
www.ecography.org

ECOGRAPHY

Ecography

887

––––––––––––––––––––––––––––––––––––––––
© 2018 The Authors. This is an Online Open article
This is an open access article under the terms of the Creative Commons 
Attribution License, which permits use, distribution and reproduction in any 
medium, provided the original work is properly cited.

Subject Editor: Cecilia Nilsson 
Editor-in-Chief: Miguel Araújo 
Accepted 16 October 2018

42: 887–898, 2019
doi: 10.1111/ecog.04041

doi: 10.1111/ecog.04041 42 887–898

R
adar A

eroecology Special issueR
ad

ar
 A

er
oe

co
lo

gy
 S

pe
ci

al
 i

ss
ue

Large parts of the continents are continuously scanned by terrestrial weather radars 
to monitor precipitation and wind conditions. These systems also monitor the mass 
movements of bird, bat, and insect migration, but it is still unknown how many of 
these systems perform with regard to detection and quantification of migration inten-
sities of the different groups. In this study that was undertaken within five regions 
across Europe and the Middle East we examined to what extent bird migration inten-
sities derived from different weather radars are comparable between each other and 
relate to intensities measured by local small-scaled radars, some of them specifically 
developed to monitor birds. Good correspondence was found for the relative day-to-
day pattern in migration intensities among most radar systems that were compared. 
Absolute intensities varied between different systems and regions. The findings of this 
study can be used to infer about absolute bird migration intensities measured by dif-
ferent radar systems and consequently help resolving methodological issues regarding 
the estimation of migrant numbers in the Western-Palearctic region. It further depicts 
a scientific basis for the future monitoring of migratory bird populations across a large 
spatio-temporal scale, predicting their movements and studying its consequences on 
ecological systems and human lives.
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Introduction

The lower atmosphere is the most relevant space for the 
exchange of biomass within and between continents 
(Chilson  et  al. 2017a, b). This airspace is continuously 
monitored by several sensors, mainly radar systems from 
the ground and from satellites (North 2015). A variety of 
such radar systems has been used to track animal movements 
across the airspace for more than 70 yr (Lack and Varley 
1945, Suter 1957, Eastwood 1967, Able 1970, Bruderer and 
Steidinger 1972, Gauthreaux 1975, Alerstam 1976, Riley 
and Reynolds 1983, Buurma 1987, Chapman  et  al. 2004, 
Alerstam et al. 2011, Chilson et al. 2012, Drake and Reynolds 
2012, Mirkovic et al. 2016). However, proper quantification 
of migratory intensities remained a challenge until today, and 
the statement made by Nisbet (1963) – ‘None of the quan-
titative results of this paper can be applied immediately to 
other radar stations used to study bird migration’ – still holds 
true. Among the variety of radar systems used for tracking 
birds, weather radars (WR) have become more and more a 
standard tool to monitor nocturnal broad front migration of 
birds (Able 1970, Gauthreaux and Belser 1998, Diehl et al. 
2003, Chilson et al. 2011), and, to a much lesser extent, for 
quantifying nightly dispersal of bats (Horn and Kunz 2008, 
Frick et al. 2017) and insects (Leskinen et al. 2011, Rennie 
2014).

In this study, we focus on the quantification of bird 
migration by radars. Within the last 20 yr the great potential 
of WR networks has been recognized and several explora-
tions of these networks provided important insights regard-
ing the migration biology of birds (Gauthreaux et al. 2003, 
Dokter et al. 2011, 2018, Kelly et al. 2012, van Doren and 
Horton 2018). These networks span across whole continents 
and are able to monitor nocturnal bird migration in almost 
real time. For such large-scale analyses, the comparability 
of migration intensities derived from a single type of radar 
system is essential. In the US, the NEXRAD network con-
sists of a single radar type (WSR-88D) and all radar systems 
are operated with a very similar scanning mode (Kelly et al. 
2012). In contrast, the European network OPERA covers 
only part of the continent and consists of many radar sys-
tems that are made by different manufacturers. Another 
drawback is that these systems operate in different scanning 
modes ruled by the national met-offices (Huuskonen et  al. 
2014). It is therefore not surprising that most published stud-
ies on bird migration using multiple WR systems are based 
on the US-WR network NEXRAD (Buler and Diehl 2009, 
Horton et al. 2016, La Sorte et al. 2017); but see Nilsson et al. 
(2019).

