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1 Introduction

Doppler weather radar provides measurements odlradiocity. Such data are widely used for variapplications, such
as wind profile calculations with Velocity Azimufisplay (VAD) or Volume Velocity Processing (VVPIgarithms, wind
shear detection, or numerical weather predictiodeh@NWP) assimilation. While precipitation can maily be regarded as
tracer of the horizontal air flow, this is questdite for clear air radar returns from non-statigrtargets, in particular from
insects. Such insect echoes are common in Eurapéan data during the summer season.

In several publications, insects are consideredgogther passive tracers which would justify tgkiheir radial velocity
data for true radial wind data (e.g. Wilson et 8894; Michelson and Seaman, 2000; Huuskonen,&@09). Other studies
found that radial velocities should not be usedsfach purpose, i.e. insects cannot be generallsidered as passive tracers
(e.g. Achtemeyer, 1991; Rennie et al., 2010; Rerti@4; Melnikov et al., 2014). In these studiesgect data derived winds
were usually compared with “true” wind data usingVR results or radiosonde data for comparison, feavoom for
speculation about the accuracy of such comparisons.

In this study, radar radial velocity data are coradawith radial velocity data of an IR lidar co-&ded to the radar. The
measurement setup and data processing are desiribection 2. Results are presented in the sextimareafter.

2 Instrumentation setup and data processing

Clear air returns, in particular from insects, emeestigated using data of two Meteor 50DX X-bamdapmetric radars
from Selex ES GmbH, Germany, at the German airporfsankfurt and Munich. Each instrument is opedaiogether with
a co-located 1.6 um scanning Doppler lidar fromKteed Martin Coherent Technologies, Colorado, UBlare details
about the systems can be found in Weipert et @lL4p

During the period of the study, radar and lidareagpd 3D scans with ranges of 75 km for the raddri2 to 15 km for
the lidar every five minutes. Each 3D radar scamsists of 11 PPI slices between 1 and 60 deg ébevahgle, and each 3D
lidar scan consists of 5 PPI slices between 1.528ndeg elevation angle. The lidar returns are atrantirely from aerosols,
which are perfect tracers of the wind. 3D polar &adata, obtained from a GDRX signal processorguéamong other
features) a DFT clutter filter, a multi-trip-echitidr and an interference filter, were processedgia two-step polarimetric
fuzzy-logic radar echo and hydrometeor classiftrafECLASS; Selex ES, 2013):

1. Meteo-/Non-meteo classification

2. Hydrometeor-classification of the meteorologicalada

For normal wind algorithm application, all non-matelogical data are removed. Thus rain events carused to
determine the accuracy of the instruments. Ernsetosf. (2014) have compared the radial velocity aen range gate basis,
using the 3.0 deg PPI slice which was availablaén3D scans of both radar and lidar. They fountkean bias of about 0.1
m/s and a root mean square error of about 1.5\Wifen comparing horizontal wind vectors derived by\& algorithm
(Waldteufel and Corbin, 1979) and using a soplastid quality control (Selex ES, 2013), the meandvdpeed bias was
also around 0.1 m/s, with a root mean square around 0.5 m/s. This demonstrates that radar racifcities of
precipitation are excellent proxies for the truendyi at least at low elevation angles when the dpled effect can be
neglected.

For this study, similar comparisons as in Ernscdral. (2014) have been performed. VVP wind prefieth a layer
spacing of 100 Ft (approximately 30 meters) weriokd using a range of 3 NMi (approximately 5.5)kamound the
sensors. Radar radial velocities of insects onlyeweonsidered. For this purpose, the first stephefabove mentioned
polarimetric radar echo classification was modiftecbiological/non-biological classification. Fobiblogical”, the fuzzy-
logic membership functions were tuned to typicaleict returns in order to avoid bird echo contanomatAll non-insect
data have then been removed.
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3 Radar and lidar VVP vector comparison: general resits

Figure 1 shows differences of the VVP horizontahavivectors between radar and lidar. For the datavishin these
figures, the lowest 30 VVP layers (i.e. approximathe lowest kilometer of the atmosphere) wereraged, so that one
data pair was available for each 3D scan (wherg WP profiles with at least 15 layers containingligt data for both
sensors have been considered). In Figure 1, al afagleven-month periods in Frankfurt and Munielvérbeen used. The
results demonstrate that radar derived wind vedtora insects can differ by several meters per is¢doom the true wind.
Differences in radial wind data on range gate badikely to be even larger.

