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The equatorward breaking of Rossby waves is a frequent feature of the

synoptic-scale circulation over the North Atlantic. It often creates upper-

level disturbances at low latitudes that can cause heavy precipitation in the

Mediterranean region and Saharan dust outbreaks. The present study is the

first to systematically explore the enormous dynamical information content of

12-years of data from the operational ensemble prediction system (EPS) of

the European Centre for Medium-Range Weather Forecasts forthis particular

atmospheric feature. Dynamical precursors, forecast quality and predictability

are investigated using a range of verification and analysis tools based on

potential vorticity (PV). The main conclusions from this work are: (i) The

EPS shows an underdispersive behaviour in the subtropics during PV streamer

events. (ii) There is a tendency of too weak Rossby wave breaking and therefore

a northward shift of the streamers in the forecast. (iii) Strong PV streamers

in the medium-range forecasts are preceded by an active wavetrain in the

subtropics, strongly positively titled PV anomalies in the extratropics and

latent heating upstream of the PV streamer. There are no clear indications

that blocking downstream is an important factor in contrast to other studies.

Analysis tools developed specifically for EPS data in this study such as ensemble

correlation techniques could be applied to other atmospheric phenomena in the

future. Copyright c© 2012 Royal Meteorological Society

Key Words: Ensemble prediction; Verification; Upper tropospheric dynamics; PV streamer; Diabatic

processes; Atmospheric blocking, Ensemble correlation
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1. Introduction

Rossby wave trains are the dominant dynamical feature of theupper troposphere in the mid-latitudes (e.g. Hoskins and

Ambrizzi 1993). They usually propagate eastward with the mean flow, and their associated ridges and troughs are related

to high- and low-pressure systems at the surface. In cases ofnon-linear amplification, Rossby wave breaking (RWB)

can occur. The regions with the highest occurrence of RWB areat the downstream end of the storm tracks (Wernli and

Sprenger 2007). Berggrenet al. (1949) (reproduced by Rossby 1959) were among the first to show the propagation of a

Rossby wave train over the North Atlantic, its amplificationand the non-linear wave breaking. The fastest Rossby wave

propagation is connected to the jet stream, which acts as a waveguide (Schwierzet al. 2004b) and coincides with the

strongest isentropic gradients of potential vorticity (PV), which characterise the extratropical tropopause (Hoskinset al.
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Equatorwards breaking Rossby waves in the ECMWF EPS 3

1985). RWB can result in elongated tongues of high-PV stratospheric air extending equatorwards and downwards into

the troposphere, sometimes referred to as PV streamers. Using idealised modelling, Davieset al. (1991) and Thorncroft

et al. (1993) demonstrate that PV streamers can form through dry dynamics as part of the life cycle of baroclinic waves.

Diabatic heating can intensify the area of low PV upstream, which in turn can modify the development of some real-world

PV streamers (Stoelinga 1996; Massacandet al.2001). The diabatic heating is often associated with warm conveyor belts

(WCBs), areas where warm and moist air is advected polewardsahead of the cold front of an extratropical cyclone (cf.

e.g. Browning 1990; Carlson 1998). The air is then lifted into upper levels above the warm front, where it can either turn

right or circulate around the centre of the cyclone. Climatological studies (e.g. Eckhardtet al.2004) showed that the North

Atlantic is a preferred region for WCB occurrence.

Furthermore, model sensitivity studies showed that downstream blocking over Europe can be crucial for a PV streamer

penetration into low latitudes (Meier and Knippertz 2009).Atmospheric blocking involves a vertically coherent and

quasi-stationary high pressure system in the extratropics, whose amplitude is large enough to disrupt the prevailing

westerly circumpolar flow (Schwierzet al.2004a). High-PVair arriving from the west can be forced to spread southward.

According to Pelly and Hoskins (2003), the essence of atmospheric blocking is the poleward advection and subsequent

cut-off of subtropical air induced by poleward RWB.

The number of northern hemispheric PV streamers peaks in summer (Postel and Hitchman 1999; Abatzoglou and

Magnusdottir 2004; Wernli and Sprenger 2007). However, PV streamers that penetrate far into the subtropics mainly

occur during boreal winter and spring and cluster over the central and eastern Pacific Ocean, and the eastern Atlantic

Ocean and Mediterranean Sea (Kiladis and Weickmann 1997; Waugh and Polvani 2000; Froehlich and Knippertz 2008).

These subtropical PV streamers are often connected to high-impact weather events. Poleward moisture transport east

of PV streamers can lead to heavy precipitation and flooding (e.g., Tripoliet al.2005; Knippertz and Martin 2005, 2007).

