QUARTERLY JOURNAL OF THE ROYAL METEOROLOGICAL SOCIETY

Q. J. R. Meteorol. Soc. 133: 847-865 (2007)
Published online in Wiley InterScience
(www.interscience.wiley.com) DOI: 10.1002/qj.69

ROYAL METEOROLOGICAL SOCIETY

Upper-tropospheric flow features and the Alps: An overview

Klaus P. Hoinka®* and Huw C. Davies?

2 Institut fiir Physik der Atmosphdre, DLR, Oberpfaffenhofen, Germany
b Institute for Atmospheric & Climate Science, ETH, Ziirich, Switzerland

ABSTRACT: One focus of the Mesoscale Alpine Programme (MAP) was the study of upper-tropospheric potential
vorticity (PV) anomalies that take the form of narrow meridionally elongated troughs termed ‘PV streamers’. A systematic
effort was undertaken within the MAP framework to: establish a streamer climatology, develop appropriate instrumentation
and undertake a measurement programme to better ascertain their structure, study both their intrinsic dynamics and their
modification by the Alps, and perform model experiments to examine their significance for numerical weather prediction.

Here an overview is given of the progress made toward achieving these objectives. In particular it is shown that
PV streamers translating toward the Alpine region are dynamically distinctive and constitute an identifiable precursor
of and contribute seminally to heavy precipitation events on the south side of the Alps and possess rich mesoscale
sub-structures that can be examined with novel water vapour absorption lidar instrumentation. It is also shown that the
accurate representation of a streamer might well be a critical prerequisite for accurate quantitative prediction of mesoscale
precipitation. Copyright © 2007 Royal Meteorological Society
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1. Introduction

Southern Europe is one of the preferred locations for
the occurrence of narrow meridionally elongated troughs
at mid- and upper-tropospheric levels (Holopainen and
Rontu, 1981; Price and Vaughan, 1992). These troughs
are associated with co-aligned filaments of stratospheric
air extending down to tropospheric elevations, and hence
are characterized by comparatively dry and ozone-rich
air with accompanying high values of potential vorticity
(PV; Appenzeller and Davies, 1992). The filaments have
been termed PV streamers and usually evolve from
the scale-contraction of eastward-propagating large-scale
waves as they approach the downstream end of the
Atlantic storm track.

The study of PV streamers formed one focus of the
Mesoscale Alpine Programme (MAP), and the P2 project
entitled ‘Incident upper-tropospheric PV anomalies’ was
designed explicitly to examine their structure, role and
significance (Bougeault et al., 2001). The project’s inclu-
sion in the MAP stemmed primarily from the recognition
that a PV streamer approaching the Alps was conceiv-
ably both a precursor and an integral feature of severe
precipitation in the Alpine region.

The rudimentary basis for this streamer—precipitation
linkage is two-fold. First, an upper-level trough (or equiv-
alently a PV streamer) with its accompanying jet is con-
ducive to ascent on its eastern fringe. This region has
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long been acknowledged to be favourable both for baro-
clinic development and cyclogenesis (e.g. Sutcliffe and
Forsdyke, 1950) and for triggering or enhancing in situ
convective activity and heavy precipitation (Smith and
Younkin, 1972; Maddox et al., 1979). Second, episodes
of Alpine heavy precipitation with values that can exceed
200 mm d~! on the south side (Frei and Schir, 1998)
are often accompanied by a moisture-laden low-level
southerly air stream impinging upon the Alpine chain,
and a suitably aligned upper-level PV streamer would
contribute to the evolution and strength of such a flow.

There are other examples in this general geographical
area of heavy precipitation accompanying an incident
PV streamer. The major phenomenon of Alpine lee
cyclogenesis, a key focus of the earlier ALPEX field
programme (Kuettner, 1986), is usually characterized
by the presence of a PV streamer that cuts off to the
south of the Alps (e.g. over the Gulf of Genoa) to
form a cold-core cyclone, and the resulting cyclone
tends to propagate eastwards depositing considerable
precipitation along its track over the eastern part of
the Alps, the Dinaric Alps, and the Apennines. A
recent example was the 20-23 August 2005 event
that resulted in major flooding in southern Germany,
Switzerland, and central and eastern Austria. Likewise,
a PV streamer often accompanies rainstorms in Israel
(Krichnak et al., 2004), and such a streamer was also
a feature prior to and during the devastating Algerian
flood of autumn 2001 (Thomas et al., 2003; Tripoli et al.,
2005).

It is noteworthy that the PV streamer project had both
a distinctive and an integrative contribution within MAP.
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On the one hand it was the only component concerned
explicitly with a free-atmosphere feature not dominated
by orographic effects, whereas on the other hand it bore
a strong link to the other projects since the presence
of a PV streamer formed the synoptic backcloth for
the phenomena considered in those projects. Indeed the
passage of a streamer over the Alpine chain with its
characteristic upper-level wind change from a southerly
to northerly jet-flow can be, and often is, accompanied
sequentially by: heavy precipitation events and flooding
on the Alpine south side (P1 and P3), southerly gap
flow through Alpine passes (P4), fohn on the Alpine
north side (P5) and gravity waves over the Alpine ridge
(P6) and, finally, with the onset of the northerly flow
regime, the occurrence of low-level PV banners (P7)
extending southwards from fine-scale features of the
Alpine topography. (The notation P1-P7 refers to the
numbered MAP projects; Volkert and Gutermann, 2007.)

The special character of the PV streamer sub-
programme (P2) is further highlighted by comparison
of its goals with those of the heavy precipitation sub-
programme (P1). The latter focused on the in situ cloud
microphysics and meso-scale flow dynamics, and sought
to quantify the contribution of orographic effects for
quantitative precipitation forecasting (QPF). In contrast,
P2 was concerned with the synoptic and sub-synoptic
dynamics of the incident streamer aloft, and thereby on
the significance and contribution of the incident synoptic-
scale flow to the mesoscale QPF. Co-consideration of
P1 and P2 studies can shed light on the role and rel-
ative importance of cloud microphysical and mesoscale
dynamical effects (e.g. orography) versus those of the
synoptic-scale environment.

In the light of the foregoing, the field component of
the P2 project was designed to examine the influence
of streamers upon, and their interaction with, both
weather and clear-air flow systems in the Alpine region.
The specific objectives were: to determine the synoptic
climatology (including the spatial pattern, frequency and
variability of the PV streamers), to develop appropriate
instrumentation to better ascertain their three-dimensional
structure, to study both their intrinsic dynamics and
their modification by the Alps, and to perform model
experiments to examine their significance for numerical
weather prediction (NWP).

Here we record the progress made during MAP toward
achieving these aims and give particular attention to the
MAP field phase in 1999. The paper overviews sequen-
tially: general characteristics and significance of stream-
ers (Section 2), the climatology of their occurrence and
linkage to precipitaion (Section 3), specific aspects of the
field phase including a discussion of the performance
and utility of the new instrumentation — the French ST-
radar network and the German water vapour differential
absorption lidar (DIAL) system of DLR — to detail the
cross-sectional fine-scale structure of a streamer (Sec-
tions 4—6), consideration of orographic and cloud dia-
batic effects (Section 7), and implications for NWP (Sec-
tion 8).

