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Abstract. The three-hour life-cycle of the isolated thun- gence line eventually removed the convective inhibition and
derstorm on 15 July 2007 during the Convective andset deep convection in motion. A shear line in the radial ve-
Orographically-induced Precipitation Study (COPS) is docu-locity relative to the Feldberg radar site shows good agree-
mented in detail, with a special emphasis on the rapid develment beween observation and simulation, whereas the onset
opment and mature phases. Remote sensing techniques asl&eation of deep convection exhibits a horizontal discrepancy
min rapid scans from geostationary satellites, combined veof 15km. A quantitative schematic of the isolated thunder-
locity retrievals from up to four Doppler-radars, the polari- storm synthesizes all retrieved characteristics.
metric determination of hydrometeors and spatio-temporal
occurrences of lightning strokes are employed to arrive at a
quantification of the physical parameters of this, during the
COPS period, singular event. 1 Introduction

Inner cloud flow fields are available from radar multi-
ple Doppler analyses at four consecutive times separated b hunderstorms constitute an archetype of a fierce meteoro-
15 min-intervals. They contain horizontal winds of around logical eventaccompanied by a fleet of potential dangers, e.g.
15ms! and updrafts exceeding 5m’% the latter collo- ~ Severe gusts, high precipitation rates, large hail, and light-
cated with lightning strokes. Reflectivity and polarimetric Ning. Within thunderstorms the vertical motion — updrafts
data indicate the existence of hail at the 2km level around@nd downdrafts subsumed under the teomvection- often
14:40. Furthermore, polarimetric and Doppler radar variablettains similar magnitudes as the horizontal wincadvec-
indicate intense hydrometeor variability and turbulence cor-tion, rather than remaining two orders of magnitude smaller
responding to an enhanced variance of the retrieved 3-D wind@S under ordinary circumstances. In mid-latitudes, thunder-
fields. Profiles of flow and hydrometeor statistics over the en-Storms are often connected to dynamically active frontal
tire cloud volume provide reference data for high-resolutionZones of cyclones or they develop in isolation when atmo-
numerical weather prediction runs in research mode. spheric conditions favour their initiation, especially on hot

The study embarks from two movie-loops of geostationarySummer days. The latter category exhibits a typical life cy-
satellite imagery (as Supplement), which provide an intuitive ¢, for which three phases can be distinguish@dt{on and
distinction of six phases making up the entire life-cycle of Anthes 1989 p. 456): theinitiation of convectionby sur-
the thunderstorm. It concludes with a triple-image loop, jux- face heating and horizontal convergence at a variety of loca-
taposing a close-up of the cloud motion as seen by Meteosations becomes marked by towering cumulus cloudsntiae
simulated brightness temperature (as a proxy for clouds seefy'e stagesees the merger of several cumulus elements into
by the infrared satellite channel), and a perspective view orft large convective system with the formation of various hy-
the model generated system of cloud cells. The simulatiorfirometeors, the occurrence of lightning discharges compen-

suggests that several updrafts fed from a low level converSating previous charge separations, and the onset of precipi-
tation; during thalissipating phasdowndrafts prevail in the
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storm’s lower part and block convective energy being furthergraupel volume, updraft volume and updraft mass flux (e.g.
fed into the storm. Kuhlman et al. 2006. Others relate observations of light-

The quantitative documentation of a thunderstorm’sning rate to hydrometeor contefitghr et al.2005 Deierling
life cycle was among the objectives of the Convective et al, 2008 or to updraft motion Deierling and Petersen
and Orographically-induced Precipitation Study (COPS;2008.

Wulfmeyer et al.2011), which had its field phase from June  During the three months of the COPS field phase it
to August 2007 over an area in central Europe which cov-was only during intensive observation period (IOP) 8b on
ers the region of Vosges, Rhine valley and Black Forest in15 July 2007 that an isolated, strong and high reaching,
eastern France and south-western Germany. The provision dhough short-lived thunderstorm developed just east of the
datasets concerning the airflow, the hydrometeor distributiorcrest line of the Black Forest — much in contrast to the hopes
and lightning locations with an appropriate spatial and tem-of the large international team in the field that they can probe
poral resolution complements previous surveys (Brgwn- a number of such isolated as well as very pronounced sys-
ing and Ludlam 1962 Holler, 1994 Lang and Rutledge tems, and to old popular wisdom about the peculiarity of the
2002 and constitutes an important ingredient for the ongoingregion (“... but a Black Forest thunderstorm is not an ordinary
development of high resolution numerical weather predictioncircumstance”JJerome 190Q p. 168). Let us first seek an
models and quantitative precipitation forecasts (Righard  overview of the overall development through a movie-loop
etal, 2011). obtained from satellite imagery.

Multiple-Doppler-analyses integrate data from several Since the launch of the Meteosat Second Generation geo-
Doppler-radars and reveal the flow components during thestationary satellite series in 2004 with its multi-channel
mature phase after the onset of precipitation, i.e. when suffi“spinning enhanced visible and infra-red imager” (SEVIRI;
cient backscattering particles are available. Additionally, in- Aminou, 2002, the update rate of one image every 15 min
dependent polarization measurements in two perpendiculan normal mode and every 5min in rapid scan mode pro-
planes allow the discrimination of various hydrometeors. Invides the opportunity to inspect in detail cloud motions as
a pioneering studyakimoto and Bringi(1988 mapped a time-lapse movie-loops. From data of the experimental rapid
highly dynamical thunderstorm and the induced microburstscans executed during COPS, three channel overview images
on 20 July 1986 over Alabama (USA), inter alia by superpos-were produced on a stereographic weather-map-projection.
ing the visual external appearance of the cloud system (phoThe COPS area’s circumference is dotted with E@s east-
tos) with its internal reflectivity structur@uttle et al.(1989 ern boundary; it contains in its western half the Vosges and
extended the analysis to polarimetric parameters and comBlack Forest mountains separated by south-north extending
parisons with a two-dimensional cloud modetame et al.  upper Rhine valley. Two loops are provided as Supplement
(2009 combine Doppler- and polarimetric analyses for a su-to give an intuitive awareness of the horizontal dimensions
percell thunderstorm on 23 May 2002 during the IHOP cam-and the duration of the thundercloud development as well
paign, wherea€hong et al(2000 systematically retrieved as its relation to other cloud systems during 15 July 2007:
from dual-Doppler radar data orographically disturbed flows (i) an overview for western and central Europe concatenat-
at the southern flank of the Alps during the special observinging 145 images (moviel.mpg) between 06:00 and 18:00 (all
period of the Mesoscale Alpine Programme in autumn 199%imes in UTC) with a nominal display speed of 14 frames
including an adequate determination of the vertical motion.per second (4,200-fold speed-up), and (ii) a close up for the
Also Matejka and Barthel€1998 had investigated the accu- wider COPS region consisting of 97 images between 10:00
racy of vertical motion obtained from radar measurementsand 18:00 (movie2.mpg) at half the speed (7 fps; 2,100-fold
while variational refinements of the retrieval technique arespeed up).
more recent$hapiro et a].2009 Lim and Sun2010. Dolan These are considered as the overall features of the event,
and Rutledgg(2007) presented an integrative tool for the which provide the frame for the detailed data analyses of this
analysis and display of multivariate radar data. As its oper-study: (i) well ahead of a frontal cloud band across France
ational application in Europe is currently limited to special small cumulus clouds develop around 12:00 only over the
regions Bousquet et al2008, dedicated experimental cam- mountains of the Vosges, the Black Forest and the Alps;
paigns, like COPS, are still necessary for principal case studfii) the formation of a nearly contiguous, 100-km-long cloud
ies. line over the eastern slopes of the Black Forest by 13:00;

Lightning strokes are among the most spectacular meteofiii) the gradual enhancements of the cloud line’s southern
rological phenomena of local extent and, as a physical proand northern portions until 14:00; (iv) the sudden vertical
cess, possess a long tradition of detailed investigation (e.gdevelopment at the middle location at 14:30, which induces
Wilson, 1921). The sound produced by the sudden reversala dark shadow to its east; (v) the formation of a wide and
of the previously attained charge separation by fast movingcurved anvil around 15:00, and (vi) its detachment as well as
hydrometeors cannot be overheard and makes also in plainorth-eastern progression relative to a few remaining cumuli
language a “thunderstorm” distinct from an ordinary storm. at low levels.

