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Nowcasting thunderstorms in the Alpine region using a radar based
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Abstract. In this paper we present a new automated, radamon observations. The main tools in this context are remote
based tool for thunderstorms nowcasting called TRT (Thun-sensing observations like radar, satellite and lightning, as
derstorms Radar Tracking). The goal of this real-time toolwell as mesonet data. Operational nowcasting systems for
is the automated detection, tracking and characterization oprecipitation are mainly based on the extrapolation of radar
intense convective precipitation systems. TRT uses the reechoes.
flectivity data of the composite image of the Swiss radar net- Wilson et al. (1998) give a comprehensive status report
work. of nowcasting thunderstorms. They discuss radar tracking
The algorithm is based on an adaptive thresholdingas well as advanced nowcasting systems (expert systems)
scheme, which allows the detection of convective cells at in-like e.g. the Auto-Nowcaster (Mueller et al., 2003). Based
dividual thresholds, depending on their development phaseon conceptual models these expert systems try also to pre-
In this way, thunderstorms can be tracked very early duringdict thunderstorms initiation combining the output of several
their growing phase (cells as small as a fewZkm pixels)  sensors with a numerical model. During the Sydney 2000
as well as in the mature stage, and trajectories are create@lympic games, sophisticated state-of-the-art nowcast sys-
from a sequence of radar images. The tracking is based otems were tested in an operational environment as part of
the method of the geographical overlapping of cells. Splitsthe World Weather Research Programme Forecast Demon-
and merges are also taken into account. TRT forecasts storsiration Project (e.g. Keenan et al., 2003; Weather and Fore-
movement by extrapolating the motion of individual cells up casting, special issue, 2004). However little information is
to 1 h, using the weighted cell displacement velocity. TRT is available concerning the performance of such expert systems
used as a nowcasting tool in a pre-operational mode at Mein mountainous regions with complex orography, like e.g. the
teoSwiss since May 2003. densely populated Alpine region in central Europe. Warner
et al. (2000) state that in mountains the forecasts accuracy
of complex nowcasting systems can greatly be limited by the
poor quality of some of the required input data. They used
the Auto-Nowcaster expert system to forecast a flash flood

. . : ?vent in the mountains of Colorado. The complex terrain
The possible devastating consequences of convective evenis . Lo
imposed serious limitations on the use of most of the compo-

such as e.g. heavy thunderstorms with strong precipitation
and hail are well known (e.g. flash floods). Such convectivenents of the expert system. The only component of the Auto

storms are still difficult to predict by operational numerical Nowcaster that could be employed was the TITAN algorithm

) . ixon and Wiener, 1993), a cell tracker that extrapolates

models because of the relative coarse resolution, the lack o . . )

: L . radar images. According to Roberts and Rutledge (2003) it
observations of the initial state at the mesoscale, and the lim

is difficult to detect boundary layer convergence lines in com-

ited predictability of small mesoscale phenomena. There'plex terrain with the Auto-Nowcaster and thus to predict the

fore, for very short-range forecast in the time range from initiation of convection, because the radar beam is blocked at

to a few hours ahead (nowcast) the national weather services : .
) : ow altitudes. The only operational European expert system
tend to develop and use automatic non-numerical method

which analyze the features of present weather and predict trfNIMRQD/GANDOLF. (Golding, 199.8’ 2000; R|erce etal,
000) is mainly applied to areas with rather simple orogra-

development of already initiated phenomena, heavily base Dhy.

1 Introduction
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Some radar based tracking tools are employed as weltletection and tracking algorithms. Finally a case study show-
in mountainous regions in central Europe. Mecklenburging an application of TRT is discussed (Sect. 4), and the pre-
et al. (2000) discuss the application of the COTREC algo-liminary results and impressions from the use of TRT in the
rithm derived from the pattern recognition technique TREC, operational service are given in Sect. 5.
to the Swiss Alpine region. Steinacker et al. (2000) ap-
plied their automatic tracking method, based on lightning
and radar data, to the Alpine region of Austria and southerr®  Input data
Germany. The CONRAD system is an operational nowcast- . .
ing tool of the German Meteorological Service (Lang, 2001)_The input radar data gsed by the_TR_T algorithm are reflec-
It is a radar cell tracking program that interprets convectivetIVIty valugs of the Swiss c.omposne image. The radar net-
cell activity, analyses cell stage and produces warning items\.Norl.( consists of 3 volumetric C-band Doppler radgrs (Gemq—
TRACE3D (Handwerker, 2002) is a tracking algorithm that trqu) located at 1680, 930 and 1630 m "’?-S-'-’ with a sensi-
identifies convective cells only by their reflectivity values tivity of 0.2mm/h at 230km. A 20-elevation volume scan