Copyright © 2007 Royal Meteorological Society
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2. Streamer characteristics and significance:
General considerations

An archetypical example of a streamer advancing towards
the Alpine region is provided in Figure 1. On the dis-
played 320 K isentropic surface, it takes the form of an
elongated PV anomaly that retains a quasi-meridional ori-
entation whilst extending equatorwards with time and
translating comparatively slowly eastwards. Its occur-
rence was accompanied by heavy precipitation on the
southern slopes of the Alps.

The streamer is associated with strong southerly/
northerly jet flow on its eastern/western fringes, and this
flow pattern is also evident in the lower troposphere,
albeit with a significantly weaker amplitude. Also the
isentropes well up beneath the streamer to form a cold
pool of reduced static stability. These signatures are
in accord with the PV perspective of the balanced
atmospheric flow, and moreover the streamer’s elliptical
shape contributes to the enhanced strength of the jet flow
on its lateral fringes.

Central to the streamer’s physical significance is that
all the forementioned signatures are conducive to the
occurrence of a heavy precipitation event on the Alpine
south side (Massacand et al., 1998). In particular, the
streamer can serve to: strengthen the southerly flow
component toward the Alps, reduce the static stability and
indeed destabilize the atmosphere to moist convection
(Juckes and Smith, 2000), and provide ascent on the
streamer’s forward flank that can trigger or enhance (cf.
Griffiths et al., 2000) and possibly sustain the convection
for a prolonged period on the south side. In effect the
movement of the streamer towards the Alps constitutes
a dynamical precursor of the precipitation event, and its
arrival at and sojourn over the immediate western vicinity
of the Alps can promote and sustain the preciptation event
itself.

Four major events of heavy precipitation occurred on
the Alpine south side during the preparatory phase of
MAP, and each was accompanied by a large-amplitude,
meridionally aligned, and slowly eastward-translating PV
streamer (Massacand et al., 1998). These events, named
in accord with the accompanying region that experienced
intense flooding, were:

“Vaison-La-Romaine’, 22 Sep. 1992; *300 mm (24 h)~';
‘Brig’, 23 Sep. 1993; *220 mm (24 h)~!;

‘Piedmont’, 5 Nov. 1994; *250 mm (24 h)~';

‘South Ticino’, 13 Sep. 1995; *120 mm (6 h)~!;

(* denotes the observed maximum rain rate).

The PV structure of each event at approximately the
time of maximum precipitation, as captured in the anal-
yses of the European Centre for Medium-Range Weather
Forecasts (ECMWF), is portrayed in Figure 2(a)—(d).
The overall similarity is evident with the equatorward tip
of the streamers located between the Pyrenees and North
Africa, and their stem centred between the Bay of Bis-
cay and western France. An indication of the strength of
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Figure 1. ECMWF analyses of wind and PV on the 6 = 320 K surface for 00 UTC between 3 and 6 November 1994 (Piedmont event). The PV

contour interval is 1 pvu and the shaded areas indicate regions with PV > 3.5 pvu (potential vorticity unit = 107% K m? kg~! s~!). The wind

vectors are drawn in relation to the grid size. In the applied stereographic projection, the meridional grid size remains constant with latitude,

but the zonal length decreases with increasing latitude. Thus it would be necessary to define the scale for each latitude. In (a) the wind vector

scales are given for the southerly and northerly limits of the area considered. The displayed arrows correspond to 50 m s~! and are correct at
latitude 30°N (lower left corner) and 55 °N (upper right).

the flow circumnavigating the streamers at about 200 hPa
is provided in Figure 2(e)—(h), and the corresponding
low-level flow in Figure 2(i)—(l). The panels suggest
that, even in the comparatively coarse ECMWF analy-
ses (data pertain to the model version T159L60 used for
ERA-40, the 45-year ECMWF reanalyses), the low-level
flow is enhanced astride the streamer although its signal
is obscured somewhat by orographic and diabatic influ-
ences. Note that, of the four events discussed, only the
South Ticino case exhibited features akin to lee cycloge-
nesis, and (except for that case) the extreme precipitation
was confined to the Alpine region itself.

Each event was also characterized by two particu-
larly salient features. First is the combination of the
slow eastward translation of the streamer aloft and the
quasi-conservation of its geometric form. The dynam-
ics accompanying this comparatively slow flow evolution
involve a subtle interplay between the self-dynamics of
the streamer and the influence of the ambient flow. The
former would include an anticlockwise rotation of the
streamer and also its possible break-up into a vortex
train arising from a pseudo-barotropic instability, whilst
the latter would include the influence of the latitudinal
shear and deformation of the large-scale flow which can
alter the streamer’s rotation and concomitantly influence
its elongation/ellipticity and lateral scale and thereby its
likelihood to break up into vortices. Numerical simula-
tions (Fehlmann, 1997; Morgenstern and Davies, 1999)
indicate that, for the Alpine region and its vicinity, both

Copyright © 2007 Royal Meteorological Society

the characteristic form and amplitude of streamers asso-
ciated with high precipitation events and the strength and
structure of the ambient flow is such that streamers can
retain their shape, orientation and approximate location
for a significant time period (*21-2 days).

The second feature is the significant and sustained
moisture flux toward the Alpine ridge below ridge height.
An indication of the moisture origin gained from 72-hour
backward trajectories from the peak precipitation time
(Massacand et al., 1998) places the source in the Mediter-
ranean with parcel trajectories undergoing a three-phase
evolution: a low-level (~800 hPa) confluent and slow
northward track whilst acquiring specific humidity values
of ~9 g kg™!, a rapid northward movement to the south-
ern Alpine slopes, and thereafter sharp ascent and satura-
tion. The rapid translation is consistent with an increasing
influence of the upper-level anomaly as it advects over
the Mediterranean.

3. Climatology

Cursory climatologies compiled in the preliminary phase
of MAP indicated that about 15 events of ‘moderate to
heavy’ precipitation over southern Switzerland during the
1993-1996 period inclusive were accompanied by PV
streamers (Massacand et al., 1998), and that on average
for the 1989—1998 period there were streamers directly
over the Alps for 3.3 days per year with a minimum
of 1 and a maximum of 9 (Steinacker, 2000). In this

Q. J. R. Meteorol. Soc. 133: 847-865 (2007)
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Figure 2. Depiction of four flood-related events derived from ECMWF analyses: Vaison-la-Romaine (06 UTC, 22 September 1992, first row);

Brig (12 UTC, 23 September 1993, second row); Piedmont (18 UTC, 05 November 1994, third row); South Ticino (12 UTC, 13 September

1995, fourth row). The display time corresponds to ~6 hours before the heaviest precipitation. (a)—(d) show PV (with contour interval 1 pvu,

starting at 1 pvu) on the 6 = 320 K surface, (e)—(h) the horizontal wind field on the same surface, and (i)—(1) the horizontal wind on the 700 hPa

surface. In each panel the shaded area denotes PV > 3 pvu on the 6 = 320 K surface. The scale of the displayed arrows is (¢) 60 m s~! at the
6 = 320 K surface and (i) 30 m s~! at 700 hPa.
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context it is interesting to record that, during the MAP
Special Observing Period (SOP), elongated streamers
occurred above the Alps or the near vicinity on 7.5 days
(Steinacker, 2000).