Specialized studies deal with correlations between flash rate,
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Fig. 1. Origin and north-easterly propagation of cool cloud tops (10.8 um brightness temperature B€&pwektive to the topography

of the Black Forest during the 80 min period of the thunderstorm cumulus and early mature state. COPS supersites are marked by gray
diamonds (A: Achern, H: Hornisgrinde, M: Murg-Valley), radar sites by circles (D: Doppler on wheels, F: Feldberg, P: Poldirad, K: Karlsruhe,

T: Turkheim), course of rivers (1: Kinzig, 2: Murg). The rectangle indicates the area $3kn?) of detailed multiple-Doppler analyses

(“+” marks origin within Fig.3).

With an entire lifetime of hardly more than three hours, 2 Previous studies concerning IOP8b of COPS
the “golden thunderstorm” of COPS clearly lies close to the

border of what can be hoped for the coming decades 0 bg|iowing a categorization of trigger mechanisms for deep
the spatio-temporal resolution of both multi-parameter and.qnvection during COPS, 10P8b was classified as “locally

multiple-radar monitoring as well as reliable simulation of j,itiateq” by Kottmeier et al(2008. On this day the atmo-

precipitation complexes in a quasi-operational mode. Thesphere over central Europe was essentially cloud free and
aim of this study is to provide a documentation as completegiapy stratified over the COPS area. Radiosoundings in the
as possible of the thunderstorms flow, hydrometeor and lightzops 5rea indicated moderatmvective available potential
ning characteristics with special emphasis on its rapid devel'energy(CAPE) and relative higbonvective inhibitiofCIN)
opment and mature phase between 14:20 and 15:20. At the,,es Kalthoff et al, 2009. These observations, however,
end the findings are to be combined to a conceptual picture ofyere not obtained in the vicinity to the developing thun-

the event. A juxtaposition of the mid-level flow Structures as yerstorm, The convection initiation process was documented
inferred from the combined observations and as provided by ogh a series of MSG satellite images (infrared and visible
a four-fold nested simulation with 500 m resolution points ¢yannels) and low elevation precipitation scans from Feld-
the direction to a series of sensitivity studies based on thig)erg radar Aoshima et al.2008. A shear line was detected
exemplary event. _ . , in the radial velocity field of the Feldberg radar and iden-
_ The paper is structured as follows: the single isolatediifieq a5 a mechanism triggering the development of low-
‘text-book case” of a thunderstorm during the COPS periodieye| clouds Kalthoff et al, 2009. Behrendt et al(2011)
induced several studies from different perspectives, whichscanned for 10P8b the broad variety of in-situ and remote

are reviewed in Sec2. Then the various data sources for our gensing data regarding convection initiation processes. Over
combined perspective are introduced (S&ptfollowed by (he Rhine valley the depth of the inversion topped boundary

the description of the applied methods (Ségt.The evolv-  |3yer did not exceed 1 km, while it rose to more than 2 km by
ing characteristics of the mature and decaying thunderstormy 1.3¢ gt supersite M (see Fiy.for geographical location).

regarding the combined determination of horizontal and verare cloud bases were determined at 3 km above sea level
tical flow, hydrometeor distribution and lightning positions afar 13:00.

make the core of the investigation (Ses). Section6 dis- Besides observational studies, the isolated thunder-
cusses the findings and points to future applications of thesiqrm of |0P8b also attracted considerable interest of the
results provided. mesoscale modelling community. Realistic simulations with
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the regional forecasting model COSMO-DE (at 2.8 and3 Data sources
1km horizontal resolutions) resulted in a capturing of the
convergence line, but a complete lack of deep convectionThis study takes a detailed and combined view on the
Detailed analyses revealed that the simulated convergenceapid development, mature and decay phases of the IOP8b-
induced lifting was not strong enough to overcome CIN, thunderstorm. The key physical quantities are cloud top
even when CAPE attained values exceeding 20003 kg heights; horizontal winds and their vertical shear; vertical
(Barthlott et al, 2010. In a following model-comparison motion, especially pronounced cores of updraft and down-
study, no less than eight mesoscale models attempted to relraft; hydrometeor types and concentrations; and positions
produce the thunderstorm in a case study setting, three off lightning strokes. In this section the different data sources
which produced sufficient updraft velocities to overcome are introduced.
the convective inhibition. But matters are more complex
and contain many subtleties. The French Meso-NH model3.1 Spectral channels of SEVIRI on Meteosat
for instance produced deep convection, but exhibited too
high moisture contents compared to those retrieved from thé\s stated in the introduction, several channels of the SE-
water-vapour lidar LEANDRERarthlott et al, 2011). Sen- VIRl instrument on the Meteosat Second Generation (MSG)
sitivity experiments including variations in the prescribed satellite are used her&¢hmetz et al.2002. The images
soil moisture content demonstrated how this seemingly re-used for the movie-loops and displayed as parts of Hgs.
mote quantity can indeed modulate the moisture supply ofL3, and 15 are rgb-composited from the visible channels
the atmospheric boundary layer significan®Rid¢hard etal.  at 0.6 um (red), at 0.8 um (green), and the inverted infrared
201). Also, an entire ensemble of detailed hind-casts withchannel at 10.8 um (blue). All three have a nominal horizon-
aresearch version MetOffice’s Unified Model only producedtal resolution of 3km. The image resolution is enhanced by
deep convection after manually adjusting the moisture con-adding the better resolved broad band high resolution visi-
tent in the boundary layer closer to the non-routine COPSble channel (HRV with 1 km nominal resolution) to the for-
data. Moreover, the simulation of the deep convection ap-mer two, following the technique defined k§rebs (2006
peared to depend strongly on the position of the mesoscalp. 34). During COPS, the European Organisation for the Ex-
convergence line relative to the Black Forest topographyploitation of Meteorological Satellites (EUMETSAT) oper-
(Hanley et al.2011). ated the standby spacecraft Meteosat-8 in experimental rapid
Considering the apparent difficulties to realistically simu- scan mode with the intervals between scans reduced to 5min
late the quickly evolving and short life cycle of the IOP8b- (instead of 15 min for the full disc). The rapid scans are used
storm with state-of-the-art mesoscale modégshbaum  here.
(2017 conducted semi-idealized, two-dimensional numeri-  While the visible channels clearly map the horizontal ex-
cal experiments in ensemble mode with a cloud-resolvingtent of isolated clouds and movie-loops depict their advec-
model tailored for the explicit simulation of moist convec- tion, cloud top heights can be estimated from infrared ra-
tion. They were inspired by the isolated COPS thunderstorndiances Roberts and Rutledg®003. Established empiri-
and initialized by generalized profiles obtained from the up-cal relationships and thresholds in local timeseries with short
stream radiosounding station Burnhaupt. On the lee side ofipdate intervals allow to infer the vertical development of
a symmetric mountain of Black Forest dimensions the low-convective clouds. The drop below’Q of the brightness
level environment, which was generally hostile to the devel-temperature derived from the 10.8 um radiances is related to
opment of deep convection, experienced a gradual removalertically growing cumuli with ongoing glaciation, whereas
of CIN and moistening through shallow cumuli. For some of an equality of brightness temperatures at 10.8um and at
the randomly varied background wind conditions a rapid suc-6.2 pm indicates a cloud top at the tropopaugedikalski
cession of updrafts ejected by the convective core providecaind Bedka2006. Following Mecikalski et al.(2010 four
a favourable environment for subsequent updrafts which asindicators are used to specify time and location of the on-
cended up to the tropopause level. set of deep convection (see Taldle The findings are cross-
The brief survey of previous studies clearly shows that avalidated with analogous deductions from radar measure-
consistent combination of the available remote sensing perments and lightning positions.
spectives during the developing, mature and decaying phases
of the deep convection event is still lacking. These are pro-3.2 Radar observations
vided here for a number of height levels and time intervals.
Both numerical conceptions, the realistic NWP as well as theA weather radar r@dio detection and ranging) emits
partly idealized cloud resolving models, need reference datanicrowave pulses and detects the small fraction of
with good spatial and temporal resolution. pulse energy which is backscattered to the antenna by
hydrometeorological targets, e.g. raindrops, snowflakes, ice
particles. Radars with Doppler-capability additionally mea-
sure the relative velocity of hydrometeors along the line of
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Table 1. Selected indicators for identifying convection initiation on 15th July 2007 by using MSG brightness tempef&ihafd{fferent
channels after criteria fromlecikalski and Bedk#2006).