(larger than a variable threshold), considering also Sp”ttinggetvtvee_n—o.? and_tzlq is performed e_\llea/ 5 ntwrl]nutes. t'ﬂl]e
and merging. Extrapolation is performed using an individual artesian composite images are avarable with a spatial res-

velocity for each cell. The algorithm was applied to different olution of 2km on 16 reflectlylty clasges betwegﬂ_3 and
case studies in southern Germany. >55dBZ. At present the vertical maximum projection from

This contribution presents TRT (Thunderstorms Radarlz constant height horizontal surfaces (CAPPI) between 1

Tracking), a new automated, radar based tool for thunderdnd 12 kr_n, IS used for TRT, . .
A qualitatively good radar network with effective clutter

storms nowcasting, currently developed by MeteoSwiss and =" 777 . . -
Méto-France. TRT is a real-time object-oriented nowcast-e“mmat'on algorithms is a prerequisite for a successful de-

ing tool for the identification, tracking and monitoring of in- tection and wacking of convective cells in complex orogra-

tense convective precipitation systems. It uses the reﬂectivit)Phy' The main problems concerning the data quality of the

data of the Swiss radar network and provides real-time infor->WisS radar network in the Alpine area are caused by shield-

mation to the forecasters for convection warning. ing effects and ground clutter. Thus a sophisticated 7-step

TRT is based on the adaptation to Alpine radar images an&Iutter elimination algorithm is applied at the MeteoSwiss

further development of the severe thunderstorms detectio adar S|tes: as well as an extensive quality control program.
and tracking methods developed for the RDTproduct (Rapid he reflectivity values have already passed these clutter and

Developing Thunderstorms). RDT is a tool for the detectionquality check algorithms before the ingestion into the TRT-

of convective systems, from isolated cells up to mesoscaléc;.o I'. Art1 overwec\i/v ?fttthe MetiOSfW'SSdS.OIUGUO” to avoid da;nd
convective complexes, in the infrared images of the L8 eiminate ground ciutter can be found in ermann and Joss

channel of geostationary satellites like MSG (Morel et al., (2003).
2000, 2002). The RDT-product is developed byetlhb-
France, within the framework of SAF (Satellite Application 3 The TRT algorithm
Facility) Nowcasting of EUMETSAT.

The core of the RDT satellites algorithm could be main- 3.1  Cell detection
tained in the TRT radar algorithm. Nevertheless, substantial
modifications were necessary for the data input modules andhe detection algorithm aims at identifying convective cells
a suitable post-processing for data output was added. Thi& a precipitation system. Each cell detected by the TRT is
large differences in the characterisation of a convective cloudiescribed as a meteorological object with its computed par-
by satellite data (mainly brightness temperature on a lineaticular attributes like e.g. geographical location, area, mo-
scale) and the corresponding radar cells (mainly reflectiv-tion vector, velocity, average and maximum reflectivity, and
ity on a logarithmic scale), as well as different data formats,growth rate. The TRT detection method is based on a re-
time and spatial resolutions and georeferencing, must be adlectivity thresholding of radar images that allows the detec-
counted for in the new data input. The RDT output mainly tion of convective cells at individual thresholds, depending
describes morphological (e.g. area) and radiative features adn the stage of their life cycle, thus an adaptive reflectiv-
the detected cloud systems, as well as trajectories characteity thresholding (Crane, 1979). For each cell it permits the
istics. This requires a major post-processing of the outputselection of the lowest reflectivity threshold that allows to
in order to account for the differences when ingesting radardistinguish it from nearby cells, if it shows a large enough
data into the system and to calculate radar features not rekeflectivity range (see Fig. 1). The challenge of convection
evant for the satellite tool. A comprehensive study of thewarning is the early observation of thunderstorms formation
RDT algorithm parameters, such as the different reflectivityand the isolation of multicells agglomerations. A low fixed
thresholds (see Sect. 3.1), was also necessary for their adafireshold would lead to the clustering in a unique object of
tation to radar data. large areas including cells with very different reflectivity val-