A more comprehensive climatology of the relationship
between heavy precipitation along the Alpine south
side and upper-level streamers over western Europe has
been compiled recently (Martius et al., 2006) for the
1966—1999 period. It was based upon the ERA-40 dataset
(Uppala et al., 2005) for the upper-level flow, and the
Alpine-wide daily time series of area-mean precipitation
dataset of Frei and Schir (1998) for the precipitation
events. The approach adopted was to derive climatologies
based upon comparison of days with high precipitation
(HP) for a geographical band along the Alpine south side
(and also for three Alpine sub-regions) with days when
streamer-like features were present in the upper levels
immediately west of the Alpine chain.

The derived climatology supports the ‘streamer—
precipitation’ link outlined in the previous section. For
example for the period 1966—1999 there were 124 days
of extreme precipitation (defined as having more than
29 mm precipitation) on the Alpine south side, and on 91
(i.e. 73%) of those days there was an upper-level streamer
located immediately west or north-west of the Alps. Note
also that the extreme precipitation days exhibit a seasonal
variation with a maximum in autumn of 55 days, and a
streamer is present on 85% of those days.

It is also pertinent to note that

(1) the composite of the upper-level streamers over
Western Europe on the extreme days has a spatial
structure resembling the case-studies considered in
the previous section (Figure 2),

most of the other days in the extreme precipitation
category were characterized by a southern cut-off
to the streamer (cf. the pattern accompanying lee
cyclogenesis), and

analysis of a second category of precipitation events
(>16 mm d~!) shows a similar seasonal variation for
the precipitation days whereas the accompanying sea-
sonal variability for co-occurrence of streamers is
less — pointing to the influence of other meteorolog-
ical factors.

(@)

3

The composite approach mentioned above has also
been extended (Martius, 2005) to examine the lagged
composite structures of the upper-level PV. The lagged
patterns for the non-summer seasons show that a signifi-
cant precursor signal is traceable upstream to the eastern
Pacific over a time period of up to 6 days. This has impli-
cations for prediction and will be discussed again in a
later section. For the summer season, the signal has an
essentially in sifu character and points to the possible role
of deep convection and orographic effects.

In a related approach, Hoinka efal. (2006) used
a regression approach to determine lagged -cross-
covariances of specific free atmosphere fields (analysis
taken from ERA-40 data) with those of regional Alpine

Copyright © 2007 Royal Meteorological Society
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rain rates. In this study a time series was applied with
days having more than 29 mm of precipitation on the
Alpine south side (HP days) which was already used by
Martius et al. (2006). A sample of the results is shown
in Figure 3 which displays the cross-covariance of PV at
6 =320 K and the area-mean precipitation for (a) T =
-2, b)) t=—-1,(c) =0 and (d) T = +1 (days). In
addition to the anticipated peak at zero time lag, note
that at zero lag the strength of the linkage corresponds
to a maximum of about 14 pvu, and gradients in the PV
patterns attain their strongest intensity close to the Alps
with a distinctive indentation on the eastern periphery
immediately above the Alps. This indentation is not
evident before T = —56 h and after t = +18 h, and
hence points to a strong Alpine influence upon the
streamer. Again we comment further on this feature in
a later section.

The regression fields show the typical geographical
position of the PV streamer when flooding occurs at the
southern side of the Alps. However, the general appear-
ance of the regression-based ‘PV streamer’ has a more
elliptic-type structure than the usually observed meridion-
ally elongated streamer pattern. Also the climatological
study of Martius et al. (2006) exhibited a weakly merid-
ionally stretched pattern.

4. The special observing period of MAP

The SOP of the MAP was timed for the autumn, in line
with the predilection for HP events during this season.
The observational strategy for the streamer component

Figure 3. Cross-covariance functions of heavy precipitation on the south
side of the Alps with the PV field at & = 320 K normalized by the
standard deviation o of the precipitation so that the resulting fields can
be interpreted in units of pvu, with contour interval 2 pvu. Time lags
(days) are (a) T = —2; (b) Tt = —1; (¢c) T = 0; (d) T = +1. The hatched
area indicates negative cross-covariance function. The series contains
all autumn days from 1966 to 1999. (Taken from Hoinka et al., 2006).

Q. J. R. Meteorol. Soc. 133: 847-865 (2007)
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had several ingredients. It relied primarily on the deploy-
ment of the German Falcon aircraft during a PV streamer
episode. There was an on-board DIAL instrument to
provide measurements of lower-stratospheric and upper-
tropospheric humidity. In addition, the fixed surface-
based French network of VHF profilers (Caccia et al.,
2001) could provide continuous measurements of the
three wind components and of the tropopause height dur-
ing the passage of the anomalies over the network. A
further possible data resource was the increased num-
ber of sondes launched during an intensive observation
period (I0OP).

The MAP field phase ran from the first week of
September to mid-November 1999, and the Falcon was
available from mid-October to the end. In the latter
time-slot there were three streamer episodes over cen-
tral Europe on 27 October (IOP 11), 6—7 November
(IOP 15), and 15 November (IOP 17). The focus here is
on the latter two events. During this period the ECMWF
model operated with the version T319L60.

4.1. The IOP 15 episode

For the first event (5—-8 November) an overview of
the streamer’s evolution is provided in Figure 4. On
5 November the streamer evolved rapidly, elongating
southwards from the large PV reservoir north-west of
Europe. It approached the Alps on 6 November, and
crossed the mountain chain the following day, in the
process undergoing a further elongation and acquiring
a spiral form to the south.

On 6 November, there were indications of cyclogenesis
under the streamer’s southern tip, and the streamer itself

K. P. HOINKA AND H. C. DAVIES

acquired two separate PV centres on its northern and
southern extremities. On 7 November, the southern centre
had almost cut off, and later that day the streamer
dissolved over the Alps whilst contributing to a weak
lee cyclone to the south. The two separate PV centres
remained the following day, one above north-eastern
Germany and the other above Sicily. Further details of
the streamer’s evolution have been compiled (Liniger and
Davies, 2003; Hoinka et al., 2003).

The streamer was not optimally located (Figure 4)
to generate an Alpine HP event. This is confirmed
by inspection of Figure 5. The streamer is several
degrees too far east, as is the accompanying broad low-
tropospheric southerly flow (Figure 5(c)). However start-
ing from 06 UTC on 6 November, the lee cyclone pro-
duced a 24-hour accumulated precipitation of 50—60 mm,
mostly in north-eastern Italy (Buzzi et al., 2003).