Indicator Criteria Attained on 15 July by
cloud depth Tg (10.8um)<0°C 14:00UTC

cloud depth A Tg (6.2-10.8 pm) exceed30K 14:10UTC
updraft strength Tg rate (10.8 pm) 4 K/15 min 14:10UTC
updraft strength A Tg rate (6.2-10.8 um)- 3K/15 min 14:10UTC
cloud-top glaciation T7g (10.8) drop below 6C over 15 min 14:15UTC

Table 2. Specific properties of different radars during IOP8b; DWD comprises Feldbergiahktieim.

radar/ PRF [Hz] vmax[Ms 1] rmax[km] range repetition

scan modus step[m] rate [min]

DWD volume dual mode (3:2) 32 125 1000 15

downwards 1200, 800

DWD volume 500 6.7 300 1000 15

upwards

DWD 600 8.0 250 1000 5

precipitation

Karlsruhe dual mode (4:3) 45 120 500 10
1153, 864

DoW near 2000 15.88 51 150 ~3

DoW far 1000 7.92 144 240 ~3

Poldirad 1150 15.67 130 300 10

the radar pulse. An overview of modern weather radar applitional scans upward from 0.5 to 4.8re obtained with larger
cations is given byMeischner(2003. In this study we use range, but lower velocity resolution (cf. TabR). Radar
data of five radars, namely two Doppler-radars of Deutschedata from Karlsruhe are available from the CERA database
Wetterdienst (DWD) at Feldberg andifkheim, the Doppler-  (http://cera-www.dkrz.deevery 10 min containing 13 eleva-
radar at the Karlsruhe Institute of Technology (KIT), the tions in ascending order. Poldirad repeated regular scans ev-
truck-mounted Doppler-radar on wheels (DoW) positionedery 10 min but only at 3 elevations (12°, 20°). They are
at Fessenheim on 15 July, and the polarimetric Doppler radaaugmented by high resolvingnge height indicato(RHI)
(Poldirad) of DLR, which was deployed at Waltenheim dur- scans as well as llan position indicatoi(PPI) sector scans
ing the entire COPS period. DoW operates in the X-bandwith more than three elevations.
frequency band, the other four in the further reaching C- The mentioned observation details indicate that the consis-
band. A number of installation dependent radar parameterggent scanning of the quickly evolving deep convection event
as range step, pulse repetition frequency (PRF), and singlef short duration is (i) an extra challenge during the fixed
or dual PRF-operation mode are given in Tabkdong with  routine schedule of DWD, and (ii) a sort of reactivity test for
derived quantities as maximum rangg{x) and the highest research radar operators who work long hours in the field for
unambiguous radial velocityfay). Details of the multiple-  weeks. From 14:43 several series of RHI-slices moving with
Doppler analysis, which combines data from several radarsthe strongest cell were undertaken. The DOW position from
are given in Sect. the storm proved to be beyond the range of near-field opera-
The DWD-radars at Feldberg andifkheim are operated tion; from 14:30 to 14:47 three far-field scans with |oWax
routinely in two different scan strategiespeecipitation scan ~ were undertaken.
at low elevation (0.8) every 5min and dull volume scan The derivation of a consistent spatio-temporal allocation
every 15min. The latter mainly includes 18 different ele- of unambiguous Doppler-observations forms the core of this
vations downwards from 37to 0.5 with a better veloc- study. Data from the three radars Feldbergrkheim and
ity resolution but shorter maximal range, while five addi- Karlsruhe are used for a series of triple-Doppler analyses at
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Table 3. Scan time intervals for the radars of the triple-Doppler common format. As region of special interest, a Cartesian

analysis. grid was defined with its origin at 48.3328 and 8.3335E
(Fig. 1, right panel). This point coincides with the 70 km dis-
Feldberg Tirkheim Karlsruhe  analysis time tance from Poldirad at the 13Gzimuth. The size of the re-
14:30-14:37 14:30-14:37 14:30—14:34 14:35 trievgl domain has an horizontal exten_t of 5_5 k30 km and
14:45-14'52 14:45-14'52 14:50—14:54 14:50 a height of 14 km. Distances of the grid points to the four C-
15:00-15:07 15:00-15:07 15:00-15:04 15:05 band radars range from 25 to 135 km.
15:15-15:22 15:15-15:22 15:20-15:24 15:20 The synthesis of multiple-Doppler winds is achieved by

the CEDRIC software packag®l{ller and Fredrick 1998 in
close combination with the mapping programme REORDER

15 min intervals (Tabl&). Interpolation details are given in (Oye and Casel 999, both developed at NCAR with a spe-

Sect.4. Observations from Poldirad and DoW are used for ¢ial emphasis on observations from field experimektsHr
cross-checks at intermediate times. et al, 1986. After systematic tests, a constant grid size of

0.5km was chosen in all three spatial dimensions. Subse-
guent applications of REORDER map the radial radar ve-
locities from spherical coordinates onto the Cartesian grid,
The location and time of lightning discharges is Obtainedseparate|y for each of the radars with grid point depen-
from the European Lightning detection Network (LINET), dent radii of influence in the Cressman-type interpolation
which is in operation since 2004. Lightning is registered scheme. These independent observations are synthesized by
when the same electromagnetic pulse is observed at a mircEDRIC to obtain consistent Doppler-winds in all altitude
imum of four sensors of the network, which covers centrallevels. An unfolding of radial velocities was not necessary,
Europe with an average displacement of 100 km. Four adas the Nyquist-velocity proved to be sufficiently large (Ta-
ditional sensors were installed in the COPS region for theple 2). Standard procedures were applied for data filling and
duration of the campaign. Source locations can be deterhorizontal smoothing.
mined with an accuracy of 50 m. LINET discriminates cloud-  To account for the fast development and the progression
to-ground lightning from intra-cloud lightning and provides of the disturbed wind field within the storm, the scanning
an estimates of the emission height for intra-cloud eventsschedules of the radars at the different elevations were ob-
All technical features of LINET and comparisons with other served as well as the background wind profile from the 14:00
lightning detection systems are describeBétz etal(20049  sounding from Hornisgrinde. Radial velocities got adjusted
andSchmidt et al(2009. for each radar site and iteratively underwent the REORDER-
Compared with satellite or radar measurements, the temeEDRIC-sequence until consistent in-cloud flow fields were
poral and spatial resolutions of lightning observations are acdetermined at four independent nominal observing times sep-
curate indeed. In this study lightning locations are used as a@rated by 15 min (14:35, 14:50, 15:05, 15:20).
indirect indicator for, e.g., updraft strength, turbulence or hy-  Finally, the vertical windw was determined by a ver-
drometeor types, in particular during the early mature statejcal integration of the continuity equation using a varia-
of the thunderstorm and within the strongest updrafts. tional method. Following the approach 6hong and Tes-
tud (1983, a variance of vertical velocity was specified at
the upper and lower boundaries. Technically, this was real-
ized within CEDRIC via the parameter FRACT inside the
Data from five radars with differences in wavelength, de- coMmmand INTEGRNiller and Fredrick 1998. Systematic
Yariations regarding grid resolution, setting of filter param-

tection capabilities and scanning patterns were used in e — )
coherent fashion in order to obtain a consistent determinaSte's and details in the prescription of the boundary condi-

tion of the storm’s transient three-dimensional flow charac-tions proved the vertical velocities to be robust, particularly
teristics and hydrometeor content. Up to four C-band radar&!t mid-level;. . L

were combined for multiple Doppler-syntheses, while some .For all g,“d pomts an average reflectivity f_|eld was ob-
scans obtained by the X-band Dow were used for consis—t"’_"ned’ taking into account dllff(.erlng observatlons _from 'the
tency checks. Here we document how the flow characteristicdifferent radars. For the statistical sampling of grid points

were retrieved for an appropriate spatio-temporal grid andgnd the fine-scale display of the results, two horizontal masks
were determined. The cloud masks contain all points with av-

how hydrometeor content was determined from polarimetric o ;

measurements obtained by Poldirad. erage reflectivity above 0 dBZ, while the updraft mask marks
region outside of the cloud edge, but with vertical velocity

exceeding 2msL.