Studies for the European Alps (Massacandet al.1998; Fehlmannet al.2000; Hoinka and Davies 2007) have shown that

heavy precipitation events are closely related to elongated stratospheric intrusions over western Europe, although not all

PV streamers produce such events. Martiuset al. (2006) found a link between longer-lived PV streamers and greater

amounts of accumulated precipitation as well as a higher probability of intense precipitation events. At low latitudesPV

streamers can trigger tropical convection (Kiladis and Weickmann 1992; Slingo 1998) as well as mid- and high-level pole-

and eastward extending cloud bands from the Tropics into thesubtropics denoted as Tropical Plumes (Iskenderian 1995;

Knippertz 2005). Large-scale Saharan dust outbreaks are another significant meteorological phenomenon associated with

PV streamers penetrating into the subtropics (Barkanet al.2005; Slingoet al.2006; Knippertz and Fink 2006). Thorncroft

and Flocas (1997) found that PV anomalies arising ”naturally” during wave breaking can trigger cyclogenesis over the

Sahara with high winds and low visibility along the cold front. PV streamers west of the Alps extending into Africa can

initiate dust emission, transport and deposition on Alpineglaciers (Sodemannet al.2006).

To the best of our knowledge this study is the first to investigate low-latitude PV streamers over the North Atlantic /

Mediterranean region using ensemble predictions. The three main objectives of this study are: (i) to assess the accuracy

of the forecasts with regard to position and intensity, and its dependance on lead-time; (ii) to assess predictability using

the spread of the ensemble as an indicator; (iii) to investigate factors that control the penetration of PV streamers to low

latitudes and how they influence the PV streamer forecasts.

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

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

Table 1. Main changes to the ECMWF EPS during the study period1997 to 2008. The abbreviations used in the table are: SV = singular vector;
NH/SH = northern/southern hemisphere; TR = Tropics; Tx = triangular truncation at total wavenumber x; TLx = as Tx but withlinear reduced
Gaussian grid; HRes/VRes = horizontal/vertical resolution; Lx = 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 ” ” ” ” ” Yes
Oct 1999 ” L40 ” ” L40 ”
Nov 2000 ” ” ” TL255 ” ”
Jan 2002 ” ” NH + SH + TR ” ” ”
Feb 2006 ” L62 ” TL399 L62 ”

extratropical cyclone tracks. Ensemble techniques were first operationally implemented in the 1990s, such that the data

record is now long enough for a statistically meaningful investigation of specific weather systems. As the individual

ensemble members start from initial conditions within the range of possible states of the atmosphere all forecasts are

realistic realisations of possible evolutions. This allows an assessment of physical mechanisms and of predictability by

quantifying the sensitivity to initial conditions. Several new diagnostic tools specifically designed for the analysis of

ensemble data are developed and tested as part of this study.

The paper is structured as follows: Section 2 describes the data and methods. A climatology of PV streamers is

discussed in section 3. Section 4 investigates the forecastperformance including root-mean-square-error (RMSE)–spread

comparisons, impacts of model changes and a discussion of spatial displacement errors. In section 5 an ensemble

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

2. Data & Method

This section describes the data used with a focus on the operational Ensemble Prediction System (EPS) of the European

Centre for Medium-Range Weather Forecasts (ECMWF; section2.1). Furthermore a method to identify PV streamers and

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

2.1. ECMWF Ensemble Prediction System

The main data used in this study are forecasts from the EPS of the ECMWF. The EPS became operational in December

1992 with 33 members and one forecast per day at 1200 UTC usinga spectral resolution of T63L19, i.e. truncation at

wave number 63 (corresponds to∼180 km grid spacing) and 19 vertical levels (Palmeret al.1993; Molteniet al. 1996).

One member, the so called control forecast, was initialisedwith the operational analysis. The remaining 32 members

were calculated from perturbations applied to this analysis (Buizzaet al. 1998; Barkmeijeret al. 1999). Buizzaet al.

(1998) found that increasing ensemble size and model resolution improve the ensemble skill. Therefore in December

1996 the operational system was upgraded to 51 members and resolution was increased to TL159L31. In order to avoid

complications with comparing results based on different numbers of ensemble members, this study uses forecasts from the

12-year period January 1997 to December 2008 only. Althoughcurrently forecasts are started twice daily, only 1200 UTC

data is used here in order to be compatible with the early partof the 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 during this period (based on documentations available from

the ECMWF website∗). The horizontal resolution of the ensemble forecasts increased from TL159 to TL255 in November

2000 and to TL399 in February 2006, while the vertical resolution increased from L31 to L40 (October 1999) and then to

L62 (February 2006). Within this study all fields are interpolated to a 2.5◦ by 2.5◦ latlon grid. At ECMWF perturbations

to the operational analysis are calculated using the singular vector (SV) technique (Palmeret al. 1993). The horizontal

resolution of SVs has remained T42 since the mid-1990s, but the vertical resolution increased from L31 to L40 in October

1999 and to L62 in February 2006. The optimisation time is 48 hours for the period considered here. Originally SVs

were only computed for the northern and southern hemispheric extratropics poleward of 30◦, but in January 2002 targeted

moist SV calculations in the tropics have been added. To increase the ensemble spread by accounting for model errors, a

’stochastic physics’ scheme was implemented in October 1998 (Buizzaet al.1998).