Other notable features of the episode are the asymme-
try in the wind strength across the streamer (Figure 5(b)),
moderate fohn above the Alps between 5 and 6 Novem-
ber, and a strong mistral at the south-western edge of
the Alps (Guenard et al., 2005). The latter two low-
level features are clearly evident in the ECMWF analysis
(Figure 5(c)).

4.2. The IOP 17 episode

The second streamer event occurred on 15 November,
and its somewhat convoluted evolution, as captured in
the ECMWF analysis, is shown in Figure 6. On 12
November an isolated PV streamer that was a remnant
of an earlier development arched from eastern Europe
to its tip over the Iberian Peninsula. In the period from
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Figure 4. As Figure 1, but for IOP 15 (5-8 November 1999, 12 UTC); the bold line in (b) indicates the baseline of the aircraft flight.
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Figure 6. As Figure 1, but for IOP 17 (13—16 November 1999, 12 UTC); the white line in (c) indicates the baseline of the aircraft flight.

13 to 14 November, this elongated streamer split, but
on 15 November its northern part reconnected with the
stratospheric reservoir over Scandinavia to form a north-
east/south-west filament over the Alps. Finally, on 16
November the streamer again separated.

Clearly this remnant feature is not conducive to a
heavy precipitation event. However, it does exemplify
the intricate structure that the streamers can acquire in
their final phase and merits investigation on this account.
To this end, a flight mission was undertaken that traversed
the streamer between southern Germany and Slovenia at
a succession of increasing altitudes.

4.3. Flights and forecasts

A key ingredient in planning the execution of a flight
mission is the current forecast, and moreover the accuracy
of the latter has a direct bearing upon the value of the
gathered data. Here we examine the performance of the
ECMWEF forecasts by evaluating the ECMWF forecast
data along the traversed flight paths.

Copyright © 2007 Royal Meteorological Society

For the IOP 15 event with its more typical slow
eastward translation of a streamer, the correspondence
of the 1- to 3-day forecast of the event with the verifying
analysis (Figure 7(a)—(d)) demonstrates the excellent
quality of the ECMWF forecast for the event, and this
facilitated successful flight planning.

For the IOP 17 event the objective was to perform
cross-streamer measurements on the 15 November (see
aircraft baseline in Figure 6(c)), and hence for the plan-
ning the focus was on the forecasted location of the
streamer’s lateral boundaries (as captured for example
by the 3.0 pvu or low-humidity contours). Noting that
at the flight time the streamer had a north-east/south-
west orientation and was almost astride the Alps, the
predictions (Figure 8) placed the streamer successively
further south-eastwards of its true location in the 1-, 2-
and 3-day forecasts. This misplacement occurs irrespec-
tive of the selected initial dataset (i.e. ECMWF opera-
tional or reanalysis fields; Figure 8(c)) and the deployed
model resolution (T213/L60 Figure 8(a), or T511/L60

Q. J. R. Meteorol. Soc. 133: 847-865 (2007)
DOI: 10.1002/qj
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Figure 7. ECMWEF (a) 72-hour, (b) 48-hour and (c) 24-hour forecasts and (d) analysis of wind and PV at 320 K, all valid at 12 UTC on 6
November 1999 (IOP 15). The PV contour interval is 1 pvu, and the shading marks PV > 3.5 pvu. The scale of the displayed arrows in (d)
represents a wind of 60 m s~! and is correct at latitude 41 °N.

Figure 8(b)). Note further that a 3-day forecast with the
T312 version did not replicate the filament, whereas the
1-day forecast allowed reasonable flight planning for the
purpose at hand.

5. Humidity measurements within the streamer

Little was known of a streamer’s internal humidity
structure prior to MAP. From a dynamical standpoint, it is
of interest to know the degree of mixing within a streamer
and to determine the nature of the sub-structures both
within and on the lower boundary of a streamer. From an
observational standpoint, the challenge was to develop an
instrument capable of providing humidity measurements
in the dry low-stratospheric air.

In the run-up to the MAP field programme, the
DLR developed a new version of their airborne water
vapour differential absorption lidar (DIAL) system based
on a narrow-band tunable dye laser operating in the
near infrared (Ehret ef al., 1993; Poberaj et al., 2002)
that was capable of providing humidity measurements

Copyright © 2007 Royal Meteorological Society

in regions of low water-vapour content. Its poten-
tial was shown in a cross-streamer measurement flight
conducted in the pre-MAP phase (Ehret ef al., 1999).
Hence for MAP the DIAL instrument offered the
unique opportunity to measure water vapour mixing
ratios along extended cross-sections passing through the
streamer.

Flights were performed for both the IOP 15 and
IOP 17 episodes. For the IOP 15 streamer, two across-
streamer measurement flights separated by about 300 km
sampled the humidity distribution of the slowly eastward-
moving feature. Hoinka et al. (2003) gives a detailed
comparison of the DIAL data with ECMWF analysis
and MESO-NH model simulation. In general there is a
good agreement between the three datasets (e.g. their
Figure 6). Another illustration of the compatibility is
given in Figure 9, which shows scatter plots of the
analyzed (ECMWF) and simulated (MESO-NH) versus
measured (DIAL) mixing ratios for 6 November. (For
comparison purposes, note that the MESO-NH operated
with a horizontal resolution of 8 km and 50 vertical
levels). Note also that
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(1) the scatter is much smaller for mixing ratios lower
than 50 ppmv than for larger values, and

(2) structural differences are comparatively small partic-
ularly for values less than 100 ppmv.

In statistical terms the correlation coefficient, C, mea-
suring the relation between the two data series indi-
cates a strong similarity. For the range 10—100 ppmv
(all three datasets), C = 0.80 for both the DIAL/MESO-
NH and DIAL/ECMWEF fields, and the error is compar-
atively small (=0.005). Likewise the inter-relationship
captured by the regression coefficient is R = 0.83 for
the DIAL/MESO-NH mixing ratios and R = 0.95 for the
DIAL/ECMWEF set. In effect, for water vapour mixing
ratio, the three datasets compare reasonably well. The
DIAL data of IOP 15 has also provided a validation base
for the ECMWF MAP reanalysis dataset (Keil and Car-
dinali, 2004).

distance (km)
200 300

(b)

height (km)

latitude

Figure 8. Analysed and forecast cross-sectional height of the
PV =3.0 pvu surface above the baseline given in Figure 6(c), as
determined by ECMWF at 12 UTC for all days: (a) routine ECMWF
analysis T213/L60, (b) T511/L60, (c) reanalysis T511/L60. Analysis
(AN, full lines), forecast on day 1 (AN-1, dashed), forecast on day 2
(AN-2, dotted), and forecast on day 3 (AN-3, dash-dotted).
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Here we focus on the IOP 17 event. For this episode,
four traverses across the streamer, each of some 400 km
length, were performed at increasing height above the
same baseline from 48.5°N/10.5°E to 45.5°N/13.5°E
(i.e. from near Munich in Germany to Trieste in Italy).
The baseline is displayed in Figure 6(c), and these tracks
through the streamer’s core correspond to analysis values
of up to 7 pvu in the ECMWEF fields. Figure 10 shows
the cross-sectional humidity distributions obtained from
the four sequential traverses. In the upper part (8—10 km)
there is little change over the 3-hour flight duration. In
contrast, the streamer’s lower boundary descends with
time. (The 70—80 ppmv layer is at 5.5 km in the earliest
traverse and at 4.5 km in the latest.) The variation
is attributable in part to temporal development and/or
advectively induced changes. In addition we note that

(1) in the lower regions there is also evidence of vertically
aligned humidity plumes of 40—70 ppmv, and

the position of the eastern edge of the streamer remains
unchanged with time (indicating that the streamer
did not move further south-eastwards), whereas the
decrease in humidity in the 6—8 km layer is consistent
with a downward penetration of the field’s core.