3.3 Lightning location

4 Radar retrieval methods

4.1 Doppler-wind retrievals

Observational radar datasets (except from Poldirad) were ob-
tained from the COPS archives at CERA and converted to a
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4.2 Hydrometeor retrievals tics and dynamical features including lightning activity. After
analyzing the evolution of hydrometeor distribution during
Beside ordinary radar reflectivity and Doppler-quantities asthe storm, the observation results are juxtaposed to compa-
radial velocity and spectral width, the polarimetric quantities rably resolved hindcasts of a numerical weather prediction
obtained by Poldirad during COPS allow estimates regardingnodel.
the hydrometeor type in categories as rain, snow, graupel and
hail. In this study the linear polarization parameters differen-5.1 Location and vertical development of convection
tial reflectivity (ZDR) and linear depolarization ratio (LDR)
are used in five adjacent cross-sections (RHIs) at 2 degreBrightness temperatures from the 10.8 um-infrared-channel
azimuth-intervals moving with the strongest cell of the thun- of Meteosat are used to identify developing cumSliefvert
derstorm. et al, 2010. The pixel-wise, parallax-corrected locations of
ZDR is used to infer the particle shape, i.e. the ratio of cloud formation (BT< 5°C) relative to the Black Forest to-
mean upward to sidewards extent of the particles within apography are given in Fid. for six times during the 80-min-
sampling volume of about 1 kin For radar pulses emitted period before the rapid development. Whereas a first ground
with alternating horizontal and vertical planes of polariza- based photo of a small cloud was reported for 11:15 UTC
tion, ZDR is defined as the ten-fold logarithmic ratio of the (Kalthoff et al, 2009, the first 3km by 3km SEVIRI pixel
return signals with the same orientation as the emitted pulsefell below the threshold at 13:05 over the northernmost ex-
(ZDR=10log(Zn/Zv)). Spherical particles as small rain- tent of the southern Black Forest. 20 min later significant cu-
drops produce ZDR values near zero, while large raindropsnulus development also started above the high terrain to the
induce larger horizontal than vertical reflectivity and, thus, east of the Murg valley in the northern Black Forest. These
ZDR> 0. The typical orientation and fall characteristics of positions coincide with the previously documented line of
ice particles induce ZDR values near zero or below. A com-low-level convergence<althoff et al, 2009 Behrendt et a.
bination of ZDR and ordinary reflectivity, termed differen- 2011). A further 30 min later the development areas moved
tial hail signal (HDR;Aydin et al, 1986 is used to infer the  towards NNE covering more pixels. At 14:05 cumulus gener-
presence of hail below the melting layer. Above the melting ation also started above the elevated saddle area, which sepa-
layer, only HDR> 30 dB serves as an indicator for hail. For rates the higher terrain of southern and northern Black Forest
pulses emitted with horizontal polarization the linear depo-and lies directly to the east of the deep incision of the Kinzig
larization ratio (LDR) is defined as the tenfold logarithmic valley. The gradual movement of “cool-BT-pixels” motivated
ratio of the vertical or cross-polar return to the horizontal or the definition of the region of special interest for the multiple-
co-polar return (LDR=10log(Zyv/Zyn)). LDR is typically Doppler syntheses (box in the right panel of Fiy.
found to be more sensitive to hydrometeor variability within ~ Time series of different overall characteristics of the pas-
the measuring volume than ZDR. LDR tends to be very smallsive (10.8 um-channel) and active (radar reflectivity) remote
for sampling volumes composed of only rain or ice particles.sensing information are combined in F&jin order to check
Its value increases when melting snow, water coated hail othe consistency of the data sources and to obtain estimates
graupel are within the volume. Therefore it serves as an indifor rapid vertical development. Between 14:00 and 14:40 the
cator for ice above the melting layer. minimum brightness temperature in this region dropped from
Holler et al. (1994 provided a semi-empirical scheme 0°C to below—50°C, equivalent to cloud tops growing from
for the classification of hyrometeors solely based on ZDR4 to 12 km (assuming a wet adiabatic lapse rate). The inde-
and LDR measurements, containing different classes of rairpendent cloud top estimates from four radars agree well un-
(small and large drops), ices particles (snow, graupel, hail) asil 14:40. Later the thunderstorm’s anvil, consisting of small
well as mixed-phase constituents. For the short-lived summeice particles, keeps its brightness temperature (and height
thunderstorm under investigation, the scheme is applied heref 12km) in the satellite data, while the radar-detectable
in a compact version, which just distinguishes rain, snow,clouds tops decrease to about 10 km. The vanishing differ-
graupel and hail as distinct classes. Furthermore by usingnce of the brightness temperatures from water vapour and
Doppler spectral width, regions of enhanced turbulence carinfrared channels (6.2—10.8 um) indicates that the cloud top
be identified. reaches the tropopause region (sounding data at 11:00 exhibit
a tropopause just below 13 kri{althoff et al, 2009. This
proxy for fully developed deep convectiokMécikalski et al,
5 Detailed flow, hydrometeor and lightning 2010 is attained from 14:40 onwards (Fig, lower panel).
characteristics After 14:30 maximum reflectivity values from Poldirad ex-
ceed 40dBZ, while lightning strokes were recorded during
After data and methods have been introduced, we present thiae 11 min period between 14:34 and 14:45.
observational findings of the thunderstorm’s characteristics Putting these overall indicators together, we set the begin
in combination. The documentation of the spatio-temporalof rapid development at 14:20. From the temporal gradient
development is followed by a description of flow characteris- of cloud top height Az/Ar = (11-8 km)/(14:30-14:25)) the
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ol 1 16 long diagonal. Patches of upward and downward motions al-
ol 114 ternated. By 15:20 the north-easterly progression had contin-
_50 } % ﬁﬁ%‘;&gfﬁﬂﬂw}ﬁm 12 ued, reflectivity cells got united with shrinking extent. The
G -40 | ’ * - - Jwe densely resolved flow appeared less perturbed, except within
Zo30} ls = the downdraft at the southern flank of the system. Since 14:50
F-20t ’ I 2 the decay of the storm was in progress.
-10 f MSG 10.8 —F— In order to obtain a clearer appreciation of the strongest
0 cloud heightF  + { 4 , . . g
ol dougheight T 3¢ | cell's rapid development, a composite of a rectified lateral
! e photograph, lightning locations and synthesized radar param-
or mscormE =175 1% ‘§ etersinthe photographer’s perspective is g?ven in4&igug- _
0 I 160§ S mented by the plan view of three MSG rapid scans at 5 min-
S of e 1. 1502 [.. 3 intervals. The photograph stems from a series taken from the
h _ S—e—o—o 2 10 & . .
= ol i {40 2 - Poldirad site, some 80 km away from the cloud. The axes of
= 30 £ s azimuth and elevation angles were uniquely determined by
—0r 20§ |° 5  recovering the distinct silhouette of the Black Forest from
-304-o" 10 = 5 this location in a high-resolution topographic dataset. The
R Prra—— J14-4 l TTTEEEETET 0 1o vertical extent of the multiple radar reflectivity contours at
' ' time [UTC] ' 14:35 (black lines) coincide with the photo of 14:42, while

_ _ o ~the cloud’s progression to the north-east (i.e. to the left) is
Fig. 2. Temporal evolution of cloud system characteristics derived eyjdent from the 2difference at the trailing (right) side. Oth-

from remote sensing instruments. Upper panel: minimum bright-e\ise, the high lateral gradient of reflectivity at mid-levels
ness temperature of IR channel (10.8 um) with corresponding clouq

; . . . . 5 consistent with the visually distinct cloud boundary com-
top height (assuming wet adiabatic lapse rate), and estimated clou osed of the convex elements of a cumulus conaestus at 132
top heights from PPI scans of 3 radars (F: Feldberg, Urkiieim, P 9

P: Poldirad). Lower panel: difference between minimum brightnessaZimUIh' The cloud tail around 2.®levation and 134az-

temperatures of WV (6.2 um) and IR (10.8 pm) channels, maximumimuth remains stationary through several photographs (not

radar reflectivity measured by Poldirad (4téevation), and light- ~ displayed). The area of imminent vertical growth aeBva-
ning rate detected by LINET. tion and 1338 azimuth is too small to be properly resolved in

the multiple-Doppler analysis.