Avg. vector difference Radar-Lidar Frankfurt
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Figure 1: Differences between radar and lidar datided horizontal wind vectors, using radar datdrafect returns only, for Frankfurt
(top) and Munich (bottom). Both figures are basadl& months of data.
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The differences shown in the above figure are iddiee to the fact that insects are often not passacers. Only a
fraction of the observed differences is due to uadgties in the methods of measurement and dateepsing. This can be
seen from the following Figure 2, where radar dedliwVP data have been obtained from meteorologichbes only. It
becomes clear that both instruments measure paligtibe same wind vector in case of passive teacer
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Figure 2: Differences between radar and lidar da&ided horizontal wind vectors, using radar datgpoécipitation only, for Frankfurt
(top) and Munich (bottom). Both figures are basadl& months of data.
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For insects, the differences tend to increase initreasing altitude. The following figure shows Béandata as Figure 1,
but first the 15 lowest and then the 15 second-8dW&/P layers have been averaged. Figure 3 alsashte differences for
the various months (where the cold period beingeravoid of insect echoes has been omitted): @bigious that insect
migration depends on the season and/or weatheitmorsd
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Figure 3: Differences between radar and lidar datgided horizontal wind vectors for Frankfurt, usirafiar data of insect returns only.
The figure shows the monthly variation in the ddtthe lowest 15 VVP layers (i.e. lowest 500 meteys) &nd of the second-lowest 15
VVP layers (i.e. second-lowest 500 meters; bottom).
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Avg. vector difference Radar-Lidar Munich
(Biological, 18,735 VVP profiles, May 2013 - Mar 2014, h < 500 m)
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Avg. vector difference Radar-Lidar Munich
(Biological, 14,730 VVP profiles, May 2013 - Mar 2014, h > 500 m)
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Figure 3 (continued): Data for Munich.
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Sometimes, but not always, a diurnal cycle of tlieinces between radar and lidar wind vectorstoafound, as e.g.
shown in Figure 4. This means that insect migratiepends on time of day. The analysis of what @agi weather
situation may cause insects to migrate as welhagpbotential findings of a dependency of this ondadirection and speed,
however, are beyond the scope of this paper. ke lheit our research to the analysis of the amairtifference. Table 1
gives the mean bias and the root mean square (BMSE) for each month for the data shown in Figdréll values are

significantly larger than for precipitation, whete mean bias is about 0.1 m/s and the RMSE ab8uh/(.

Direction difference (deg)

Figure 4: Differences between radar and lidar da&ided horizontal wind vectors, using radar datarafect returns only, as a function
of time (for Munich). The figure shows the diffelenof vector direction (black) and speed (red), tredabsolute vector difference
(blue). The fact that the speed difference (redjagk is positive means that the insects move fastarthe air, i.e. make use of tailwind.
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Table 1: Mean bias and RMSE of the Frankfurt (t@ap) Munich (bottom) VVP vectors from radar inseatadshown in Figure 3.
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Frankfurt (m/s) Aug Sep Oct Mar Apr May Jun

Mean bias (h < 500m)

112 1.01 0.78 0.12 0.40 0.860

RMSE (h<500m) 157 1.37 1.06 058 104 0.89 1.23
Mean bias (h >500m) 1.40 143 1.20 0.63 1.33 0.857
RMSE (h > 500m) 189 191 143 0.80 211 147 1.39
Munich (m/s) May Jun Jul Aug Sep Oct Mar
Mean bias (h<500m) 0.36 0.97 1.11 1.15 0.76 0.845
RMSE (h < 500m) 060 164 164 145 1.15 1.37 0.79
Mean bias (h >500m) 0.52 1.34 147 156 0.79 1.4@83
RMSE (h > 500m) 119 210 197 1.88 147 157 1.80
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4 Profile examples for Frankfurt

Figure 3 already indicates that sometimes insemtisbe considered as passive tracers (i.e. radma redocity data are
then useful), and sometimes not. In this sectiopresent typical examples of both cases.

Profiles Frankfurt 2014-03-20 12:25 UTC
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Figure 5: VVP profiles from 20March 2014, 12:25 UTC, from radar (blue) and lidaed), and AMDAR wind profile of a departing
aircraft (black). Also shown by green circles are @®/wind observations at the airport and on the clogé&eldberg Mountain.

Figure 5 shows a wind profile example where radad #idar wind profiles match well and fit to otheensor
measurements. Figure 6, showing the 8 deg PPIIradiacity data confirms the similarity of both sems’ wind data.
Figure 7 shows the polarimetric radar data fromséds@me scan: all data are rather homogeneous, aithweak reflectivity,
very high differential reflectivity and low polargtric correlation coefficient.
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Figure 6: 8 deg PPI radial velocity data of the fites from Figure 5; radar (left) and lidar (right)
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Figure 7: Polarimetric radar data for Figure 6: riefctivity (top left), differential reflectivity (foright), correlation coefficient (bottom
left), and differential phase shift (bottom right)
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A few days later, an example of significant diffeces between radar and lidar wind observationsroeguFigure 8
illustrates how poorly the wind profiles of radardalidar match. AMDAR wind profile data of a depag aircraft and
weather station observations from the airport andaby, 800 meters high mountain confirm the ldksta and disproof the
radar data (with an exception of the AMDAR windetitions below about 500 m, which is due to the AMDWiInd speed
below 1 m/s and the AMDAR wind vector uncertainfyapproximately the same order).