@)

The average of all four sections is juxtaposed in
Figure 11 with the independent ECMWF analyses and
mesoscale model data. It is clear that (as for the IOP 15
event) the three sections exhibit a similar overall structure
but with significant sub-structural differences. In particu-
lar there are differences in the streamer’s fold structures.
The DIAL humidity measurements and MM5’s PV and
humidity fields show folds located on both the pole-
ward and equatorward sides of the north-east/south-west
aligned streamer. The DIAL data is consistent with a
major descent of dry stratospheric air whereas the MM5
humidities are not as low as the measurements. (For
comparison purposes note that the MMS5 operated with
a horizontal resolution of 15 km and 59 vertical lev-
els). In contrast the ECMWF analysis captures only the
poleward-located fold.

A comparison of humidity data taken from DIAL,
the MMS, dropsondes, and the in situ aircraft is shown

200 — 1 ————— 200
L | mixing ratio (ppmv) | _ L
T
= =
S 100+ 100 8
O
i L
=
0 . . 0
0 100 0 100 200

DIAL

Figure 9. Scatter plots of mixing ratio (ppmv) as analyzed (ECMWF), simulated (MESO-NH), and measured (DIAL) on 6 November 1999
(taken from Hoinka et al., 2003).
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Figure 10. Four cross-sections of DIAL water vapour mixing ratio (ppmv) on 15 November 1999 taken above the baseline given in Figure 6(c).
The flight times are given in UTC. The mixing ratio is given by the colour shading; the increment is 10 ppmv below the 100 ppmv contour and
100 ppmv above 100 ppmv.

in Figure 12(a—d), which correspond respectively to
vertical profiles through the poleward fringe, core, eastern
fringe and equatorward fold of the streamer. At the
equatorward fold (Figure 12(d)) the DIAL and sonde
data provide independent and corrobating detection of
the fold’s lower and upper boundary, but the MMS5 fails
to capture the fold’s moisture signal. At the eastern
fringe (Figure 12(c)) the DIAL provides some indication
of tropospheric air above a shallow fold at an altitude
between 6 and 8 km, whereas the sonde data hints at
a shallower moist layer around 7.5 km. At the core
(Figure 12(b)) the DIAL and dropsonde data are in
excellent agreement wheras the MMS5 profile is slightly
moister. At the poleward fringe (Figure 12(a)) the DIAL
data hint at a deeper penetration of the fold than the
other two profiles, the sonde data hint at the existence
of an upper boundary to a fold at around 7.5 km,
and within the streamer there is a pleasing agreement
between the DIAL and sonde data. Note that Poberaj
et al. (2002) estimated that the deviations between DIAL
and dropsonde humidity amount to around 3% in the
near-distance DIAL measurements and up to 12% in

Copyright © 2007 Royal Meteorological Society

the far-distance ones. Also note that repetition of the
ECMWEF analysis using the MAP reanalysis data (Keil
and Cardinali, 2004) does not result in the appearance
of the south-east fold, although there is now a hint of a
weak fold in the PV pattern (Figure 13). The centre core
of the streamer was drier in the reanalysis data.

Another aspect worthy of note is the appearance in
the MMS5 simulations of fine-scale wave-like structure of
the PV in the tropopause region beneath the equatorward
flank of the streamer (Figure 11(b)) that is located above
and east of the Alps. These are reminiscent of similar
features obtained with the MESO-NH simulations for
the IOP 15 event (Hoinka et al., 2003; their Figure 6). It
is conceivable that these features are numerical artifacts
induced above rough orography and attributable to the
limitations of terrain-following coordinate systems which
can be ameliorated by the adoption of a more refined
vertical-coordinate system (Schir et al., 2002). Indeed,
the noisy PV structure at the eastern edge of the IOP 15
streamer was strongly reduced by the application of the
smoothed coordinate system (Hoinka and Zingl, 2004).
However the wave-like features considered here for the
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Figure 11. Cross-sections of water vapour mixing ratio (ppmv) for 15 November 1999 taken above the baseline shown in Figure 6(c): (a) shows

interpolated ECMWF operational analysis from 1400 UTC, (b) data simulated by the mesoscale model MMS5 from 1400 UTC, and (c) data

taken by the DIAL between 1251 and 1524 UTC. The MMS5 simulation started at 00 UTC on 15 November. The scaling for the humidity is

as Figure 10. The black contours in (a) and (b) denote PV, with interval 1 pvu. The vertical lines in (c) indicate the locations of the vertical
profiles shown in Figure 12.
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Figure 12. Comparison of vertical humidity profiles (ppmv) for 15 November 1999 (IOP 17) from DIAL (dotted), MMS5 (dashed), dropsonde
(DS, solid), amd in situ aircaft (crosses). A—D represent vertical profiles through the poleward fringe, core, eastern fringe and the equatorward
fold of the streamer, respectively. The position of the vertical profiles is given in each panel and also indicated in Figure 11(c).
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Figure 13. Temporally interpolated (14 UTC) ECMWEF cross-sections of water vapour mixing ratio (colour shading, ppmv) on 15 November
1999 above the baseline given in Figure 6(c): (a) operational analysis, and (b) reanalysis. The black contours denote PV (with interval 1 pvu).
This figure is available in colour online at www.interscience.wiley.com/qj

IOP 17 episode remain even when the MMS is operated
with the refined coordinate system, and moreover they are
lent further credence by surface and satellite observations
indicating that precipitation and clouds were present at
this eastern edge of the streamer over the Dalmatians.

In summary, we note that the three kinds of datasets
considered (ECMWF, mesoscale model, DIAL) are
remarkably disparate, and each undergoes markedly dif-
ferent processing — assimilation for the ECMWF, numer-
ical simulation for the MESO-NH and MMS, and hori-
zontal and vertical averaging for the DIAL. These dif-
ferences certainly impact upon the resulting fields, but
an intercomparison between the IOP 15 and 17 events
indicates that

(1) the streamer’s zonal boundaries are in good agree-
ment,

the humidities within the descending branch are of
comparable magnitude,

the descent of stratospheric air is reasonably well
represented,

all three datasets capture the westward-bending fold
in IOP 15, and

two folds appeared in IOP 17 and were simulated
by the MMS5, whereas the ECMWF analysis captured
only one.