The changes to the operational system discussed above implythat the dataset analysed here is strictly speaking not

homogeneous. This is clearly a limitation of this study and therefore some caution must be taken in interpreting statistics

comprising the whole time period. Section 4.2, however, shows that the changes to the forecast quality are not necessarily

monotonic with system updates, particularly not for longerlead-times. In addition, it should be noted that as long as there

is no long-term comprehensive ensemble hindcast dataset using the operational EPS data is the only option for the kind of

study presented here.

2.2. PV Streamer Identification

For the identification of significant upper-level disturbances at low-latitude, an adaptation of the algorithm described in

Wernli and Sprenger (2007) is used, which is based on contours of isentropic PV equals 2 PVU (Potential Vorticity Unit,

1 PVU = 10−6 m2s−1Kkg−1), a widely used definition of the dynamical tropopause (e.g.Appenzelleret al. 1996). On

the synoptic scale the full Ertel PV is usually well approximated by the product of vertical stability and absolute vertical

vorticity in pressure coordinates.

PVp
∼= −g

∂Θ

∂p
· (f + ξ), (1)

wheref is the Coriolis parameter,g the gravitational acceleration,ξ relative vorticity andΘ potential temperature with

the latter two being a direct output from ECMWF model data. Until 2006 the ECMWF EPS data were only archived at

five pressure levels (50, 200, 500, 700 and 925 hPa). Consequently, upper-level PV has to be approximated by the rather

crude formulation below involving the 200 and 500 hPa levelsonly:

UPV ∼= −g
∂Θ

∂p
· (f + ξp) ∼= −g

Θ500 −Θ200

300hPa
· (f +

ξ500 + ξ200

2
) (2)

A comparison between UPV and PV using all currently available ECMWF model levels shows generally similar

geographical structures but somewhat smaller absolute values (not shown). This suggests that the rather simplified

parameter UPV can be used for PV streamer identification, if adequate adaptions are applied.

The algorithm by Wernli and Sprenger (2007) checks for everypair of contour points whether the spherical distance

between the two pointsd is smaller than a threshold D = 800 km while the distance alongthe contourl is larger than a

threshold value L = 1500 km (cf. Figure 1 in Wernli and Sprenger 2007). If both criteria are fulfilled, the area bordered by

∗http://www.ecmwf.int/products/data/technical/modelid/index.html, 03 February 2011
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6 L. Wiegand and P. Knippertz

Figure 1. Winter mean (DJF) frequency of PV streamers in % (gray shading). (a) Taken from Wernli and Sprenger (2007) using PV on 320 Kfor the
ERA-15 time period 1979–1993 (black solid lines are frequencies of PV cut-offs not relevant to this study) and (b) using UPV from the operational
analysis during the study period 1997–2008.

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

systematically lower UPV compared to full PV, 1.5 PVU was used instead of 2 PVU.

Figure 1 shows a comparison between the original results from Wernli and Sprenger (2007) based on ECMWF ERA-15

re-analysis and the adapted algorithm using UPV calculatedfrom twice daily operational analysis over the study period

of this paper (1997–2008) for the winter months December to February. Absolute numbers and geographical distribution

agree well, despite the differences in time period and identification algorithm. Maximum frequencies are found over the

Mediterranean Sea stretching into adjacent Europe, Africaand Asia. A secondary maximum occurs over North America

stretching into the adjacent North Pacific and Atlantic Oceans.

These results are used for detecting suitable PV streamer episodes to study EPS forecast performance using a simple

tracking algorithm searching for spatial overlap of PV streamers during consecutive 12 or 24 hour time steps (i.e. one

analysis time with no identified streamer is tolerated). An episode must consist of at least two identified streamers. Within

a given episode the southernmost PV streamer point is required to be to the south of 27.5◦N and between 30◦W and 30◦E

meridionally (solid box in Figure 2) to filter out streamers with extreme equatorward extensions. This procedure identified

101 episodes, 52 of which were merged due to close proximity in time, ultimately giving 75 sufficiently independent

episodes. One analysis time out of each episode was then subjectively selected as a verification time for the EPS analysis

based on the following criteria: (i) southernmost extension, (ii) highest intensity, (iii) largest extension, (iv) highest impact

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

Figure 2 shows an example episode in February 1998, which wascharacterised by a high-amplitude ridge over central

Europe and an anticyclonic wave breaking downstream. The strongly positively tilted PV streamer that formed from this

RWB (marked with thick black lines) slowly moved from the Mediterranean Sea (Figure 2a) into northeastern Africa

within the two days shown. Despite the clear connection to the previous and subsequent times, the algorithm fails to

identify the streamer at 0000 UTC 19 February (2b), which is mainly due to the widening of the 1.5-PVU contour over

Turkey. The deepest PV intrusion took place at 0000 UTC 20 February (Figure 2d), but as this time step is not available in

the EPS data, the previous 1200 UTC 19 February 1998 (Figure 2c) was selected as verification date.