TRT first detects cells and then tracks them in consecu-ues, whereas a high threshold would detect only reflectivity
tive images. In Sect. 2 an overview of the radar data sourc&ores in mature cells. With algorithms using a fixed thresh-
used as input is given. Section 3 will briefly present the TRT old (e.g. TITAN, Dixon and Wiener, 1993) this is a difficult
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Fig. 2. Principle of the TRT tracking algorithm showing a simple

overlapping (a) leading to a unique link (b) between cells at time t

dB. =36 and t+At. Complex case (c) with a rejected overlapping. Centres
S 4 . . MN of gravity are represented by “+”. Adapted from Morel arehSsi
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Fig. 1. Vertical reflectivity cross-section of an idealized precipita- Cells are thus each detected at a specific threshold, de-

tion system with a schematic illustration of the TRT detection algo- pending on their development phase. This a[loyvs the detec-
rithm. Reflectivity thresholds: di (detection), dB,;,, (minimum  tion of thunderstorms at an early stage of their life cycles (at
value), andAdBy (vertical extension). present cells as small as 16kmat the lowest possible re-

flectivity threshold (dB,;,,), as well as in the mature phase at
a higher threshold. The TRT detection method is somehow
task. To this purpose the adaptive method used in TRT, desimilar to the SCIT algorithm (Johnson et al., 1998), which
rived from the RDT-product (Morel et al., 2000, 2002), is uses several fixed thresholds at 5 dB intervals, and also to the
based on three different reflectivity thresholds;dRiB,.;»,  principle of the TRACE3D algorithm (Handwerker, 2002),
andAdBy (see below). which define cells from a contiguous region at 10 dB beneath
A cell is defined as a connected zone of radar pixelsthe region maximum, but TRT detects cells at the lowest pos-
(8-connectivity) larger than a given area (area threshold atible reflectivity threshold using 3 dB intervals. This should
present-4 pixels i.e. 16 krf) and whose reflectivity exceeds |ead to the definition of slightly larger cells, easier to track.
an adaptive detection threshold (@B This threshold must
reach at least a minimum value gB (at present 36dBZ, 3.2 Cell tracking
bold line in Fig. 1). In order to detect only cells with a suf-
ficient vertical extension (dynamic range in reflectivity), as The goal of the tracking is to link objects in consecutive radar
represented in Fig. 1, the difference between the maximummages at time t and it if they represent the same phe-
reflectivity value and the value at the base of a cell must benomena. Detected cells are tracked in successive images by
larger than a vertical extension threshaldB; (at present the TRT tracking algorithm based on the method of the geo-
6dB). The lowest possible detection threshold (JBsatis-  graphical overlapping of cells, taking into account their dis-
fying these conditions is then chosen (dashed lines in Fig. 1)placement velocity. Trajectories indicating time histories of
These different threshold values are derived from our ex-cells displacement can thus be created from a sequence of
perience with the testing of several threshold combinationsradar images. A detailed description of the TRT tracking al-
In this sense 36 dBZ is not an exact definition of a convec-gorithm, derived from the RDT, can be found in Morel et
tive cell, but an empirical threshold on one hand suitable foral. (2000, 2002), and Morel ancefesi (2002). It is sum-
an early detection of potentially dangerous convective cellsnarised afterwards.
and on the other hand it prevents the detection of a too large The idea of the tracking algorithm is to search for an over-
amount of weak cells in the region of interest. The arealapping between a cell C detected in the image at time t and
threshold £4 pixels) is the smallest value that allows to elim- a cell C’ detected at time tt (Fig. 2a). To this purpose, the
inate most of the few remaining “clutter-cells” in the radar cell C(t) is first advected (grey cell in Fig. 2a) according to
images, and at the same time to limit the number of detectedts estimated displacement velocity to the position C(t+adv).
very small cells to a reasonable number for the forecasterdf the overlapping (grey area in Fig. 2a) between the ad-
With the actual thresholds configuration cells are thereforevected cell and C'(tAt) is sufficient, a link is created be-
considered convective and thus detected if they reach an ardween these cells (Fig. 2b). Complex cases with several cells
of 16 kn? (4 pixels) at 36 dBZ (or higher) and at least one are handled analogously linking cells with enough overlap-
pixel attain a reflectivity of 42dBZ (=dg, + AdBy). In ping. Figure 2c shows such a case with a secondary link
this case the detection threshold would bg,d836 dBZ. between the advected celp@nd C(t+At). Since this over-
The application of these rules leads to the detection oflapping ovl(C1,Cy) is less than a fixed percentage of cells
three cells in Fig.1: cell 1 and cell 2 both include a lessarea (not shown) it is rejected.
intense cell, less tall than the vertical extension threshold Splits and merges of cells are taken into account as well.
AdB7 and which is thus incorporated in the more intenseln this case several links are created between detected cells,
cells. The cell located at a range of 150 km does not have and trajectories are continued in the larger cell, whereas the
sufficient vertical extension and is rejected. smaller ones die (are born), ending (beginning new) trajec-
tories. For an improved tracking of very small cells, if no
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Fig. 3. Visualisation of the real-time TRT-product (8 May 2003, 17:05 UTC) over the Alpine region. Superposition of the composite image
of 3 radars (2 north and 1 south of the Alps), detected cells (black contours), trajectories (black), velocities (grey vectors), and extrapolated
cells positions (+ 1h; grey). The Swiss border is also represented. Centre of image: LON=8.1E, LAT=46.9 N.