The azimuth band between 12&nd 132 contains the re-
vertical motion of the cloud top is estimated as 10thsAl-  gion of most active development, where updrafts exceeding
ready by 14:35 the thunderstorm attained its mature phase. 11 ms and lightning strokes, both in-cloud and cloud-to-

ground ones, are collocated. The highest part of the cloud
5.2 Three-dimensional flow within the mature storm (elevation>1(° at 128 azimuth) is situated directly above

the strongest updraft. Areas of downward motion lie mostly
Triple-Doppler syntheses of the Feldberg, Karlsruhe andat the edge of the cloud. Note that all retrieved parameters
Turkheim radar-data provide a closer inspection of the floware sampled along the lines of sight (i.e. into the cloud);
within the mature storm at 15 min intervals. Fig@eallows  therefore upward and downward motion appear to overlap
for the 5-km-level a compact depiction of the storm’s extentin places. The three small satellite scenes at 5min intervals
(regions with dense arrows), its horizontal structure of twoput the lateral view in perspective: (i) the viewing angle of
moving reflectivity cores, the highly perturbed inner-cloud 18> merely covers a small part of the entire elongated cloud
horizontal motion and the patterns of updrafts and down-system; (ii) the shadow throwing anvil dominates the satellite
drafts. At 14:35 a strong updraft corefax=10.5ms?) perspective from some 36 000 km, while the side view from
coincided with maximum reflectivity in the southern part about 80 km reveals separated cumulus complexes. The (not
of the northern cell (positionix, y) = (15 km,—10km)). It corrected) parallax of the viewing geometry places the ele-
is there where the horizontal flow directions deviated mostvated anvil too far north relative to its shadow on the ground.
from the general motion towards NNE. A second, smallerTherefore (geostationary) satellite imagery is most valuable
updraft was situated at the cell’s northern flank. At 14:50 thefor qualitative estimates of a convective-cloud-system’s ex-
low reflectivity core at the southern edge of the box had in-tent and it progression with time, while more a precise as-
tensified, while the northern cell had grown in extent in a sessment of timing and location necessitates remote sensing
north-easterly direction. Areas of downward motion (blue equipment in closer proximity.
tones) increased, while upward motion is sustained at the Following the spatial depiction of the radar-retrieved flow
cells southern flank. At 15:05 there were still two separatestructure and a plausibility check against the visible ap-
reflectivity cells which perturbed the horizontal flow consid- pearance of the thunder-cloud, a statistical analysis of the
erably. The cloud-mask region, where high-resolution flow flow’s vertical profile provides additional information. Four
determination is meaningful, filled the box along its 60 km consecutive profiles of horizontal wind speed and direction
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Fig. 3.Mid-cloud flow structures from triple-Doppler analyses at 5 km (MSL) in 15 min intervals: horizontal wind vectors every 3 km outside
and 1 km inside or near the cloud structure, colour coded vertical velocity (positive values for upward motion), and averaged reflectivity
isolines (10dBZ intervals, starting from 10dBZ). The origin (0,0) is located at 48°3B8a@h, 8.3335 east. Lines inlb) and(c) mark
available azimuth angles for Poldirad RHI scans from 14:43 to 14:53, and 15:03 to 15:23, respectively. Red (thesid(d) denote

vertical cross sections in Figs0 and13, respectively; the rectangle (a) denotes the edge of Fif.

o

elevation [°]

126 128
azimuth [¢]

Fig. 4. Visual appearance of the early mature state cumulonimbus from different perspectives in combination with various retrieved physical
parameters. Right: levelled photograph from Poldirad site at 14:42 UTC (Black Forest silhouette recovered from digital elevation model:
green line) with maximum values along lines of sight for reflectivity (black contours from 0 dBZ with 10 dBZ intervals) and vertical motion
(updraft: red contours at 4, 11 m%; downdraft: blue dotted line at4 m 5_1) from triple-Doppler analysis at 14:35; positions of intra-cloud

and ground lightning until 14:45 are indicated by yellow diamonds. Left: position of cloud system with shadow as seen from Meteosat for
three consecutive times relative to Poldirad (red square) ahavid:-viewing angle.

are determined as mean and standard deviation taking ition, while the overall height dependence was consistent with
account all cloud-mask points of the triple-Doppler analy- a rather uniform direction between 4 and 12 km (southerly
ses (Fig.5) and juxtaposed to the 14:00 sounding at Hor- from 200°) and gradually increasing with height from below
nisgrinde supersite (H in Fid). The averaged profiles were 5ms! (at 2km) to 15 ms? (at 12 km). At 14:35 the fluctu-
smoother than the sounding at a single (and drifting) loca-ations were largest at the highest levels, while the standard
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sounding: 14:00 triple Doppler: 14:35 triple Doppler: 14:50 triple Doppler: 15:05 triple Doppler: 15:20
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Fig. 5. Temporal development of profiles of horizontal wind speed (red) and direction (blue) measured by sounding at supersite “Hor-
nisgrinde” at 14:00 and retrieved mean values from triple-Doppler analyses. Error bars display the standard deviation of mean wind speed
for triple-Doppler retrievals.
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Fig. 6. Temporal development of profile statistics of mean vertical veloaity ftom triple-Doppler analyses: average of all values with
standard deviation (red), average of updrafts (green), and of downdrafts (blue).

deviation diminished somewhat at the later instants wherthe variability shrinks from the top. At 15:20 vertical veloci-
its largest values were found at mid-levels. Meaningful re-ties exceeding 2 nT$ were confined to the 4 km level, while
trievals were only possible above 1.7 km where radar beamsnean vertical velocities were found to be about two orders of
are unblocked by orography from all radar-sites. At 14:35magnitude smaller than the horizontal ones (0.1 f\&@rsus

the mean wind shear below the 6km level amounted tol0 ms1). The distinct convective event was about to be over.
about 8 ms?, which is consistent to the empirical threshold

value which distinguishes single-cell from multi-cell thun- 5.3 Uncertainty of wind retrieval results due to small
derstormsilarkowski and RichardsqQi201Q p. 206). Please scale variability

note that statistics within the clouds are a form of condi-

tional sampling which cannot be expected to be represenFor evaluating the uncertainty of the derived three-
tative for the background flow. Ana|ogous statistics for the dimensional wind fIE|d, the measured radial velocities were
vertical wind are assembled in Fi§, separately sampled compared with retrieved values for each radar and summa-
over all valid data points (red), as well as over those ex-fized as a root mean square (rms) deviation. From 14:50 on-
hibiting rising (green) or sinking (blue) motion. At 14:35 wards all rms-values are within a range of 0.5 and 2.5m's
mean updrafts were more intense than downdrafts and exindicating a compliance of the retrieved wind vectors with
ceed 2ms! at all levels with standard deviations around the original measured radial components (Ffy. For the

and above 4 mst, which appears to be consistent with the €arly mature phase at 14:35, the rms-values are significantly
storm’s most active phase. During the following 45 min the énhanced. They are in agreement with the trend of horizon-

downdraft-strength was exceeding the updraft-strength and@l and vertical profile statistics (in Figs.and6) and ap-
pear plausible because of more vigorous dynamics during
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14 T T T T retrieved winds differ from Poldirad radial velocities by more
o than 4ms? (retrieved minus measured differences are posi-
12 / A tive/negative within the red/blue contour line). Finally, these
s 10 4 areas of enhanced discrepancy are located between 6 and
) - 8 km altitude and coincide with regions where the Poldirad
9 8 j 1 parameter “spectral width of radial velocity” exceeds 4th s
§ 6 | (Fig. 8c), which generally serves as an indicator for enhanced
= 14.35 turbulence within the measurement volume.
4 14:50 . For the rapid development phase of the thunderstorm, the
15:05 —*— multiple-Doppler retrievals operated near the limit of mean-
2 , 15:20 —=— 7 ingful temporal resolution (imposed by the fixed scanning
3 4 5 6 7 routines). Nevertheless, the presented combination of various
rms vy, [m/s] data sources revealed a consistent picture of the predominant