Copyright c© 2012 Royal Meteorological Society
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1200 UTC 18 Feb 1998 0000 UTC 19 Feb 1998

1200 UTC 19 Feb 1998 0000 UTC 20 Feb 1998

a) b)

c) d)

1.0 1.5 2.0 3.0 5.0 PVU

Figure 2. Example PV streamer episode from 1200 UTC 18 (a) to 0000 UTC 20February 1998 (d).The shading is UPV in PVU. Thick black lines:
Identified PV streamer contours(Identification done with an adapted algorithm from Wernli and Sprenger (2007). For details see text.); black solid
rectangle: area that PV streamer need to reach during an episode to be considered for this study (0◦ - 27.5◦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 performance of the ECMWF EPS. These are mainly based on simple

RMSE calculations using UPV and 500 hPa geopotential height. A larger geographically fixed box (referred to as GFB

and SRB from now on) and a smaller system-relative box (SRB) are used for the computations. The former borders 40◦N –

0◦S and 40◦W – 40◦E and covers the eastern Atlantic, southern Mediterranean Sea and northern hemispheric Africa (cf.

dashed rectangle in Figure 2). The latter is only fixed in the northern and southern borders (40◦N and 25◦N), while the

fixed east – west dimension of 25◦ is centred on the longitude where the box contains the maximum number of streamer

grid points. Only central longitudes between 30◦W and 30◦E are considered. The SRB is used in sections 4.3 and 5. In

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

3. Climatology

Figure 3a shows the interannual distribution of the 75 casesidentified in section 2.2 for the years 1997 to 2008. Averaged

over the 12 years 6.25 PV streamers occur per year, varying from four (2000, 2003 and 2004) to nine (1999 and 2008).

There is no clear trend or periodicity in this rather short time series. As expected low-latitude streamer activity is confined

to boreal winter and spring from November to April (Figure 3b). Maximum total numbers of 24 occur in January

corresponding to 2 on average per year. The annual cycle is mainly due to seasonal variations of temperature in the

extratropics and the associated shift of the tropopause, and consequently the North Atlantic storm track. This distribution

is consistent with various other studies as discussed in section 1 (Froehlich and Knippertz 2008, e.g.).
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8 L. Wiegand and P. Knippertz

Figure 3. Number of PV streamers per a) year, b) month and c) longitude in 5◦ steps from 30◦W - 30◦E identified in ECMWF operational analysis data.
The identification of the PV streamers is described in detailin section 2.2.

The distribution of the streamer position, defined as the centre longitude of SRB (see details in section 2.3), for all 75 PV

streamer cases in 5◦ longitudinal steps shows a clear increase from west to east (Figure 3c), consistent with the horizontal

distribution shown in Figure 1b. The maximum is found over the western half of Egypt (between 25◦E and 30◦E) with

20 cases over the twelve years examined. Together with neighbouring eastern Libya (20◦E to 25◦E), which has 14 cases,

nearly half of all PV streamers under study are placed withinthis 10◦ longitudinal zone. The rest of the cases, except for

two Atlantic streamers, are identified between the west coast of Morocco (∼ 15◦W) and the Gulf of Sidra (20◦E) with the

majority falling to the east of the Strait of Gibraltar. The two outliers over the Atlantic are both located at∼ 30◦W.

4. Forecast performance

4.1. RMSE-spread comparison

A well-configured EPS should be non-dispersive. A widely used indicator for this is that the RMSE of the ensemble mean

is of a magnitude similar to the spread (standard deviation of member forecasts) (Leutbecher and Palmer 2008). A smaller

(larger) spread is called underdispersive (overdispersive) behaviour.
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Figure 4. Comparison of RMSE (solid lines) and spread (dashed lines) for the 1- to 10- day ECMWF ensemble forecasts. RMSE and spreadwere
averaged over 75 PV streamer cases and calculated for the PV (black lines with open circles) in GFB (defined in section 2.3), PV restricted to the PV
streamer area within GFB (black lines with filled circles) and geopotential height at 500 hPa in GFB (grey lines).

Such a comparison, averaged over all 75 PV streamer cases, isshown in Figure 4 using UPV and 500 hPa geopotential

height in the GFB as well as the area of the analysed PV streamer within the GFB as explained in section 2.3. In all three

cases the RMSE and spread grow with lead time as expected. Theoverall behaviour is strongly underdispersive. Wiegand

et al. (2011) studied a PV streamer case in May 2008 and found this underdispersive behaviour in all EPS within the

TIGGE archive. The RMSE and spread values for UPV in the PV streamer area are nearly twice as large as those for UPV

in GFB and keep increasing almost linearly for longer lead-times. The main reason for this behaviour is the generally low

UPV south of 40◦N (northern border of GFB), implying that the streamer constitutes a large anomaly. For grid points

away from the PV streamer the differences between the forecast and the analysis are generally small, independent of the

quality of the forecast, leading to lower spatially averaged values in a larger box. The continued growth of RMSE for

UPV in the analysed PV streamer area implies considerable differences in location and or intensity at longer lead-times,

although the sharp gradients at the edges of PV streamers cancause large RMSE, even for relatively minor spatial shifts

already. To further investigate this, GFB values based on 500 hPa geopotential height, which is used by the majority of

studies on EPS evaluation (Buizzaet al.2005, e.g.), are shown. Due to the continuous nature of geopotential height fields

RMSE and spread keep growing more linearly with lead time than for UPV and therefore show a behaviour more similar

to the UPV within the analysed PV streamer area values. The stronger 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 EPS performance for low-latitude PV streamers with changes to the

operational forecasting system (e.g. resolution, singular vectors etc., see Table 1 for details).

