latitudes a
generally weaker. On 27 November (72 hours into the forg@t@ssubtropical wave pattern is still clearly discernjliblew
with a highly negative signal over the east coast of North Acag(E) and a narrower ridge over the subtropical Atlantic
(A%). In addition there is now also a strong signal at higregittdes (A). While the analysed UPV contours suggest a
cyclonic wave breaking over the northeastern Atlantic,éhsemble correlations indicate that ensemble members with

the strongest PV streamers at 168 h develop a stronger astiberd tilt of the ridge (A+). From +96 h onwards the
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subtropical wave pattern is mainly confined to Africa withreugh over the western coast (B), a strong and persistent
ridge over northeastern Africa (C), which might have cdntréd to the streamer intensification by blocking the wéster
flow in the subtropics, and another trough over the Arabianiridela (D), while strongest signals are now generally tbun

in the extratropics. Correlations between +96 and +144 Isistently indicate that members that ultimately develap th
most intense streamers are characterised by (i) a sloweinghand more southward extended trough over the western
North Atlantic (E), (ii) a stronger and more positively ¢itt ridge over the central North Atlantic (A) and (iii) a namer

and more intense trough downstream (B). By the final time +1#6& correlation shows no separation between subtropical
and extratropical wave activity anymore. The pattern galhehas a strong positive tilt indicative of intense wavey

flux towards low latitude. The signal around the PV streamdiciates a higher intensity (by construction), but also an

even more pronounced southward extent.

The middle and bottom panels in Figure 7 show the analogouslations for THE850 and w700 to identify areas,
where latent heating might influence the evolution of theeviewPV. Not surprisingly, the patterns are noisier than for
Z200 and therefore the discussion will be confined to the teangest and most coherent signals. In the early stages the
subtropical wave seen in the Z200 plots creates a distirarnaty of low THES850 air (cooler and/or drier) near the West
African coast, associated with stronger northerlies andkrgeibsidence (marked as F in both bottom panels). The most
coherent feature is the dipole of low THE850 / subsidencehagid THE850 / ascent associated with the trough over the
western North Atlantic from +72h to +144 h (G). The slight tipam shift with respect to the 2200 signal (A) strongly
suggests that latent heating in the region of a polewardp@ of warm moist air contributes to an intensificationtaf t
downstream ridge, which helps to suppress the cyclonic Wwes@king seen in the analysis and fosters dispersion of wave
energy towards low latitudes as discussed above. Durintatitdour days, an area of subsidence and low THE850 (H)
develops underneath and to the west of the actual PV stredimsris an indication of a stronger circulation, but at the

same time could also help the streamer to survive longeralessdiabaticPV reduction in the drier air.

To further illustrate the correlation approach, Figure Bviles a detailed look into two selected member forecasts
(no. 22 and 10) and the corresponding analysis fields for BOE8 0000 UTC on 28 November 2005 (corresponds to
+96 h forecasts; left) and UPV at the verification time, i@dOUTC 01 December 2005 (corresponds to +168 h forecasts;
right). The selected members are chosen according to tiit &Yeraged over SRB with member 22 (10) having one of
the highest (lowest) values among all EPS members. The TeI&8alysis (Figure 8a) four days before verification time
reveals a high-amplitude trough-ridge-trough-ridgegrattovering the North Atlantic and adjacent continentsy iégh
THE850 values of more than 306 K reach Greenland in the distaridge over the western North Atlantic. The two
96 h forecasts match the general pattern reasonably welig$ 8c and e€). The most striking differences are generally
lower THE850 values in the high-latitude troughs, a weaklge over the western North Atlantic, but higher values & th
subtropics around £0V. Member 10 shows indications of a more cyclonic wave bregkind an advection of the tongue

of high THE850 away from Greenland (Figure 8e).