overlapping is found, the size of these cells is artificially in- Switzerland, with a slow movement to northeast and hail
creased adding pseudo pixels along their edges, to facilitattracks extending to eastern Switzerland.
the search for an overlapping. Figure 3 shows an example of a TRT-visualisation with
The evaluation of cells velocity is based on the displace-a superimposition of the composite radar image and the
ment of the cells centres of gravity (Fig. 2b). If no displace- detected convective objects. Three precipitation areas can
ment can be found (e.g. in case of first detection), the velocitybe distinguished; they correspond to three large convective
is estimated from cross-correlation technique (Morel et al.,cloud systems on the satellite image (not shown). On the
2000). To determine the cell displacement velocity, insteadradar image 23 cells of different sizes (from a few pixels up to
of simply using that from the latest time step, a weighted av-a size of about 5020 km) and intensities are detected, with
erage of all previous velocities is calculated recursively with maximum reflectivities in the range 42 dBZ 55 dBZ (the
a decreasing weight beginning with the latest time step. Uphighest reflectivity class in our pictures). Pixel$5dBZ
to a 1 h thunderstorms movement forecast is performed exindicate also a certain hail probability at ground.
trapolating the motion of individual cells by means of their  petected cells are represented by their contours, which de-
weighted displacement velocity, to give a guess for the ex-ineate the effective detection thresholds {£B These val-
pected position. This linear eXtI’apolation forecast methodueS, as well as additional cell properties such as maximum
may be reliable for some tens of minutes, depending on theefectivity, trajectory duration, velocity and area are avail-
meteorological situation. able through a popup window selecting the desired cell. Tra-
jectories (black) are displayed on the same image indicating
historical, as well as actual cell positions. They represent the
4 Case study: 8 May 2003 connection of cell centres i.e. the tracks.
Grey arrows in Fig. 3 show the weighted displacement ve-
The performance of the TRT-tool is illustrated by means oflocities in km/h (the 100 km/h vector is drawn on the left
a case study from 8 May 2003 recorded during real-time tesbottom). They are used to forecasts thunderstorms motion
operational activities. The synoptic situation was character-extrapolating cells contours by 1 h (grey cells). This gives a
ized by a flat pressure distribution over central Europe with aguess for the expected future cell position. Since the extrap-
shallow low-pressure system moving from Spain to Franceolation depends on velocities, the regularity in the latest time
With the approach of a weak cold front, warm and humid steps from the history of this attribute is determinant for a
air was advected from the southwest to western Switzersuccessful forecast. Regular vectors indicate a useful extrap-
land. This further increased the instability of the atmosphereolation for some tens of minutes, whereas vectors strongly
Thunderstorms activity started in the afternoon in westernvarying in direction and speed indicate an unreliable forecast
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and the future cell position is thus uncertain. This is best seen
in the TRT animation loop (at 5 min time step) containing at
least a few pictures of the same trajectory. In Fig. 3 reliable
vectors are characterized by a direction continuity with the —

trajectories (speed quality can not be evaluated in this static§ 350 i

400F

image). - :

As indicated by the tracks, the dominant movement direc- E 300 N
tion in this case study is from southwest to northeast. The + r
trajectory with the longest duration (155 min, 31 time steps) = 250 5
belongs to the cell at position [515;205] (W-E,S-N) with an r
area of 156 krh and maximum reflectivity-55 dBZ. 2 200 i