Figure 5 shows RMSE and spread calculations using the GFB forsix consecutive periods bordered by major model

changes. The legend shows that the number of PV streamers identified in each period varies from 5 to 25. Therefore

particularly the two middle periods with 5 and 6 identified systems, respectively, should be regarded with some caution.

For short lead-times (24 h to 72 h) there is a clear decrease inRMSE for later model versions, particularly associated
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10 L. Wiegand and P. Knippertz
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Figure 5. Comparison of RMSE (bars) and spread (white lines within bars) for the 1- to 10- day ECMWF ensemble forecasts separated into temporal
sections based on EPS changes with time (Table 1). RMSE and spread were averaged over all 75 PV streamer cases and over the GFB (as black lines
with open circles in Figure 4).

with the increase in horizontal resolution to TL255 in November 2000. The spread for these lead-times remains almost

constant, leading to a considerable improvement of the underdispersive behaviour of the EPS. For longer lead-times

the earliest period (January 1997 to October 1998) remains the poorest forecast and a general improvement with model

version is evident, although not strictly monotonic. The changes in spread are more varied with a notable marked drop

in the November 1999 to November 2000 period. lmprovements to the underdispersive behaviour at long lead-times are

small. The introduction of stochastic physics in October 1998 does 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 streamer forecasts, the SRB as defined in section 2.3 is shifted in steps

of 2.5◦ over the forecast field in all four directions before differences in box averaged UPV to the verifying analysis are

calculated. Figure 6 shows the results for four different lead-times. Squares stand for higher/lower averaged PV values

inside the shifted box than in the analysis. The PV streamer is predicted correctly in terms of averaged UPV if there is no

square. The squares in the middle of each plot show differences without any shifting. These grow with lead-time, reflecting

the general increase of forecast error evident from Figure 4. For 24 h the smallest square is in the centre of the plot (Figure

6a), indicating accuracy in position and amplitude. Northward shifts of the SRB in the forecasts lead to slightly higher

values, while southward shifts lead to dramatically lower values. This is to be expected from the low background values

in the subtropics, where the streamers constitutes a large anomaly. Interestingly, there is a small east–west asymmetry
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Figure 6. Analysis of displacement errors. Difference between SRB averaged UPV of displaced forecast fields and analysis fields for all 75 PV streamer
events. The figures show the results for lead-times of (a) 24 h, (b) 96 h, 144 h and (d) 216 h.

that suggests a slight tendency for eastward displacement in the forecasts. For the longer lead-times there is a general

shift to more blue colours indicating a weakening of the streamers in the forecasts (Figures 6b–d). At the same time the

east–west asymmetry grows, eventually indicating lowest differences for boxes shifted by 5 degrees to the north and east

in the forecasts. This suggests too weak RWB and too little penetration of the typically positively tilted streamers into low

latitudes.

5. Ensemble Correlation Analysis

This section focuses on the identification of dynamical precursors for PV streamers over Africa using an ensemble

correlation approach. Following previous work the analysis will concentrate on Rossby wave amplification, downstream

blocking and diabatic heating upstream. The method will be explained 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 Hawblitzelet al.(2007) who used correlations between different forecast

variables to investigate precursors for successful predictions of convective systems. Here, the linear correlation between

different forecast variables is investigated in the following way:
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The first key variable isnPV 168h
SRB . It denotes the 168 hour forecast of UPV from thenth EPS member averaged over

the SRB as defined in section 2.3 for one of the identified streamers. A 7-day lead time was chosen to give the ensemble

enough time to spread significantly to ensure stable correlations. The second variablext
i,j is the forecast of an atmospheric

variablex at grid pointi, j from the samenth member at an earlier lead-timet. The correlation is computed over all

N = 50 EPS members.

As an exampleZ200 r 48h
i,j is described hereafter to point out the essence of the correlation approach. Areas where this

correlation is positive implythat ensemble members havea relatively high geopotential height at 200 hPa (Z200) at a

given grid pointi, j 48 hours into the forecast will develop a stronger PV streamer until the verification time, i.e. higher

SRB-averaged UPV at 168 hours. Negative correlations indicate the opposite behaviour. This way dynamic precursors

for particularly strong streamer developments can be extracted from a set of realistic realisations of the full non-linear

evolution of the atmosphere, although, of course, correlation does not necessarily imply a causal relationship. Note that

theamplitudeof the correlation will be somewhat sensitive to the ensemble spread inPV 168h
SRB . Ensemble correlations were

computed for all 75 identified PV streamers, for lead times of48, 72, 96, 120, 144 and 168 hours and for the atmospheric

variables UPV, geopotential height at 200 hPa (Z200), equivalent potential temperature at 850 hPa (THE850) and vertical

wind at 700 hPa (w700). While the former is considered to detect wave amplification and blocking, the latter two give

indications for upstream latent heating.