Figure 9, showing the 20 deg PPI radial veloc#tadconfirms this mismatch. Figure 10 shows thanoketric radar data
from the same scan: for reflectivity and differahtieflectivity, two peaks can be seen north andtls®f the radar at
distances around 3 to 4 km corresponding to akguaf about 1000 to 1300 meters above MSL.

Figure 8: VVP profiles from®1April 2014, 12:33 UTC, from radar (blue) and lidaed), and AMDAR wind profile of a departing
aircraft (black) Also shown by green circles are AB/®ind observations at the airport and on the clogéeldberg mountain.

Figure 9: 20 deg PPI radial velocity data at of theofiles from Figure 8; radar (left) and lidar @ht)
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Figure 10: Polarimetric radar data for Figure 9: flectivity (top left), differential reflectivity @p right), correlation coefficient (bottom
left), and differential phase shift (bottom right)
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A conceptual model of migrating insects explainghbthe observed radar wind profile deviations ahe peaks in
reflectivity and differential reflectivity data. giire 11 illustrates that migrating insects withhestcommon orientation
(heading) exhibit a smaller reflectivity and difetial reflectivity when seen from front or reaathwhen seen from the
side. The reflectivity and differential reflectiyipatterns shown in Figure 10 can be explainedhbgdts which are mainly
oriented approximately along East-West. This fitdlwo the vector difference between the radarlatad derived horizontal

winds in that altitude (Figure 12).

Figure 11: Conceptual model of an insect (greenybaglay wings), seen from top (left part), from fronrear (center), and from aside
(right part)

Figure 12: Explanation of the radar-lidar wind vectdifference by commonly oriented insects headjmgreximately towards East at a
speed relative to the air of about 3 m/s (greenjh\the true wind as observed from the lidar beimgf South-Southeast at about 2 m/s
(red), this results in an insect migration (grounack) towards approximately Northeast with about /s, as observed by the radar

(blue).
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5 Profile examples for Munich

During the 18 of August 2013, wind profiles from radar and lidaatch well. Figure 13 shows examples for 01:03 and
12:03 UTC on that day, including data from two cedinde launches at Munich-Oberschleil3heim, locatekin southwest
of the airport (UWYO, 2014). In the night, a digtinow-level jet was established. During day, wingse rather calm.

Figure 13: Wind profiles from #bAugust 2013 at 01:01 UTC (top) and 12:03 UTC (bmitoThe figure shows VVP data from radar
(blue) and lidar (red) and the radiosonde profibldack). Also shown by green circles are AWOS win@émbsions at the airport.
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Figure 14, showing the 4.5 deg PPI radial velodidya of the night case, confirms the similarityboth sensors’ wind
data. Figure 15 shows the polarimetric radar daiefthe same scan: all data are rather homogenedtisyery weak
reflectivity, very high differential reflectivityrad low polarimetric correlation coefficient.

Figure 14: 4.5 deg PPI radial velocity data at betprofiles from 18 August 2013 at 01:01 UTC; radar (left) and lidaight)

Figure 15: Polarimetric radar data for Figure 14eflectivity (top left), differential reflectivitydqp right), correlation coefficient (bottom
left), and differential phase shift (bottom right)
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On the 18 July 2013, however, significant differences betwéee radar and lidar wind vector data appeareglrgil6
illustrates how poorly the wind profiles of radandalidar match. Data from the radiosonde launchMatnich-
Oberschleillheim and weather station observatiams the airport better fit to the lidar data tharthte radar data.

Figure 17, showing the 8 deg PPI radial velocittagdaonfirms this mismatch. Figure 18 shows thepwietric radar data
from the same scan: for reflectivity and differahtieflectivity, two peaks can be seen weat-nortvead east-southeast of
the radar, at distances around 2 to 8 km, correlipgrio altitudes of about 700 to 1500 meters abd&. Figure 19 links
the observed vector differences and polarimetdaralata signatures, using again the conceptuathadén insect.

Figure 16: VVP profiles from 25July 2013, 12:03 UTC, from radar (blue) and liaed) and the radiosonde profile (black). Also shown
by green circles are AWOS wind observations at tfpog.