regions of vigorous in-cloud turbulence within the storm.
Fig. 7. Consistency check for triple-Doppler results expressed by
root mean square deviation comparing observed radial velocitie$.4 Relationship between lightning and updraft
from each individual radar with retrieved values. For the calcula-
tion, elevation, azimuth, and location of radars for all four retrieval Corresponding to the intense dynamics documented by the
runs were taken into account (see Tabje radar analysis, two lightning flashes, divided into eight light-
ning strokes were detected between 14:40 and 14:42 inside
the 1 km range of the selected RHI-plane (Rg). The lo-
this phase. For instance, the local rms-maximum at 8 km al-cations of ground and cloud lightning strokes are concen-
titude amounts to 3.5nT$ at 14:35 and decreases to 2.5 trated near the 82km range distance from Poldirad at the
at 14:50. Furthermore, at 14:35, the rms-trend for altitudessouth-east flank of the thundercloud. These lightning posi-
higher than 10 km increases roughly linearly with height, at-tions complete the dynamic picture of the current state, be-
taining a value of 6.5 Mg at the presumed cloud-top height cause of matching well with the region of enhanced dynam-
of 12km. Apparently, the enhanced rms-values are inducedcs in Fig. 8c and with the updraft tube — indicated by the
by the rapid growth of the cloud during the 15-min-retrieval- black arrows and the reflectivity tower in Figa.
interval. A shorter radar observation cycle would presumable Because of the low time resolution of 15 min interval from
provide retrievals with smaller rms-deviations during periodsthe triple-Doppler analysis compared to only 12 min of light-
of rapid developments. ning occurrences, no statistical correlation could be com-
To investigate the effect of strong dynamic and turbulenceposed for an updraft-lightning relationship. However the spa-
in more detail, special fourfold-Doppler retrievals were per- tial distribution of updraft depth from triple-Doppler analysis
formed, including RHI scans of Poldirad, and compared withat 14:35 (considering only updraft exceeding 5Thswas
additional radar-parameters available from Poldirad. A refer-compared to lightning locations in Fi§. For this, the 69
ence time was selected between 14:35 and 14:50, when tHeghtning strokes were grouped into 22 lightning flashes by
cloud was fully developed. The first high-resolution RHI- combining strokes within 2 s and 30 km. (Note, the grouping
scans are available at 14:43; their positions are marked agesult does not depend on the choice of parameters; in fact
lines in Fig. 3b. For the current retrieval these data are the same results were achieved by changing the parameters
blended with the radar data of Feldberg anidkheim taken by a factor of 2.)
during the 14:45-to-14:52-interval and with the Karlsruhe The temporal evolution of lightning flashes in F&jis de-
data from 14:40 to 14:44. Most revealing is a section throughnoted by labels with two-minute time intervals starting with
the region of maximum reflectivity (red line in Figb). first flash at 14:39. Besides the latest lightning flash loca-
Details are juxtaposed in Fi@. First, the RHI-reflectivity  tion at 14:45 (marked as number 6) and the single point
is overlaid with retrieved winds along the section with up- (marked as 1), lightning positions match well within the area
drafts @ > 2ms1) emphasized as black arrows (F&g). of extended updraft. Note, both lightning flashes, marked as
A consistent updraft tube is evident between distances 8humber 4, are displayed at RHI scan in F8g. However
and 85 km (from Poldirad), collocated with a “tower” of high besides lightning strokes belonging to flash number 6, all
reflectivity between altitudes of 7 and 11 km. Second, ra-strokes positions are displayed in Figwhich demonstrates
dial Doppler-velocities from Poldirad (Figb) essentially  the relationship between deep vertical motion and lightning
confirm the retrieved wind directions for the selected sec-as well. By summarizing all updrafts exceeding 5™ and
tion; the blue region part bounded by altitudes between 7 and0 ms'1, the updraft volume at 14:35 above the melting zone
12 km and by horizontal ranges of 73 to 80 km correspondg> 5 km) was estimated to 210 Knand 16 kni, respectively.
well with the predominant wind direction towards Poldirad in Together with results fronfPalucki et al.(2011) which de-
Fig. 8a. Coloured contours in Fi@b surround areas where termined an updraft{ 5 ms-1) volume of 25 kni for a less
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Fig. 8. Detailed wind field parameters of RHI scan from Poldirad at 14(4Breflectivity with overlaid wind field (black arrows mark

updrafts> 2 m s~1) from fourfold-Doppler analysis projected onto RHI-plane (red line in B, (b) measured radial velocity by Poldirad

with marked areas of retrieval discrepancies (see text for details)cambppler spectral width with overlaid lightning positions (black
circles within less than 1 km from RHI-plane).

depth [km] noted as red line (130scan) in Fig.3b. A first indicator for
the presence of hail in the lower part of the thundercloud is
5t 6 7 the high reflectivity & 60 dBZ) at the distance of 82 km and
a “hail spike” at 86 km (Fig8a) due to multiple scattering
6 waves.
of By analyzing ZDR in Fig10a, the melting layer is identi-
N . 5 fied between 2 and 3 km altitude. While below 3 km, positive
ZDR values (between 3 and 4 dB) are prevailing, the upper
St 4 part is dominated by ZDR values around zero. These are indi-
3 cators for large rain drops below and the presence of ice par-
ticles above the melting level. High LDR values 30 dB)
-10 | 2 in Fig. 10b mark the region of large or mixed hydrometeors,
N which is interpreted as large or wet ice particles above the
I 1 melting layer, and a rain-ice mixture (up to wet hail stones)
-15 ; ‘ ‘ below. The strong hail differential reflectivity (HDR) over

> 10 15 32dB at around 3km documents the evidence of large ice

Fig. 9. Collocation of lightning positions and depth of vertical up- particles, typically hail in this region. The local maximum
draft columns (with threshold of 5 nT$) from triple-Doppler anal-  at the HDR signal exceeding 10dB at 1.5km altitude is a
ysis at 14:35 UTC (see rectangle in F&g). Lightning flashes are  further indicator for the probability that hail could reach the
labelled by two-minute intervals, with *1” starting at 14:39UTC; ground. Summarizing the interpretation of polarimetric radar
red line denotes position of RHI scan shown in Figand10. parameters by using hydrometeor classification according to
Holler et al.(1994 in Fig. 10d, we can state that below the

. flash ducing thund hi tisi melting layer, (strong) rain was found in some regions mixed
active, two-flash-producing thunderstorm, this resultis Inter- .\, hail Furthermore, the upper left part of the cloud con-

preted as a further indicator, that the number of flashes 'Sists of dry ice particles (snow), at the centre wet ice crystals
related to the updraft volume. known as graupel dominates. The rain “outliers” in the upper
part collocated with high ZDR spreading are corresponding
with an enhanced Doppler spectral width (Figk) in this
area and point to tight link between microphysical develop-
ment and turbulent dynamics.

5.5 Classification of hydrometeors

The evolution of hydrometeor distribution during the thun-

derstorm’s lifetime is evaluated by using polarimetric radar . .
Y gp To document the life cycle of convection, hydrometeor

data from vertically high resolved RHI scans from Poldirad. ) o X
types are evaluated in a statistical manner. For all avail-

Up from 14:43, these RHI scans were taken every ten min- ble RHI ; 10-min-int Is. four hvd ;
utes for five different azimuth angles with an increment of abie scans in every 10-min-intérvals, four nydrometeor

two degrees. In detail, the hydrometeor content is estimate&laSses were determined. They were counted for each alti-

for the south-easterly flank during the early mature phase, det-Ude and finally standardized by dividing by all used points
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Fig. 10.Polarimetric radar parameters within RHI scan from Poldirad at 14&)3tifferential reflectivity ZDR(b) linear polarization ratio
LDR, (c) differential reflectivity hail signal HDR, an@l) hydrometeor classification aftetdller et al.(1994). Black lines in(a) to (c) denote
ordinary reflectivity contours from 10 dBZ in intervals of 10 dBZ.

in the volume. The result is a volume fraction for each type 12 or 13 km contour line from radar. But at 15:20, cloud-top
of all altitude levels (Fig11). Figure1la shows the cloud height derived from brightness temperature differ from radar
during the early phase of the mature state, in which hail waglerived one, as seen in Fgas well as pixel pattern and con-
classified in a fraction of 3 % of total volume. At 14:43 snow tour lines in Fig.12d. A possible reason for this phenomenon
exhibited the highest volume fraction at an altitude of 10 km. could be the ice shield located at the upper part of the cloud
Corresponding to decreasing cloud top height the maximum(e.g. seen at visible channelkalthoff et al, 2009 Fig. 2d).