5.2. Example Case

Figure 7 shows the example streamer episode of 0000UTC 01 December 2005, which nicely illustrates some of the main

aspects of the ensemble correlation approach. Initialisation time for this case is 0000UTC 24 November 2005.

The black lines in all panels of Figure 7 show UPV contours of 1.5 PVU taken from ECMWF analysis for better

orientation. They show that the PV streamer over northwestern Africa forms from the zonal compression of a broad,

almost stationary, high-amplitude ridge / trough pattern over the North Atlantic / western Europe associated with the

approach of a short-wave trough, which moves from around Newfoundland into the central North Atlantic during the last

four days of the development. There are indications for a northward cyclonic wave breaking over the North Atlantic during

30 November and 01 December 2005.

Let us begin the discussion of the ensemble correlations with the evolution at 200 hPa (top row). On 26 November

(48 hours into the forecast) ensemble members that ultimately develop the strongest PV streamers are characterised by

a wave train pattern in the subtropics with a broad ridge (2 maxima, marked as A) over the North Atlantic, a trough

over southwest Europe / northwest Africa (B) and a ridge overnortheast Africa (C), while signals at northern latitudes are

generally weaker. On 27 November (72 hours into the forecast) the subtropical wave pattern is still clearly discernible, now

with a highly negative signal over the east coast of North America (E) and a narrower ridge over the subtropical Atlantic

(A*). In addition there is now also a strong signal at higher latitudes (A). While the analysed UPV contours suggest a

cyclonic wave breaking over the northeastern Atlantic, theensemble correlations indicate that ensemble members with

the strongest PV streamers at 168 h develop a stronger northeastward tilt of the ridge (A+). From +96 h onwards the
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Figure 7. Example case for the ensemble correlation approach. Linearcorrelation coefficients are shown in colours. Correlated atmospheric variables are (i) geopotential height at 200 hPa(top), (ii) equivalent potential temperature
at 850 hPa (middle) and (iii) vertical wind at 700 hPa (in pressure coordinates, so negative values correspond to rising)(bottom). Columns vary in forecast time from 48 h (left) to 168 h (right) in steps of 24 h (showing 0000 UTC
26 November 2005 to 0000 UTC 01 December 2005). Correlationsabove 0.23 are statistical significant at the 95% level, assuming independence for each ensemble member. Black lines depict corresponding UPV contours of
1.5 PVU taken from ECMWF analysis for better orientation. The box over which UPV is averaged at 168 hPa is shown in red in theright panels.
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14 L. Wiegand and P. Knippertz

subtropical wave pattern is mainly confined to Africa with a trough over the western coast (B), a strong and persistent

ridge over northeastern Africa (C), which might have contributed to the streamer intensification by blocking the westerly

flow in the subtropics, and another trough over the Arabian Peninsula (D), while strongest signals are now generally found

in the extratropics. Correlations between +96 and +144 h consistently indicate that members that ultimately develop the

most intense streamers are characterised by (i) a slower moving and more southward extended trough over the western

North Atlantic (E), (ii) a stronger and more positively tilted ridge over the central North Atlantic (A) and (iii) a narrower

and more intense trough downstream (B). By the final time +168h the correlation shows no separation between subtropical

and extratropical wave activity anymore. The pattern generally has a strong positive tilt indicative of intense wave energy

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

even more pronounced southward extent.

The middle and bottom panels in Figure 7 show the analogous correlations for THE850 and w700 to identify areas,

where latent heating might influence the evolution of the wave in PV. Not surprisingly, the patterns are noisier than for

Z200 and therefore the discussion will be confined to the few strongest and most coherent signals. In the early stages the

subtropical wave seen in the Z200 plots creates a distinct anomaly of low THE850 air (cooler and/or drier) near the West

African coast, associated with stronger northerlies and weak subsidence (marked as F in both bottom panels). The most

coherent feature is the dipole of low THE850 / subsidence andhigh THE850 / ascent associated with the trough over the

western North Atlantic from +72 h to +144 h (G). The slight upstream shift with respect to the Z200 signal (A) strongly

suggests that latent heating in the region of a poleward transport of warm moist air contributes to an intensification of the

downstream ridge, which helps to suppress the cyclonic wavebreaking seen in the analysis and fosters dispersion of wave

energy towards low latitudes as discussed above. During thelast four days, an area of subsidence and low THE850 (H)

develops underneath and to the west of the actual PV streamer. This is an indication of a stronger circulation, but at the

same time could also help the streamer to survive longer due to lessdiabaticPV reduction in the drier air.