Figure 17: 8 deg PPI radial velocity data at of theofiles from Figure 16; radar (left) and lidaright)
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Figure 18: Polarimetric radar data for Figure 17eflectivity (top left), differential reflectivityqp right), correlation coefficient (bottom
left), and differential phase shift (bottom right)

Figure 19: Explanation of the radar-lidar wind vectdifference by commonly oriented insects headjpr@ximately towards South-
southwest at a speed relative to the air of abomi8(green). With the true wind as observed byitlae being from West at about 3 m/s
(red), this results in an insect migration (groumnack) towards approximately Southeast with abont/d, as observed by the radar
(blue). The insects’ orientation towards South-sougtst exactly explains the observed reflectivity @ifferential reflectivity patterns
shown in Figure 18.
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6 Potential correction of radar derived wind vectorsobtained from insects

In the previous sections it has been shown thatcisscan sometimes be regarded as passive tracerspmetimes are
migrating with speeds of several meters per secelative to the actual flow of air. In the firstsza polarimetric radar data
are rather homogeneous. In the second case, réfleeind differential reflectivity (and to a smetl extent also correlation
coefficient and differential phase shift) show gquilistinct bimodal variation with azimuth angletiwpeaks into directions
perpendicular to the insect heading. This infororattould be used to potentially correct the radenved wind vectors
resulting from insect data, even when no indepeneherasurement e.g. from lidar is available.

Taking for example the Frankfurt radar data frorguré 9 and Figure 10, one gets a “wind” vector lofd 3.5 m/s
towards Northeast, and obtains that insects aemimd approximately in West-East direction, i.e. @ther heading towards
East or towards West. If a stable relation betwiesacts’ relative speed and some signatures irripwéric radar data, e.g.
the amplitude of the bimodal reflectivity and diffatial reflectivity variation, could be establish@ne might calculate the
true wind vector from (i) the radar “wind” vectdii) the radar observed orientation of insects, @éiidthe radar data based
calculation of insects’ relative speed. The onlknown would then be into which one of the two pblesidirections the
insects are heading (either West or East in thergaxample), but this might potentially be founanirother information.
Currently some work on such correction possib#iigin progress.

Figure 20: Potential radar wind vector correctiorrfdata from insects, based on the example giveéfigare 9 and Figure 10: The radar
“wind” vector is approximately 3.5 m/s towards Nortlsegblue vector line). From the orientation of thienodal reflectivity and
differential reflectivity patterns in Figure 10,9act heading is either towards West or towards Egseen line). Potentially from the
amplitude of the bimodal patterns, an insect relspeed of about 3 m/s could be calculated. Thigdiead to two possible
calculations of the wind: If the insects are headimgards West, the wind vector would be that oneefdldar plus 3 m/s towards East
(dash-dotted red vector line). Otherwise, i.e. itsere heading towards East, the wind vector woulthbeone of the radar plus 3 m/s
towards West (solid red vector line). The latterusioh is very close to the unknown true wind ve(potk dashed line).

7 Summary and conclusions

At Frankfurt and Munich airports, eleven monthsdata from a X-band polarimetric radar and a cote¢dR Doppler
lidar have been analyzed. The focus was on lowtlesrgical profiles of the horizontal wind vectaalculated using a VVP
algorithm for data from each sensor. Radar data wee-classified such that all data not originatfrgm insects were
removed. For a verification purpose, radar dataevesparately classified such that all non-metegioé echoes were
removed. VVP wind vector differences between radat lidar were examined, leading to the followingimresults:

- For precipitation, the mean bias is about 0.1 eufg the root mean square error (RMSE) is aboutfs3 which

demonstrates that radar derived wind profiles fppetipitation are very good indicators of the twiad profile.
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- For insects, bias and RMSE are almost one ordenagfitude larger, with monthly mean biases mostiyvieen
0.3 and 1.2 m/s and RMSE mostly between 1.0 andnis7Mean bias and RMSE tend to slightly increaik
altitude.

- For cases with small bias, i.e. when insects caodbsidered as passive tracers, polarimetric rdd&r are rather
homogeneous. In case of large bias, typical sigaeatcan be found in the data, in particular a bimh@dimuthal

variation of reflectivity and differential refleoity.

Polarimetric radar data allow for two steps to ioy@ wind vector information obtained from insectada
1. Based on presence or absence of specific pattemaslar polarimetric data, radar derived wind vedeta from
insects can be classified as reliable or unreliable
2. Potentially, based on a quantitative analysis ecH patterns in radar polarimetric data, thetiek speed of

insects could be calculated and thus the radavetwind vector be corrected.

Currently, work is in progress in particular on geeond improvement step. A successful correctisadar derived wind
vectors from insect would have significant impagcttioe amount of reliable wind information. For amast one year period
of radar and lidar data from Germany, Weipert at{2014) found that precipitation derived radar avjprofiles are only
available during about 10 percent of time, whemaateorological or insect echoes are present in matmost half of the
time. Thus huge potential to use clear air rad@rms for wind derivation exists.
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