For a long time, extraction of bird movements from WRs 
was done more or less manually by visual inspection of the 
radar scans (PPIs) and migration intensities were conse-
quently classified on a relative quantitative scale (Gauthreaux 
and Belser 1998, Diehl et al. 2005). An automated algorithm 
to extract height profiles of bird migration from European 
WR was developed in the Netherlands and its products 

were cross-calibrated with those of dedicated bird radar 
(Dokter et al. 2011, van Gasteren et al. 2008). A recent study 
compared results from a WR and three other radars at a single 
specific site (Nilsson et al. 2018). The algorithm developed 
and improved through these campaigns is currently applied 
to a large number of European and US WRs.

In the present study we combine the results from five 
different field campaigns realized independently across 
Europe and the Near East. In these campaigns bird migration 
intensity was monitored with WR and at least one dedicated 
bird radar. The aim of this study is to gain insight into the 
comparability of bird migration intensities from different 
WRs in Europe and the Near East. Consequently, the two 
main questions that are addressed herein are: To what extent 
do migration intensities measured by different radar systems 
match on the relative and absolute scale? How does proxim-
ity between sites and height ranges covered by the various 
systems influence the correlations between the systems?

Material and methods

There is an innumerable variety of radar systems which, 
at least theoretically could be used for tracking birds 
(Chilson et al. 2017a, b). In practice, there is a limited num-
ber of systems used for tracking bird targets (Drake and 
Bruderer 2017). Radar systems involved in this study include 
medium range WRs (tens of km) and short range (1–7 km) 
dedicated bird radars. Apart from various technical features, 
the extraction of bird intensity data differs considerably 
between WRs and the dedicated bird radars. In the WR the 
reflectivity of all birds within a single range is summed up, 
and Migration Traffic Rate (MTR) is calculated assuming a 
given average bird size. MTR is the number of birds crossing 
a virtual line of 1 km perpendicular to the main migratory 
direction within 1 h (Lowery 1951, Liechti et al. 1996). In 
short-range radar, tracks of single birds are summed up to 
calculate MTR.

In each of the five study regions nocturnal bird migra-
tion was monitored by one or two WRs in combination with 
one or two dedicated small-scale bird radars (Table 1, Fig. 1) 
or radar wind profiler. All WRs mentioned in this study are 
C-band Doppler radars. WRs are performing single 360° 
scans at several elevations, repeated every five minutes, up 
to every 15 min (varies between sites) continuously through-
out the whole day. Values from all altitude bands within a 
range of 25 km were recalculated into an integrated value of 
MTR for each night. Heights covered by the different radars 
are given in Supplementary material Appendix 1 Fig. A1. 
Extraction of bird profiles followed the protocol imple-
mented by Dokter et al. (2011), as available in the R-package 
bioRad (Dokter et al. 2019). To translate intensity of reflec-
tivity into bird density we used a seasonal-average radar cross-
section of 11 cm2. This value (11 cm2) was determined in 
a cross-calibration over a full spring and autumn season in 
western Europe (Dokter et al. 2011). The value corresponds 
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to an average size in between an European robin Erithacus 
rubecula and a song thrush Turdus philomelos. Data were 
extracted only for nocturnal migration, because quantifica-
tion of diurnal migration is still a major and not yet solved 

issue (Dokter  et  al. 2019). The night was defined as the 
period of time between evening and morning civil twilights, 
which represents the time when the sun position is at least six 
degrees below the horizon. All bird migration intensities are 

Table 1. Overview of the study regions and the radar systems compared within each region. WR = weather radar, FBR = fixed-beam bird 
radar (scans with a static beam at different elevations), VBR = vertical-beam bird radar (scans with nutating vertically looking beam), 
RBR = rotating-beam bird radar (scanning a vertical plan with a rotating T-bar antenna), RWP = vertical radar wind profiler (scans vertically 
with a static beam). The wave length of the radar system, nominal beam width (–3dB) of the radar antenna and operational range used for 
bird detection are given for each radar type.