2)
3)
4)
(&)

In effect, the comparatively coarse-resolution ECMWF
analysis data capture only the gross structure of the
streamer, but nevertheless give a generally correct pic-
ture. The MESO-NH and MMS5 models produce some
mesoscale features that are reminiscent of those evident
in the DIAL data.

6. Further distinctive structures

The DIAL measurements clearly indicate that there is a
wealth of fine-scale structures within streamers, but their
3D form and temporal evolution remains inadequately
observed and therefore by default often unexplained.

Copyright © 2007 Royal Meteorological Society

However the ECMWEF fields point to the prevalence and
intricacy of these features.

Further hints can be gleaned from mesoscale numer-
ical simulations of individual events, the use of anal-
ysis/model data to derive backward trajectories, allied
to the reverse domain-filling technique (Sutton et al.,
1994) or Lagrangian forward projection (Liniger and
Davies, 2003), and careful interpretation of measure-
ment data gathered during aircraft transects of a streamer.
These essentially ad hoc approaches provide a tantaliz-
ing glimpse of the sub-structures, and can be used to
shed light on some of the fine-scale features in the DIAL
dataset.

Here we comment on three such finer-scale structures.
The first is the striking fine-scale feature that appeared
in both the cross-sectional aerosol measurements of the
IOP 15 streamer (see Figure 8 in Hoinka et al., 2003). It
took the form of a narrow band of increased backscat-
ter ratio within the western part of the streamer, and
extended eastwards with height. Its presence in the two
cross-sections separated latitudinally by 300 km testified
to its spatial and temporal coherence. Comparison of
the mixing ratio and backscatter ratio fields indicates
that the band is located at the top of the descending
tongue of dry stratospheric air and possibly within the
region of strong gradient delimiting the tongue’s top.
The band’s very-fine-scale structure renders it not easily
amenable to simulation with a mesoscale model. How-
ever, application of the Lagrangian forward-projection
approach suggests (Liniger and Davies, 2003) that the
band comprised a sheet of high water vapour sandwiched
between another two sheets of drier air, and that each
sheet had undergone a geographically and vertically dif-
ferentiated evolution over the previous 3 days. There
are no DIAL water vapour data available to confirm the
humidity structure, but the compatibility of the indepen-
dent observational measurements and the analysis-based
backward-trajectory data lends credence to both.

The second fine-scale feature considered here also
relates to folds. Both the IOP 15 and IOP 17 streamers
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had folds at their trailing edge and these descended
to below 6 km. Small-scale features were observed
(D’Aulerio et al., 2005) beneath the streamer in the
form of thin dry-air filament-type patches (0.3—1.0 km)
that persist for at least 48 h. They were detected using
a ground-based Raman LIDAR installed in northern
Italy at 45.9°N/8.5°E south of Lago Maggiore during
MAP SOP. The instrument enables small-scale areas of
dry stratospheric intrusions to be detected between the
boundary layer and the mid-troposphere, provided that
there is no sunlight. Supportive evidence is available
from vertical profiles derived with radiosondes from the
nearby station Milano. The dry signature of the filament
(0.2 g kg~!) was clearly detectable at altitudes of less
than 4 km, and was sandwiched between moister layers
of 0.6 g kg~!. In their temporal evolution, derived from
time series of vertical LIDAR profiles, the filaments
become narrower with time and penetrate down to about
3.5 km altitude. Again backward-trajectory computations
indicate that they originate from the streamer’s core
(D’Aulerio et al., 2005). Thus fine-scale features are
observed beneath a streamer’s fold and originate from
it.

A third category of fine-scale features relates to the
sharpness of a streamer’s lateral boundaries and its fine-
scale interior features. Information on this category can
be gained from in situ measurements of quasi-tracers
(e.g. aerosol, water vapour and ozone mixing ratio) taken
as an instrumented aircraft traverses a streamer. Such
measurements are instructive in the light of the strong
across-tropopause gradients of these atmospheric con-
stituents. In Figure 14, in situ ozone measurements taken
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during IOP 17 are juxtaposed with the corresponding
across-streamer distribution of model-simulated PV (cf.
Figure 11(b)). Inspection of the spatial traces shows that,
superimposed upon the general increase of ozone with
height in the stratospheric air (typically 100 ppbv at
8.4 km to 150 ppbv at 11.1 km), there are also strong
horizontal gradients at the streamer’s lateral boundaries.
Moreover, these boundaries connote a narrower streamer
than that for the model data. This follows from com-
paring the width of the zone delineated by enhanced
values of measured ozone (>50 ppbv) with the zone
defined by the model values of 2—3 pvu. A hint of
features that are internal to the streamer is provided
by Figure 15 with its series of high-resolution ozone
traces (traces A/B/C/D correspond to flight levels of
11.1/10.5/9.9/8.4 km; see Figure 14). In the streamer’s
inner core, there are structurally well-defined major ozone
variations of ~10-50 ppbv.

These features were also evident in the streamer that
was associated with the Piedmont flood event of 5
November 1994. Figure 16 displays the measurements
of ozone and water vapour mixing ratios gathered in
situ during a traverse across the streamer when it
was located over England; the flight was conducted
within the framework of the Pollution from Aircraft
Emissions in the North Atlantic flight corridor project
(POLINAT; Schumann et al., 2000). In this case again,
the streamer’s width, as defined by the constituents,
appears significantly less than that indicated by the PV
field of the ECMWEF analysis. In the period around that of
the flight, the streamer was quasi-stationary and deformed
only weakly, and hence a reasonable inference is that the
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Figure 14. PV simulated by MMS5 (pvu; thin contours) and measured ozone (ppbv; bold curves) along the cross-section for IOP 17 shown in
Figure 10. The PV pattern is that shown in Figure 11(b). The dashed lines indicate the flight level of the aircraft for the in siru measurements.
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Figure 15. In situ measured ozone (ppbv) along the cross-section for IOP 17 shown in Figure 10. A, B, C and D denote the four flight levels
shown in Figure 14.
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Figure 16. Aircraft measurements of (a) ozone (ppbv) and (b) water vapour mixing ratio (ppmv) within a tropopause fold located over Ireland on
5 November 1994 between 15°W and 5°W (left to right) along latitude 52.5 °N. The aircraft data were gathered between 0930 and 1230 UTC.
Contours of PV (pvu; bold solid) are taken from ECMWF operational data at 12 UTC.
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spatial resolution of the ECMWF model is not sufficient
to capture the sharp lateral boundaries of the streamer.

Notwithstanding the foregoing caveat, there is a rea-
sonable correspondence between the gross features of the
measured and analysed fields. To underline this point, the
fields were correlated after a light filter (30-sec running
average) was applied to the two measured fields (ozone
and water vapour) to remove the rapid/smaller-scale
fluctuations. The results (Figure 17) show a correlation
of 0.68 between O3 and PV with the average ratio of
25.2 ppbv (pvu)~'. This is to be compared with ear-
lier determined ratios of 45 ppbv (pvu)~! by Danielsen
et al. (1987) and of 50.2 ppbv (pvu)~! by Browell et al.
(1987). The discrepancy might be attributable either to
the difference in aircraft sampling rate of the aircraft data
(higher in the present case) and/or to the range of pvu
values encompassed in the different studies (1-7 pvu in
the Danielsen ef al. (1987) study, and 1-3 pvu in that
of Browell et al. (1987)). Additional contribution to the
discrepancy might be found in the differing resolutions
of, as well as methodologies and datasets used to gener-
ate, the PV analyses used in the present study compared
with the above-mentioned earlier studies. All these fac-
tors might be just as important as the resulting range of
PV in the respective studies.