Another interesting cell is the intense one located about’ 150 v

at [645;225]: this is probably a supercell with its movement
turning to the right of the main precipitation field displace- 100F. ¢
ment. Highest reflectivity values-65 dBZ) cover an area of

about 180 krA. Hail was also observed at ground with hail- 00 e0b . 7OQ 800 900
stones up to 4 cm in diameter. The cell belongs to a trajectory Swiss Easting [km]
that lasts from 15:20 to 23:00 UTC and extends from central
Switzerland to southern Germany (Fig. 4). The track showdFig. 4. Trajectory starting near Langnau in central Switzerland (8
a quite regular development, although some jitter indicatedVay 2003, 15:30 UTC) end ending near Augsburg in southern Ger-
past cell splittings and mergings, as well as detection thresh™any (23:00 UTC). An “X” marks the starting point. The velocity
old changes. Sometimes these threshold changes, due main¥ (iltors (time step 5min) of the whole trajectory are represented as
to the large spatial and temporal dynamics of the radar pix- et

els field, cause some stability problems in cell detection that
remain to be solved.

One of the main uses of TRT was the forecast of thunder-
The direction of the velacity vectors from the cell form- storm movement in convective situations. The cell displace-
ment velocity vectors used to this purpose (see Sect. 3.2)

ing the trajectory, correspond quite good with the effective ; . :
cell track. However, one recognizes a few outliers that corre V€€ considered as generally correct and well organized (in

spond to jitter points in the trajectory. The quality of the cell some cases they were used for wind gust warnings) but some-

speeds will be the subject of further investigations. t|r_nes also |ncqn3|stent, especially in low \_Nlnd situations
with nearly stationary cells, for large cells with rather weak

intensity and in case of several rather small and weak cells.
5 Operational use This shows the limits of the linear extrapolation method
based on the weighted cell displacement velocity. A differ-
MeteoSwiss uses the TRT a|gorithm as a nowcasting tooﬁnt approaCh is presently under test: the motion of individual
in pre-operational mode since May 2003. It provides ob-cells is extrapolated using the velocity estimated for each one
jective quantitative information’s about cells characteristicsfrom cross-correlation process, as already done if tracking
and movements. The forecaster receives thus automateldils (Sect. 3.2).
cells activity information in real-time, which he can use as It appears that cells with rapid development are rather pre-
a decision-making aid for convection warning. The use of ancociously detected and followed relatively well in the major-
automated methodology for cells detection and tracking, adty of the cases (see also Sect. 4). Best tracking performance
well as for position extrapolation, is a considerable improve-is achieved in case of isolated, not too small cells. Weak
ment with respect to the mainly subjective visual evaluationpoints were indicated in case of frontal passage. The TRT-
of the radar image done till now. tool was considered as generally useful for decision-making
In Switzerland the summer 2003 was characterized by &id, but with the weakness described above that must be im-
long dry period with relatively stable high pressure condi- proved in a new version. Especially the prognostic aspect
tions and only a few interesting intense convective situationsmust be enhanced, and this can probably be achieved with
This fact, combined with the short operation period, has notthe cross-correlation cell motion extrapolation method cur-
allowed a full use of the TRT-tool by all MeteoSwiss fore- rently under development.
casters and thus a statistically significant analysis of their
statements is not yet possible. However, the evaluation per-
formed by means of a form filled in at the end of a shift dur- 6 Summary and outlook
ing convective situations, showed some interesting qualita-
tive preliminary results. TRT is a new promising tool, derived from the RDT, for the
Main complains from users concern the visualisation of automatic identification, tracking and monitoring of intense
the product, and therefore this point was substantially im-convective cells in complex orography, based on radar com-
proved for summer 2004. posites. It is used at MeteoSwiss in a pre-operational mode
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for nowcasting activities since May 2003 showing an encour- Earth and Space Environment, chap. 2, pp. 52-77, Springer-
aging performance and acceptance of routine forecasters.  Verlag, 2003.

In order to detect and track cells in an early developmentGolding, B. W.: Nimrod: A system for generating automated
stage, as well as mature systems, an adaptive thresholding V&Y short range forecasts, Meteorological Applications, 5, 1-16,
scheme is used, allowing an individual detection threshold _ -~ ) o I -
for each cell, depending on the stage of their life cycle. TRTGoIdlng, B. W.: Quantitative precipitation forecasting in the UK, J.

. Hydrol., 239, 286-305, 2000.

is also abl? to handle_ rather small CQIIS, actually down tOHandwerker, J.: Cell tracking with TRACE3D — a new algorithm,
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formation. The detected cells are tracked in successive iM3onhnson, J. T., MacKeen, P. L., Witt, A., DeWayne Mitchell, E.,
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