Region Radar systems Frequency band Beam width Range [km]

Northern Germany WR Hamburg
WR Rostock
FBR Superfledermaus

C (5.6 GHz)
C (5.6 GHz)
X (9.4 GHz)

~1°
0.9°
2.2°

5–25
5–25

0.2–7.5
Flanders (BE, FR) WR Jabbeke

VBR Herzele
RBR offshore

C (5.6 GHz)
X (9.4 GHz)
S (2.9–3.1 GHz)

1°
~25°

2°/26.5°

5–25
0.05–2
0.05–4

Bay of Biscay (ES, FR) WR Momuy
WR Kapildui
RWP Bilbao

C (5.6 GHz)
C (5.6 GHz)
L (1.3 GHz)

1.1°
~1°
6°

5–25
5–25

0.7–2
Northern Israel WR Meron

WR Dalton
VBR Kisral

C (5.6 GHz)
C (5.6 GHz)
X (9.4 GHz)

~1°
~1°
~25°

5–25
5–25

0.05–2
North of the Alps (FR, DE, CH) WR Montancy

WR Memmningen
FBR Peuchapatte
FBR Provence
FBR Bremelau

C (5.6 GHz)
C (5.6 GHz)
X (9.4 GHz)
X (9.4 GHz)
X (9.4 GHz)

1.1°
0.9°
2.2°
2.2°
2.2°

5–25
5–25

0.2–6
0.2–6
0.2–6

Figure 1. Geographical position of the radar sites included in this study. A specific color is assigned to each of the five regions, which is also used 
in Fig. 3 and 4. The open circles refer to weather radar sites, the filled triangles to bird radar sites, and the filled square to the wind profiler radar.
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given as MTR. All WR systems, except the one from Spain 
and those from Israel are part of the European WR network 
(OPERA Huuskonen  et  al. 2014). Technical specifications 
of these radars are given on the official website of European 
meteorological services network (< http://eumetnet.eu/
wp-content/themes/aeron-child/observations-programme/
current-activities/opera/database/OPERA_Database/index.
html >).

Northern Germany

Within an environmental impact assessment (EIA) (FEBI 
2013) concerning the proposed traffic link from Puttgarden 
(Germany) to Rødbyhavn (Denmark), data on bird MTR 
were collected with the bird radar ‘Superfledermaus’, for 
technical details see (Bruderer 1997a), during the main 
migration periods in 2009 (20 Feb–29 May, 14 Aug–31 Oct) 
and 2010 (6 Mar–30 May, 15 Aug–5 Nov). In 2009 the bird 
radar ‘Superfledermaus’ was located on the Danish side of the 
Fehmarnbelt at Rødbyhavn (54.651°N, 11.359°E), 2 m a.s.l. 
In 2010 the same bird radar was located on the German side 
of the Fehmarnbelt, at Puttgarden (54.501°N, 11.232°E;  
5 m a.s.l.). With the fixed beam measurement method, 
echoes are illuminated by the radar for a few seconds which 
allows differentiating between birds and other targets (mainly 
insects) based on the temporal pattern of echo intensity 
which reflects the target’s wingbeat frequency (Bruderer and 
Steidinger 1972, Griffin 1973, Zaugg et al. 2008). MTR was 
calculated from the number of bird echoes crossing the fixed 
radar beam. A single quantitative measurement consisted of 
six fixed beam recordings lasting 4 min each, with the beam 
pointing towards two directions at four different elevation 
angles (2 towards the sea at an elevation of 3° and 6°, 4 over 
land at an elevation of 3°, 6°, 22.5° and 60°). Detection 
ranged from 0.2 to 7.5  km and the analysis included the 
height range of 25 to 4000 m above ground level (a.g.l.). 
These measurements were performed every hour throughout 
the night. Details on MTR calculation from these recordings 
are given in Schmaljohann et al. (2008). Within this study 
we refer to this as the fixed beam radar (FBR) measurement 
mode (Table 1). For the same seasonal periods raw data from 
WRs near Hamburg (53.622°N, 9.998°E; antenna height 
30 m a.s.l.) and Rostock (54.176°N, 12.058°E; 36 m a.s.l.; 
Table 1) were used to extract information about bird MTR. 
The WRs were located to the east and the south-west of the 
FBR, about 150 km apart (Fig. 1, Supplementary material 
Appendix 1 Table A1).