of snow occurrences decreased to the 5 km-height by 15:13These smaller ice particles could only be detected by infrared
The shape of the graupel-profile was similar to the snow-data from MSG satellite but not by the radar (Fig, bot-
profile but with the maximum at lower altitudes. The frac- tom).

tion of rain within the whole volume increased during the The satellite images of visible high resolution channel,
dissipation of the thunderstorm, while the absolute numbeiinfrared red channel and low-level radar reflectivity of this

of classified rain bins decreased. COPS case were displayed and compared e.Kadlthoff
_ _ _ et al.(2009 andAoshima et al(2009. A detailed view of the
5.6 Time evolution of cloud top height location accuracy shows that the first radar reflectivity area at

o ) ) 14:30 matched well with the location of low brightness tem-
As seen in Fig2, radar derived cloud-top heights reached peratyre from infrared channel and reflectance from high res-
its maximum approximately at 14:40. Finally, after the last o) tion visible channel of MSG satellite. While the cell seen
lightning flash at 14:45, the decay process was in progress,y he satellite moves northeastwards, the radar cell moves
The accurate extend of cloud-tops was evaluated by usingjqiy in a more easterly direction. The reason is given by
parallax corrected cloud-top pixel positions from MSG in- gigterent wind directions in different altitude levels. While in-
frared channel (10.8 pm) and radar based triple-Doppler réf 514 and visible channel observed the top of the cloud, the
sults (Fig.12). As shown in Fig2, lower brightness temper- g in precipitation radar scan from Feldberg atCefeva-

atures correspond well with higher radar cloud-top heights;o, monitors the lower cloud region approximately 1 to 2 km
As seen in Figl2b and12c cold MSG pixels are inside the
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Fig. 11.Time evolution of hydrometeor profiles obtained from adjacent RHIs of Poldirad.
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Fig. 12. Location and extent of cloud-top structure using parallax corrected cloud-top positions from Meteosat (dots with color coded IR
brightness temperature) and triple-radar derived cloud-top height as contours (black: 8km, red: 12km and 13 km). Réd) Imarks
vertical cross section displayed in Fig.

altitude (MSL) at this area (not shown). As seen in Hi§.  cross-validation Kollingsworth 1994 of observation and
(top), the cloud at 15:20 was stretched over a range of morsimulation, as both domains contain inevitable uncertainties.
than 60 km. While strong winds-(20 m s'1) from south oc- The mesoscale non-hydrostatic modelling system Meso-
curred at the northern upper part (30-50 km range and 8-NH is applied for 15 July 2007 in episode-mode, the ini-
12 km altitude) and slow to medium winds (5-10Migblew tial conditions were obtained from the ECMWF analysis of
from the south-west at the central bottom part (10-15km15 July, 00:00 UTC, and the boundary conditions for the out-
range, 2 km altitude). ermost domain were interpolated from the 6-hourly ECMWF
forecasts. The model setting is identical to the one described
by Richard et al(2011). Additionally, a 4th embedded nest
5.7 Cross-validation with simulated flow structure of 180x 190 grid points over the central portion of the Black
Forest was included with 500 m horizontal grid size and 50

L . evels in the vertical direction (10 of them located in the first
Data from atmospheric field experiments are regularly use

. . . above ground). Model generated radar reflectivity fields,
to increase the unders_tandlng of phy§|cal processes relevare) tained through the application of a forward operator (de-
during the sampled episodes and to aid the validation ProCess i< in the appendix oRichard et al.2003 allow to depict
of appropriate simulation models, which ultimately aim at )

reliable operational forecasts. They assist to establish aclosthe calculated mid-level flow analogously to the multiple-
P ' y Boppler analysis at 15 min intervals (Fit4). At 14:35 two

link between the natural laboratory of the atmosphere and theémall reflectivity cores are evident which progress with the

gtijrga;;caar: Ie;%%rattl)rr]yt &Ltzec?oond\?vlgngxS%Stﬁwogg\r/taagdht rather uniform flow towards NNE. Pronounced updrafts and
i ?- € emplify 9 downdrafts are located at the southern side of the united

combination of satellite and radar data retrievals with results : .
: . : . cells where the horizontal flows becomes severely disturbed.
from non-hydrostatic nested simulations contributes to the
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Fig. 13. Dissipation of thundercloud at 15:20 UTC. Top-right: vertical cross section from triple-Doppler analysis with averaged reflectivity
and horizontal wind vectors (only every fourth vector is plotted, the dotted line marks the level 8j.Higp-left: Meteosat visible channel

with Poldirad location (red square), position of cross section (black line), and viewing directions (yellow lines) of cross section and photo.
Bottom: levelled photograph taken from Poldirad site at 15:24 (recovered terrain silhouette as dashed green line), overlayed with maxi-
mum triple-Doppler radar reflectivity (black contours at 10, 20 and 30 dBZ), updrafts higher than’2(ned), and downdrafts lower than
—2ms1 (blue) along lines of sight.
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Fig. 14.Simulated cloud characteristics: reflectivity as black isolines (10 dBZ intervals, starting from 10 dBZ), horizontal wind (arrows) and
vertical motion (color coded) at 5 km from Meso-NH episode simulation nested down to 0.5 km horizontal resolution.

Compared with the integrated observational result (B)g. tion, however, the slowly evolving background flow is pro-
the simulated cells are at about the same location, but smallerided from the larger scale initial fields and “handed down-
in horizontal extent and embedded in a more southerly flowwards” through the four computational nests while the spa-
We note that the multiple Doppler flow analysis mainly re- tial resolution gets finer and finer. Comparative information
lies on the relative movements of hydrometeors, while theof retrieved and simulated flow structures within the cloud
algorithm extrapolates the flow outside of the reflectivity and around are given for the altitudes levels 3, 5, 7, and 9 km
zones to the prescribed background profile. In the simula-
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thresholds:

- radar refl y>0.1dBZ

MSG composit

Fig. 15.0bservation versus simulation at 14:55. Top left: model generated brightness temperature; value$ Gatowlite. Bottom left:
three-channel MSG composite with Vosges, Rhine valley, and elongated cloud system above the eastern part of the Black Forest; red crosse
denote corners of the nested simulation domain. Right: perspective view from NW on the 15-km-high computational box above the model
topography; thresholds for iso-surfaces are indicated for cloud water (red), radar reflectivity (white), and ice water (blue).

in the Supplement as animated loop (movie3.mpg) and as 18bserved cirrus anvil was already reaching the north-eastern
separate frames (in directory 4-levels-rad-mod). corner of the area of special interest.

A loop through 48 triple images at 5-min-intervals be- The detailed observational results presented in this sec-
tween 12:05 and 16:00 (movie4.mpg from Supplement) extion began to serve as starting point for a series of sensi-
emplifies both the remarkable agreement between observdivity experiments using Meso-NH. So far we can conclude
tion and simulation as well as apparent discrepancies. Irthat the initiation of deep convection on 15 July 2007 was
plan view, a blow-up of the cloud extent as seen by MSGonly possible along the mesoscale convergence line along the
is juxtaposed to the model generated brightness temperaBlack-Forest crest. The eventual development, however, was
ture (BT) within the complete fourth nest of 90 km (west-to- restricted to the much smaller region above the elevated plain
east)x 95 km (south-to-north) extents. More simulation in- to the east of the Kinzig valley and between the still higher
formation is contained in a perspective view from the NW crest regions of the northern and southern Black Forest. De-
onto the simulation domain above the surface topographyails of the simulated storm depend to a high degree on the
of the Black Forest and its valleys: red cells enclose val-details of microphysical scheme. In the present run for in-
ues of cloud water mixing raties 1 mgkg ! as a proxy for  stance, the role of hail appears to be over-represented. Model
developing cumuli, the white towering volumes contain re- generated average profiles of hydrometeors (cf. Fiywill
flectivities above 0.1 dBZ, and blue surfaces stand for an icébe used to adjust microphysical parameters.
water mixing ratio of- 1 mg kg! as a proxy for anvil cirrus.