The right panels in Figure 8 depict the corresponding UP\dgidbur days later. The analysis (Figure 8b) shows the
extremely elongated and narrow PV streamer stretching é@miral Europe and the Mediterranean Sea into the Sahara as
discussed in the context of Figure 7. EPS member 22 pretiet8V streamer in fairly good agreement with the analysis,
but a little wider, less extended towards the south and Migihtsy higher values in the tip (Figure 8d). Other featuoés

the UPV distribution, however, are less well matched, faragle the large deviations over Scandinavia and Canada. On
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Figure 8. Comparison of equivalent potential temperature at 850 & &nd UPV (right) for the selected EPS members 22 (c arahd)10 (e and f).
Shown are 96 h forecasts for THE850 (c and e) and 168 h PV fetiecd UPV (d and f) together with the corresponding ECMWFrapenal analysis
(aand b).

the other hand EPS member 10 (Figure 8f) predicts the ougopkr-tropospheric evolution with its ridge-trough-rdg
trough pattern over the North Atlantic and Europe betterclearly misses out on the stretching of the PV streamer from
Europe into Africa. These examples show how a distinct tetdhe +96 h forecasts (here the extension of moist warm
air towards the southern tip of Greenland) can decide abeut¢currence of a later streamer, despite a worse forefcast o

the larger-scale UPV fields.

5.3. Statistical Analysis

After the detailed look into one example case, this sectiontinoues with a combined analysis of all 75 cases.
Geographically fixed mean correlations turned out not te givfficiently significant results, mainly due to the londinal
spread of the streamers betweerr\B0and 30E (cf. Figure 3c). Instead, shifted composites were geedrasing the
central longitudes of the SRBs described at the end of se2ti®as a reference. The resulting Figure 9 is constructed in
a similar way to Figure 7, although correlations are gemhenalich lower.

Again, we begin the discussion with the evolution at uppeelk (top row). Even at +96 h correlations are generally
rather low, suggesting limited case-to-case coherentesagtage of the evolution. Highest values of 0.1 are foustitju
the west of the location of the PV streamer (marked as A) afieation time indicating some tendency towards long-lived
and almost stationary systems. The two most conspicuouaseels of the correlations during the last three days of the

forecast are a coherent wave train in the subtropics (B wa#hdd line) and a zonally elongated, positively tilted tipo
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(C and D) in the extratropics. The former is largely confinethie 20—45N latitude band with three distinct ridges and
troughs, the middle of which is the PV streamer (A). Wavetang about 50 degrees longitude. While the eastern part is
almost stationary, the western part propagates eastwaatidiyt 8 degrees longitude leading to some compression of the
wave as observed for the case study discussed in sectionHg 2xtratropical pattern is dominated by a positive arga (C
moving slowly across the North Atlantic (exact location degs on longitude of streamer) and a negative area (D) to the
southeast of it, which ultimately merges with the middleggdunderneath letter B) of the subtropical wave train. This
creates the anticyclonic wave breaking that helps to fluwitehél wave energy into the subtropical wave train, which
subsequently strengthens downstream and weakens upsireane are no clear indications that downstream blocking
plays a major role as a precursor of the low-latitude PV stiers.

Reflections of the subtropical wave train are evident in THE&nd w700 (middle and bottom panels in Figure 9) from
+120h onwards. The western part shows a clearly baroclinictsire with subsiding cold/dry air between the ridge and
the trough (marked as E) and rising warm/moist air betweertristugh and the ridge (F). Towards the east, structures
become increasingly barotropic with high-THE850 air in tlilges (G/G*) and low-THEB850 air in the troughs (H). This
behaviour could provide an explanation for the propagadiwhdevelopment in the western part that ultimately lead to a
zonal compression of the wavetrain as a whole. It is notdwdhat the THE850 anomalies generally extend farther into
the tropics than their counterparts in UPV and w700, indicggome influence of the wave on the thermodynamics of the
deeper tropics at this level. In the extratropics, the mokecent feature is the cold/dry anomaly (1) over the norgteé
the domain, which is most likely originating over the CargadArtic. It is rather stationary and remains well west of the
UPV signal during the later part of the period, which couldabeeflection of cold air damming by Greenland. There is
little vertical motion associated with this feature. Imteof diabatic modification of UPV by latent heating, the aethe
west and north of the forming streamer (H) stands out as anvaite widespread high THE850 and rising motion (G*)
reaching from the northern tropics beyond the Artic cirtdl@ppears quite likely that this structure helps to redugd/U
in the area of the anticyclonic wave breaking, although t@@@vare generally quite weak and are partly collocated with
positive UPV anomalies. Particularly at the verificatioy @aigure 9h) the shape of the positive THE850 correlatiowi

a narrow root at low latitudes and a spreading at the poleeadds reminiscent of a WCB.