To further illustrate the correlation approach, Figure 8 provides a detailed look into two selected member forecasts

(no. 22 and 10) and the corresponding analysis fields for THE850 at 0000 UTC on 28 November 2005 (corresponds to

+96 h forecasts; left) and UPV at the verification time, i.e. 0000 UTC 01 December 2005 (corresponds to +168 h forecasts;

right). The selected members are chosen according to their UPV averaged over SRB with member 22 (10) having one of

the highest (lowest) values among all EPS members. The THE850 analysis (Figure 8a) four days before verification time

reveals a high-amplitude trough-ridge-trough-ridge pattern covering the North Atlantic and adjacent continents. Very high

THE850 values of more than 306 K reach Greenland in the distinctive ridge over the western North Atlantic. The two

96 h forecasts match the general pattern reasonably well (Figures 8c and e). The most striking differences are generally

lower THE850 values in the high-latitude troughs, a weaker ridge over the western North Atlantic, but higher values in the

subtropics around 40◦W. Member 10 shows indications of a more cyclonic wave breaking and an advection of the tongue

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

The right panels in Figure 8 depict the corresponding UPV fields four days later. The analysis (Figure 8b) shows the

extremely elongated and narrow PV streamer stretching fromcentral Europe and the Mediterranean Sea into the Sahara as

discussed in the context of Figure 7. EPS member 22 predicts the PV streamer in fairly good agreement with the analysis,

but a little wider, less extended towards the south and with slightly higher values in the tip (Figure 8d). Other featuresof

the UPV distribution, however, are less well matched, for example the large deviations over Scandinavia and Canada. On
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THE850 PV
analysis 0000UTC 28 Nov 2005 analysis 0000UTC 1 Dec 2005
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EPS forecast member 10 EPS forecast member 10
0000UTC 24 Nov 2005 + 96h 0000UTC 24 Nov 2005 + 168h
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Figure 8. Comparison of equivalent potential temperature at 850 hPa (left) and UPV (right) for the selected EPS members 22 (c and d)and 10 (e and f).
Shown are 96 h forecasts for THE850 (c and e) and 168 h PV forecasts of UPV (d and f) together with the corresponding ECMWF operational analysis
(a and b).

the other hand EPS member 10 (Figure 8f) predicts the overallupper-tropospheric evolution with its ridge-trough-ridge-

trough pattern over the North Atlantic and Europe better, but clearly misses out on the stretching of the PV streamer from

Europe into Africa. These examples show how a distinct detail in the +96 h forecasts (here the extension of moist warm

air towards the southern tip of Greenland) can decide about the occurrence of a later streamer, despite a worse forecast of

the larger-scale UPV fields.

5.3. Statistical Analysis

After the detailed look into one example case, this section continues with a combined analysis of all 75 cases.

Geographically fixed mean correlations turned out not to give sufficiently significant results, mainly due to the longitudinal

spread of the streamers between 30◦W and 30◦E (cf. Figure 3c). Instead, shifted composites were generated using the

central longitudes of the SRBs described at the end of section 2.3 as a reference. The resulting Figure 9 is constructed in

a similar way to Figure 7, although correlations are generally much lower.

Again, we begin the discussion with the evolution at upper levels (top row). Even at +96 h correlations are generally

rather low, suggesting limited case-to-case coherence at this stage of the evolution. Highest values of 0.1 are found just to

the west of the location of the PV streamer (marked as A) at verification time indicating some tendency towards long-lived

and almost stationary systems. The two most conspicuous elements of the correlations during the last three days of the

forecast are a coherent wave train in the subtropics (B with dashed line) and a zonally elongated, positively tilted dipole

Copyright c© 2012 Royal Meteorological Society

Q. J. R. Meteorol. Soc.00: 2–21 (2012)

qjrms4.cls



16
L.W

iegand
and

P.K
nippertz

+96h +120h +144h +168h

a) b) c) d)

A A A A- - - B - - - - - - - B - - - - - - - - - - - - - B - - - - - - - - - - - - B - - - - - - - -

D
D D D

C C C C

e) f) g) h)

E E E
F

F F
G* G* G*

G G G
H H HH H

I I I I

i) j) k) l)

G* G* G*

60

40

20

60

40

20

60

40

20

-80 -40 0 40 -80 -40 0 40 -80 -40 0 40 -80 -40 0 40

-0.3 -0.2 -0.15 -0.1 -0.05 -0.03 0.03 0.05 0.1 0.15 0.2 0.3
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(C and D) in the extratropics. The former is largely confined to the 20–45◦N latitude band with three distinct ridges and

troughs, the middle of which is the PV streamer (A). Wavelength is about 50 degrees longitude. While the eastern part is

almost stationary, the western part propagates eastward byabout 8 degrees longitude leading to some compression of the

wave as observed for the case study discussed in section 5.2.The extratropical pattern is dominated by a positive area (C)

moving slowly across the North Atlantic (exact location depends on longitude of streamer) and a negative area (D) to the

southeast of it, which ultimately merges with the middle ridge (underneath letter B) of the subtropical wave train. This

creates the anticyclonic wave breaking that helps to flux additional wave energy into the subtropical wave train, which

subsequently strengthens downstream and weakens upstream. There are no clear indications that downstream blocking

plays a major role as a precursor of the low-latitude PV streamers.