Around 13:00 cool spots of BE5°C and red cloud spots

are aligned over the eastern heights roughly along 8t 6 Discussion and conclusion

in accord with the observation. First reflectivity cores appear ] ) ) )

over the southern Black Forest by 13:20. The latter movelP this study diverse data sources were combined in a syn-
northwards along the apparent convergence line and shoot UpPtic, i-e. together viewing, manner in analogy to classical
above mid-tropospheric levels by 14:00. The most active partveather chart analysis. Images and data from geostationary
remains in the rear of the convective system, which reache§atellite observations, calibrated ground based photography,
up to 13 km by 15:00 and has nearly collapsed 1 h later. Thanultiple radar measurements and observed lightning posi-
vertical steps in the reflectivity volume depict the vertical fions put together provide important extensions to the previ-
grid-spacing of about 500m at high elevations. The snapUs studies regarding the short-lived, isolated thunderstorm
shot of 14:55 (Fig15) depicts the double-reflectivity-tower ©f 15 July 2007 during COPS, in particular for the phases of

with a common base above the upper Kinzig valley, while therapid development and maturation. Generally, deep convec-
tion was not favoured on that day as CAPE and CIN attained
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Fig. 16. Cross-validating pieces of evidence frofa) simulation and(b) radar observation at 14:00UTC: Low level convergence
(>0.002s1) at 1km (MSL) within green contourg) as prerequisite for convection development coinciding with the shear-line in the
radial velocity at 2km (MSL) relative to the Feldberg radar site (F; positive values: towards; negative ones away from the radar). Maximal
radar reflectivity between 3 and 7 km altitude (O dBZ contour in blue) serves as proxy for starting cloud development. Schematic cross-section
of the thunderstorm’s dimensions above the low level convergence with updrafts, downdrafts, and other documented ifigredients

only moderate and high values, respectively. Upward forcingdetermined from the simulation. Apparently it took a few
near the ground, however, triggered small cumuli after noort‘puffs” of cumulus development to overcome CIN and to re-
along a contiguous convergence line along the eastern part alize the CAPE aloft. Once deep convection started to set in,
the Black Forest. Deeper development only happened in itshe bulk of the boundary layer moisture was suck into one
middle, apparently instigated by channelled mesoscale flowarge cell. A schematic lateral view of the main cloud and its
at low levels along the western edge of the southern Blackdimensions concludes Fid6 together with the typical loca-
Forest, as the high resolution simulation indicates (figure notions of important detected features as updraft and downdraft
shown). Animated loops of images separated by 5 min fromcores, lightning, turbulence, graupel and hail.

both, multi-channel satellite imagery on a weather map pro- Only the largest cell above the elevated, almost level
jection as well as simulation generated brightness temperaground, which separates the southern Black Forest from its
tures and reflectivity cores put the deep convection event ahorthern part, contained a sufficiently strong and lasting up-
the threshold between a single storm with several updraftglraft volume, so that numerous lightning strokes were gen-
cores and a multi-cell systems composed of a few smalleerated making up about two dozens flashes. Its vertical de-
cells. A juxtaposition of retrieved and simulated data in the velopment was most rapid between 14:20 and 14:35 with
same format helps to narrow the gap between the natural andpward motion of 10 ms! at 9 km. During the next 10 min
the numerical laboratory (Fid.6). For 14:00, the mesoscale in-cloud activity was found to be strongest comprising pro-
convergence line to the east of the Black Forest crestline lefhounced updrafts collocated with registered lightning posi-
a clear signal in form of the radial velocity shear line de- tions. An empirical linear relationship, from New Mexico
tectable within 40 km around the Feldberg radar and recon€ases, between the volume of updrafts exceeding a specified
structed from the simulated flow at 2km. The full pattern threshold was confirmed for our European case. At the same
of boundary layer convergence (at 1 km MSL) can only be
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time and location polarimetric measurements indicate the ex-  the systems mature and decaying phase, not the least
istence of hail. through time lapse movie loops from MSG rapid scan
The collage-style combination of three consecutive satel- scenes;

lite scenes from geostationary orbit 86 000 km away) and . . ) .
lateral, ground-based cloud photography 80km away) — the synoptic perspective based on a variety of passive
with multi-radar retrievals and lightning locations provides and active remote sensing systems and ground based
(i) valuable consistency checks between the observing sys-  Photography (approximating the vision of a human ob-
tems and retrieval algorithms and (ii) an instructive visual- server) clearly showed that deep convection was even-
ization of the system’s transient nature and of the observa-  Ually sparked in a very confined area at the saddle point
tions’ spatio-temporal limits. Vertical profiles of kinematic between the Black Forest's highest parts;
quantities over the entire main cell are available for four
instants separated by 15min. They reveal the rather uni-
form wind direction above 3km and updrafts dominating
downward-motion only during the first quarter of an hour.
Vertical RHI-slices of various radar-quantities from Poldirad
were used to put the mentioned statistics in perspective and to
obtain a range-height distribution of the hydrometeor classes
rain, snow, graupel and hail. A five-fold vertical slicing of
the moving core cell during for four consecutive 10-min-
intervals was used to derive vertical profiles of volume frac- — this case study can also serve as an instructive example
tion of the hydrometeors. Hail was detected only at the first for the growing importance of computational tools in
instance (14:43), while the maxima of the other categories the knowledge generating process of scierl@amels-
descended with time. Finally, the strom’s dissipation phase berger2011).
is compactly documented by a juxtaposition of wide-angle o . i

Sophisticated algorithms have to be applied and a lot of

lateral photography, satellite view and an along cloud sec- X i ‘
tion of multi-radar retrieved reflectivity and horizontal flow. PUrPose-built computing has to be undertaken in both areas

A distinct separation becomes evident of the north-eastwardhich are independent from another: the data retrievals using
progressing anvil and diminishing convective cells behind. distributed sensors, wavelengths, and polarizations as well as
A central result of the study is the fine scale determinationt€ initial-value dynamical simulations with grid-nesting and
(500m resolution in all three directions) of airflow within & full fleet of physical parametrizations. Though modest in
the thundercloud’s radar reflectivity as retrieved at 15-min-Si2€ and duration, the isolated thunderstorm over the central
intervals from a triple-Doppler analysis (Fig). Within the Black Forest will continue to play its role as benchmark case

growing and north-eastward progressing reflectivity cores, 0" the realistic simulation of deep convection.
horizontal winds are significantly disturbed relative to the
rather uniform flow of their environment. The strongest up- . . o

X . ._Supplementary material related to this article is
drafts are located at the right rear-side of the cores. The dis- . : i i

. . , . available online at: http://www.atmos-chem-phys.net/12/

play of the simulated winds field, determined for the Same6679/2012/acp-12-6679-2012-supplementzip
one-hour-period on a similarly dense fourth grid (Flg), '
reveals at the same time (i) a remarkable agreement in lo-
cation, timing and overall strength of the cells, which were
solely generated by the evolving larger scale environmeniacknowledgementsThis work was supported by the Deutsche
initialized by the numerical weather prediction analysis someForschungsgemeinschaft (DFG) in the Priority Program SSP
14h earlier, and (ii) discrepancies in cell size, size and1167 “Quantitative Precipitation Forecast”. Deutscher Wetter-
strength of the horizontal flow disturbance, plus extent anddienst (DWD), the Karlsruhe Institute for Technology (KIT)
spatial distribution of distinct updraft and downdrafts. The and Nowcast GmbH provided radar and lightning data via the
observational flow, hydrometeor and lightning datasets apCOPS database. Kaspar Graf and Hermann Mannstein (both
pear to be of particular value when results of systematic senP-R) processed the MSG images, Winfried Beer (DLR) helped
sitivity simulations can be displayed in the same fashion. " level the photographs, Bob Houze (University of Washington)

Modell tudies includi lectrificati tarted pointed to references of previous case studies, Peter Meischner and
. 0 e_ INg Studies Including electrimcation were stared Us- ., jine Forster (both DLR) commented on earlier versions of the
ing this IOP-8b case of COPS as a reference.

- ] manuscript. Daniel Kirshbaum (McGill) and Christian Barthlott
The overall value of this study is regarded to be fourfold: (k) helped to sharpen the line of argumentation by providing in-

depth reviews. All this assistance is acknowledged with gratitude.
— previous investigations about the initiation and over-

all nature of the only isolated and strong thunderstormEdited by: H. Wernli
during COPS were extended by detailed glimpses into

— comparisons with a high resolution numerical weather
prediction simulation in research mode provided valu-
able cross-validation between both independent ap-
proaches, but also exemplified the narrowed, yet still ev-
ident gap between details in observation and simulation;
the motivation to further sensitivity studies, e.g. regard-
ing variants in the microphysical scheme or lightning
parametrizations became evident; and finally,
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