Likewise, there is a strong negative correlation
(—0.77) between PV and water vapour (Figure 17(b))
and between O; and water vapour (Figure 17(c)),
and the corresponding slopes are —3.6 ppmv (pvu)~!
(03/PV) and —0.1 ppmv (ppbv)~! (wv/O3). A clear
stratospheric signal is evident for the larger O3 values
(>150 ppbv) in combination with smaller water vapour
values (<20 ppbv), and to a lesser extent in combination
with larger PV values. In contrast, the more scattered
distribution for the triplet of lower PV values, lower
O; and larger water vapour, is indicative of the more
transient and highly structured airflow at the tropopause.

It is evident from the foregoing discussions of streamer
sub-structures that there are significant small-scale struc-
tures embedded within, at the boundary of, and below
streamers. Their detailed structure, origin and possible
effects are little known, but clearly their existence has a
direct bearing upon stratosphere—troposphere exchange.
In the penultimate section we will comment on the impact
of streamer sub-structures upon weather prediction.

7. Orographic and cloud-diabatic influences

In earlier sections it was emphasized that a meridionally
elongated PV streamer translating toward the Alpine
chain is very frequently accompanied by forced ascent
of a low-level southerly flow over the chain and the
occurrence of heavy precipitation on the Alpine south
side. The near approach of the streamer to the chain also
implies that the orography and the cloud-induced diabatic
heating can influence the streamer itself. One of the sub-
programme’s objectives was to examine the interaction
of a streamer with the orography.

Copyright © 2007 Royal Meteorological Society
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Figure 17. Correlation of (a) O3 and PV, (b) water vapour mixing ratio

and PV, and (c) O3 and water vapour mixing ratio in the tropopause fold

located over Ireland on 5 November 1994. The correlation coefficient
(C.C.) and the regression coefficient (slope) are shown.

Insight has been sought from both model simulations
(Morgenstern and Davies, 1999; Buzzi et al., 2003) and
the DIAL water vapour measurements (Hoinka et al.,
2003). An idealized and case-study analysis using a
mesoscale NWP model (Morgenstern and Davies, 1999)
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was designed to examine the separate and combined
effects of orography and cloud convection. In isolation
the effects in the idealized setting were shown to be
comparable in amplitude and significant in influence. The
presence of orography beneath the streamer induced low-
level anticyclones astride the ridge and also mixing aloft
attributable to vertically propagating buoyancy waves.
Likewise, deep cloud convective activity on the eastern
flank of a streamer was accompanied by the outflow of
low-PV air on top of the diabatic region, the appearance
of a positive PV tower within the diabatic region, and
mixing on the streamer’s eastern periphery. Both orogra-
phy and the cloud convective activity led to a thinning
of the streamer, and this took the form of an indentation
on the eastern periphery of the streamer over the Alps.
This resembles the feature noted earlier (Section 3) in the
lagged-correlation study. There was also an impact upon
the streamer’s self-induced movement. In combination,
they led to a further thinning of the streamer and the for-
mation of a PV cut-off. Similar results were derived with
a similar set of simulations undertaken with MESO-NH
for the IOP 15 event (Hoinka et al., 2003).

Further information on the nature of the orographic
and diabatic influences was gleaned from combined
measurement and model studies of the IOP 15 event.
DIAL measurements showed a modification at the leading
edge of the streamer due to convective activity (Hoinka
et al., 2003), with large pertubations at the base of the
tropopause layer. Observations and numerical model sim-
ulations with MESO-NH serve to support the interpreta-
tion that convection was generated ahead of the streamer
and there might also have been a breaking of buoyancy
waves generated above the south-western Alps.

The evolution of the IOP 15 streamer was recorded in
an earlier section. Between 00 UTC on 6 and 7 Novem-
ber, the streamer deformed as it approached the Alps and
subsequently split to form a cut-off. It was also noted
earlier that this cut-off formation is often an integral fea-
ture of rapid cyclogenesis resulting in a lee cyclone in
the Gulf of Genoa. The accompanying surface synop-
tic evolution is that of a ‘parent’ cyclone located over
central Europe with its attached cold front moving south-
eastwards and deforming in an arch around the Alps
(Steinacker, 1984). Numerical simulations of the event
conducted with and without flattened orography indi-
cate that the cut-off low was essentially orographically
induced (Buzzi et al., 2003). Without orography there
is no secondary cyclogenesis but a single deeper and
broader cyclone migrates from the North Sea towards
the Balkans, while an upper-level cut-off develops more
slowly and by mid-day of 7 November is located about
5° east-north-east of the observed position. The inference
is that the cut-off was not merely a self development
but rather was subject to strong orographic influence. In
effect the orography plays a dual role by both inducing
the cut-off and anchoring the streamer’s movement.

In summary, independent sets of model simulations
plus DIAL measurements indicate clearly that
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(1) topographic and diabatic effects are significant,

(2) the two effects are of comparable magnitude,

(3) both effects reduce the streamer’s PV,

(4) topographic effects are strong at the streamer’s tip,

(5) diabatic effects decelerate the streamer’s progression,

(6) synergetic effects of both produce PV filaments north
of the Alps, and

(7) topographic effects strengthen the streamer’s cut-off.

8. Numerical weather prediction

QPF is currently one of the most critical operational
forecasting challenges. The timing, amplitude and distri-
bution of the precipitation is determined by an amalgam
of effects that include the availability and amount of
moisture at low levels, the efficacy of the cloud micro-
physics, orographic influences that encompass both pos-
sible blocking of low-level flow and induction of forced
ascent, and the nature of the ambient synoptic setting.
Likewise the prediction skill will also depend upon how
well these factors are adequately captured/represented in
the initial state/physics of the forecast model, and more-
over the relative contribution of these various factors
should influence the strategy for improving QPF.

The hypothesis that prompted the P2 project of MAP
was that the appearance of a synoptic-scale PV streamer
upstream of the Alps constitutes a significant dynamical
precursor of a mesoscale HP event on the Alpine south
side. It is therefore appropriate to query whether

(1) the early detection of such a streamer enhances the
predictive capability of an HP event, and

(2) the presence of a streamer is merely an incidental
accompanying features or a central (or perhaps even
dominant) component of an HP event.

The answer to both queries impacts directly upon
the major MAP aim to improve QPF and related flood
forecasts.