Reflections of the subtropical wave train are evident in THE850 and w700 (middle and bottom panels in Figure 9) from

+120 h onwards. The western part shows a clearly baroclinic structure with subsiding cold/dry air between the ridge and

the trough (marked as E) and rising warm/moist air between the trough and the ridge (F). Towards the east, structures

become increasingly barotropic with high-THE850 air in theridges (G/G*) and low-THE850 air in the troughs (H). This

behaviour could provide an explanation for the propagationand development in the western part that ultimately lead to a

zonal compression of the wavetrain as a whole. It is noteworthy that the THE850 anomalies generally extend farther into

the tropics than their counterparts in UPV and w700, indicating some influence of the wave on the thermodynamics of the

deeper tropics at this level. In the extratropics, the most coherent feature is the cold/dry anomaly (I) over the northwest of

the domain, which is most likely originating over the Canadian Artic. It is rather stationary and remains well west of the

UPV signal during the later part of the period, which could bea reflection of cold air damming by Greenland. There is

little vertical motion associated with this feature. In term of diabatic modification of UPV by latent heating, the area to the

west and north of the forming streamer (H) stands out as an area with widespread high THE850 and rising motion (G*)

reaching from the northern tropics beyond the Artic circle.It appears quite likely that this structure helps to reduce UPV

in the area of the anticyclonic wave breaking, although the w700 are generally quite weak and are partly collocated with

positive UPV anomalies. Particularly at the verification day (Figure 9h) the shape of the positive THE850 correlation with

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

6. Conclusions

This study investigated upper-level PV streamers at low latitudes over the Mediterranean Sea/northern Africa during the

boreal winter half-year, where/when these events occur most frequently. In total 75 PV streamer episodes were identified

objectively using a modified version of the algorithm by Wernli and Sprenger (2007). The main database for this study was

operational ensemble predictions from ECMWF for the period1996–2008. The three main areas of interest for this paper

were the quality of the forecasts, the predictability of theatmospheric phenomenon and the identification of dynamical

precursors. The main conclusions from this work are:

i As expected, both ensemble spread and RMSE of the ensemble mean calculated with respect to the operational

analysis increase monotonically with lead time.

ii The ensemble predictions are generally underdispersive, especially for longer lead times consistent with previous

studies for the whole northern hemisphere (Buizzaet al. 2005). A possible explanation for this could be that

forecast errors due to model errors are not represented adequately (Leutbecher and Palmer 2008). However, the
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magnitude of the underdispersive behaviour depends on the size of the geographical area used for verification and

the parameter used as shown in previous work (e.g. Z500 in theextratropics vs. THE850 in the Tropics). The usage

of PV is complicated by the fact that climatological values are generally low in the subtropical troposphere, such

that streamers must be regarded as extreme events, which aregenerally underpredicted as models tend to stay closer

to climatology (Toth 1992; Ziehmann 2001).

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

improvement of the EPS over time.

iv PV streamers in the forecasts tend to be shifted to the northeast, suggesting too weak Rossby wave breaking leading

to too small meridional extension of the PV streamers.

v Ensemble correlation techniques were used to identify dynamical precursors for low-latitude PV streamers. Results

show a key role of interactions between an active wave train in the subtropics and strongly positively tilted PV

anomalies in the extratropics, which can lead to anticyclonic wave breaking and an equatorward flux of wave energy.

There are some indications that diabatic heating in the areaupstream of the PV streamer, where the subtropical and

extratropical signals merge, can support the ridge amplification and wave breaking. The connection with upstream

latent heating is consistent with previous studies on wave amplification and breaking (Massacandet al. 2001;

Martiuset al.2008). However, some previous studies have also found an importance of downstream blocking for PV

streamer development (Altenhoffet al.2008; Meier and Knippertz 2009). The ensemble correlation gives evidence

for a ridge downstream of the PV streamer but the signal appears late in the forecast and is not stationary. The

subtropical latitudes we concentrated on in this study are not typical for blocking situations and might therefore be

dominated by other dynamical factors.

To the best of our knowledge, this is the first time that ensemble correlation techniques are applied for an analysis of

dynamical precursors of extreme PV streamers. The fact thateach of the real-world streamers is represented by 50

physically plausible realisations from only slightly different initial conditions makes it a powerful analysis tool that

is able to account for the fully-nonlinear behaviour of the atmosphere using a state-of-the-art operational system.

However, the magnitude of the correlation will always be somewhat sensitive to the spread of the EPS at verification

time. In other words, if all ensemble members agree on a certain aspect of the forecast, the signal in the correlation

can be expected to be weak. Here, 7-day forecasts are used forverification that usually show significant spread in

almost all atmospheric variables. Significantly shorter lead-times are not recommended for this type of analysis.

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

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

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

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

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

to have a inhomogeneous operational dataset for statistical analyses. It would therefore be interesting to repeat someof

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

levels. Moreover, applications of the ensemble correlation techniques to other atmospheric phenomena or geographical

regions would be a valuable extension of this work.
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