6. Conclusions

This study investigated upper-level PV streamers at loituldés over the Mediterranean Sea/northern Africa dutireg t
boreal winter half-year, where/when these events occut frexguently. In total 75 PV streamer episodes were idedtifie
objectively using a modified version of the algorithm by Weand Sprenger (2007). The main database for this study was
operational ensemble predictions from ECMWF for the pelie86—2008. The three main areas of interest for this paper
were the quality of the forecasts, the predictability of #tmospheric phenomenon and the identification of dynamical

precursors. The main conclusions from this work are:

i As expected, both ensemble spread and RMSE of the ensengale oalculated with respect to the operational
analysis increase monotonically with lead time.

i The ensemble predictions are generally underdisperesgecially for longer lead times consistent with previous
studies for the whole northern hemisphere (Buietal. 2005). A possible explanation for this could be that

forecast errors due to model errors are not representediatiy (Leutbecher and Palmer 2008). However, the
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magnitude of the underdispersive behaviour depends orizb®&the geographical area used for verification and
the parameter used as shown in previous work (e.g. Z500 iextnatropics vs. THE850 in the Tropics). The usage
of PV is complicated by the fact that climatological values generally low in the subtropical troposphere, such
that streamers must be regarded as extreme events, whighreggally underpredicted as models tend to stay closer

to climatology (Toth 1992; Ziehmann 2001).

iii RMSE calculations divided into periods between changeshe operational EPS system showed a general

improvement of the EPS over time.

PV streamers in the forecasts tend to be shifted to thdeast, suggesting too weak Rossby wave breaking leading
to too small meridional extension of the PV streamers.

Ensemble correlation techniques were used to identifyadhioal precursors for low-latitude PV streamers. Results
show a key role of interactions between an active wave traithé subtropics and strongly positively tilted PV
anomalies in the extratropics, which can lead to anticyiclatave breaking and an equatorward flux of wave energy.
There are some indications that diabatic heating in thewwpsaeam of the PV streamer, where the subtropical and
extratropical signals merge, can support the ridge amaliia and wave breaking. The connection with upstream
latent heating is consistent with previous studies on wawelification and breaking (Massacased al. 2001;
Martiuset al.2008). However, some previous studies have also found aortamre of downstream blocking for PV
streamer development (Altenhaft al. 2008; Meier and Knippertz 2009). The ensemble correlatieesgevidence

for a ridge downstream of the PV streamer but the signal apgdete in the forecast and is not stationary. The
subtropical latitudes we concentrated on in this study ateypical for blocking situations and might therefore be
dominated by other dynamical factors.

To the best of our knowledge, this is the first time that endemdrrelation techniques are applied for an analysis of
dynamical precursors of extreme PV streamers. The facetwt of the real-world streamers is represented by 50
physically plausible realisations from only slightly @ifent initial conditions makes it a powerful analysis tdwlit

is able to account for the fully-nonlinear behaviour of thmasphere using a state-of-the-art operational system.
However, the magnitude of the correlation will always be satnat sensitive to the spread of the EPS at verification
time. In other words, if all ensemble members agree on ainaatpect of the forecast, the signal in the correlation
can be expected to be weak. Here, 7-day forecasts are useerification that usually show significant spread in

almost all atmospheric variables. Significantly shortaditimes are not recommended for this type of analysis.

For possible follow-up studies it is important to keep sorh#he limitations of this work in mind. One problem clearly

is the limited availability of vertical levels in the earlyap of the EPS database, meaning that only a crude upper-

level PV can be calculated. The PV differences used for &seevaluation can be misleading, as low PV values in

the troposphere (0-2 PVU) are compared to the high stratsgphalues (2-20 PVU) across the tropopause. Some first

thoughts of using a rescaled-PV formulation instead areudised in Martiugt al. (2010). In addition, it is not desirable

to have a inhomogeneous operational dataset for statistiedyses. It would therefore be interesting to repeat sofme

the analysis presented here with a hindcast dataset rurawaithre recent version of the ECMWF EPS and more vertical

levels. Moreover, applications of the ensemble corratatézhniques to other atmospheric phenomena or geographica

regions would be a valuable extension of this work.
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