We address each query in turn. For the first query
on the potential enhancement of predictive skill, note
that the statistical significance of the composite lagged
correlation of the upstream PV pattern from day 1
out to day 6 with the subsequent Alpine HP event
(Martius, 2005) provides a clear indication that accurate
medium-range prediction of the streamer is potentially
achievable. Moreover the composite patterns point to the
physical nature of the pre-streamer signal’s propagation
as a disturbance on the extratropical wave-guide formed
by the sharp gradient of PV on tropopause-transecting
isentropic surfaces (cf. Schwierz et al., 2004; Shapiro and
Thorpe, 2004). Accurate representation of this process
requires adequate tropopause-level data, high spatial
resolution for the model, and the faithful replication by
the model of the generation and maintenance of the
atmosphere’s strong and localized isentropic PV gradient.
The latter point relates to two related issues. First, for the
propagation of the pre-streamer disturbance far upstream,
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there is clear evidence (Dirren et al., 2003) that NWP
models often underestimate the amplitude of disturbances
on the wave-guide. Second, the formation and elongation
of the streamer immediately upstream of the Alps has
been linked to the intensification of the wave-guide’s PV
gradient by diabatic production of a band of low PV on
the guide’s equatorward side (Massacand et al., 2001).
This process requires that a forecast model adequately
replicates the band’s production, and this again is a
significant model challenge.

For the second query we note that the derived streamer
climatology (see Section 3) indicates that with relatively
high probability certain PV streamer configurations (dif-
fering slightly from one another) are associated with
heavy precipitation in different sub-regions of the Alps.
This suggests in turn that the accurate prediction of
a streamer’s orientation, movement and amplitude has
implications for the mesoscale QPF distribution. This has
been borne out by the results of two separate studies
(Fehlmann er al., 2000; Fehlmann and Quadri, 2000). The
first study demonstrated that a good representation of dis-
tinctive mesoscale PV sub-structures within a streamer,
and in particular in the vicinity of the streamer’s tip, had
a significant impact upon the location of the precipitation
for an individual HP event. The second study, involv-
ing multi-day predictions with a mesoscale NWP system,
provided corroborative evidence in that it documented
that (un)successful HP forecasts for the Alpine south side
were preceded and accompanied by (in)accurate repre-
sentation of the location and amplitude of the southern
part of the streamer’s PV distribution. Thus there is per-
suasive evidence that a streamer’s internal mesoscale
structure and overall synoptic-scale representation does
impact upon the resulting forecast of the precipitation.

It is difficult to assess and quantify the relative impor-
tance of the streamer in comparison with other predomi-
nantly lower-tropospheric mesoscale effects. The studies
discussed above differ in concept and intent from the
examination of the capability of operational and research
mesoscale models to replicate individual HP events — e.g.
the papers in the special issues of MAP (Bougeault et al.,
2003) and HERA (Volkert, 2000), and also Benoit et al.,
(2002). In these studies the focus was on the micro-
and mesoscale evolution of the precipitation, and the
characteristics of orographically influenced precipitation.
However one heuristic mesoscale model study (Gheusi
and Davies, 2004) showed that a bland incident flow was
still capable of reproducing the climatological precipita-
tion pattern with its mesoscale sub-structure. This leaves
open the possibility that the combination of the ambient
synoptic setting allied with the role of orography plays a
decisive key in generating the HP events.

9. Final remarks

The overall goal of the MAP project ‘Incident upper-
tropospheric PV anomalies’ was to elucidate the linkage
between PV streamers and Alpine weather and airflow.
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Here we summarize the progress made toward achieving
this project’s specific objectives.

(1) A synoptic climatology was derived of European
PV streamers based on the ERA-40 dataset. It
shows a strong linkage between streamers and
Alpine events of heavy precipitation. For the period
1966-1999, 73% of extreme heavy precipitation
events (>29 mm d~') on the southern side of the
Alps are accompanied by a PV streamer present at
the western edge of the Alps. Lagged correlation
of PV pattern of the ERA-40 fields with the time
series of ECMWEF forecast precipitation produces the
archetypical signal of an upstream-located elongated
streamer.

(2) The DLR water vapour lidar system (DIAL), a key
instrument for the field programme, enabled cross-
sections of the humidity field to be compiled within
the dry stratospheric air of the streamer air, and
they were compared with quasi-contemporaneous
analyses and mesoscale simulations fields. These
complementary fields showed a satisfactory measure
of agreement for the overall stucture.

(3) The DIAL data also detected distinctive sub-
structures on the lower boundary of, and within,
the streamer. Credence for these sub-structures was
evinced using appropriately designed numerical sim-
ulations and by deploying backward-trajectory tech-
niques. The resulting enhanced fields shed light on
the temporal coherence and 3D form of the sub-
structures.

(4) Numerical simulations helped to pinpoint the nature
and impact of the Alps upon streamer development.
Topographic and cloud-diabatic effects were shown
to be comparable in amplitude, and they were signif-
icant in reducing the streamer’s PV, streamlining its
shape, and modifying its movement. In combination
they were shown to be capable of inducing a cut-off
at the streamer’s southern tip.

(5) Evidence was provided that accurate representation
of a streamer’s far-upstream evolution could enhance
the medium-term predictive capability for HP events,
and that a good representation of the streamer’s loca-
tion and major internal structures as it approached the
Alps might (at least on occasions) be a prerequisite
for accurate shorter-term deterministic QPF.

Further, we note that the operation of the newly devel-
oped DIAL system during the MAP field phase was an
excellent opportunity to assess its capabilities, and it
thereby provides the basis for its further development.
Subsequently the instrument has been deployed in var-
ious experiments worldwide collecting data in a quasi-
operational mode. Moreover in the ESA explorer mission
Water vapour Lidar Experiment in Space (WALES), it
is planned to develop a spaceborne DIAL to provide
global coverage of humidity profile data. Hence MAP
has proved to be a major spur for this further technical
evolution.
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The streamer project of MAP encompassed a wide
range of spatial scales, from the synoptic-scale environ-
ment in which the streamer is embedded to the finer-scale
cloud processes, and the experience gained in the pro-
gramme has some general value for the execution of
future experiments. Limitations on aircraft deployment
due to air traffic control, aircraft ceiling and endurance,
and the installation of the measurements system all con-
tributed to limiting the field campaign activities, and
prohibited the acquisition of a fully 3D picture of the
streamer. Notwithstanding, the aircraft missions do pro-
vide valuable measurements for validating mesoscale
model simulations. A bonus for the design of the mis-
sions was that the 24-hour ECMWF forecasts provided
excellent guidance. The forecast utility for predicting the
streamer’s location and lateral boundaries at longer lead
times was event dependent and hence more problematic.

In summary, the project on ‘Incident upper-tropo-
spheric PV anomalies’ attained most of its major goals,
and increased our knowledge of the dynamics, signif-
icance, and internal structure of PV streamers. It has
served both to prompt and provide a basis for further
research studies and forecast activities. At the very least,
it has helped engender a fresh focus on the necessity to
account adequately for upper-level effects in the process
of data acquisition and NWP, and to highlight a range of
intriguing dynamical issues associated with the dynamics
of PV streamers.
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