Flanders

Two dedicated bird radars were operated between 18 August 
2016 and 13 October 2016 in the vicinity of the WR in 
Jabbeke (Belgium, 51.192°N, 3.064°E; 52 m a.s.l.). Bird 
volume data from the Jabbeke WR was extracted as described 
above. A BirdScan-MR1 (Swiss birdradar©) was installed in 
Herzeele (50.888°N, 2.536°E; 12 m a.s.l.), near the Belgian–
French border. One vertical marine radar (Merlin bird radar, 

DeTect, FL, USA) is permanently installed on the offshore 
platform inside the C-Power wind farm on the Thorntonbank 
(51.494°N, 2.881°E; 38 m a.s.l.) in the Belgian part of the 
North Sea (Fig. 1, Table 1).

The BirdScan-MR1 is a vertical looking radar system 
based on a commercial marine radar (25 kW pulsed X-band 
radar, 9.4 GHz), further referred to as vertical beam radar 
(VBR). The detection range and range resolution depend on 
the pulse duration. We sequentially used 65 ns pulse duration 
(short-pulse, PRF 1800 Hz, range resolution 7.5 m, 300 m 
STC, –93 dB detection threshold) to register bird movements 
below 800 m, and 750 ns pulse duration (long-pulse, PRF 785 
Hz, range resolution 110 m, 500 m STC, –102 dB detection 
threshold) to register bird movements above 800 m, up to 
1400 m a.g.l. Targets crossing the beam are illuminated con-
stantly and thus echo signature, which includes the temporal 
pattern of echo intensity, can be derived and used to distin-
guish birds from other targets (mainly insects). Based on the 
echo signatures, birds are classified into different groups (e.g. 
passerine-type, wader-type), and if possible wing-beat fre-
quency is extracted. Target size is then empirically estimated 
from the echo signature (Schmid et al. 2019). MTR is calcu-
lated based on target size specific surveyed volume. For more 
details see (Nilsson et al. 2018).

The Merlin bird radar uses a solid state marine radar (170 
W S-band antenna), vertically rotating at 20 rounds min–1. 
This radar is further being referred to as vertically rotating 
beam radar (RBR). The Merlin software links consecutive 
registrations of a target, and thus registers the flight path of 
a moving target (DeTect). The measurements cover altitudes 
from 0 to 3600 m a.g.l. The MTR is calculated as the sum of 
the number of bird tracks per hour, registered in two columns 
of 500 m wide selected from the entire measurement vol-
ume (250 to 750 m distance from the radar, both to the east 
and west; details in (Fijn et al. 2015). The solid-state antenna 
simultaneously transmits a sequence of pulses of differing 
length, short (12 µs), medium (64 µs) and long (365 µs) 
pulse. The pulse repetition interval is respectively 1 µs, 5 µs, 
and 33 µs. No details are available on the relation between 
pulse length and detection range. Possibly, further discrim-
inating inland from offshore MTR of the WR may give a 
better insight into the differences in correlations between the 
WR and both other respective radar systems.

Bay of Biscay

Radar data for this study was retrieved from the 1290 MHz 
(23 cm wavelength) LAP 3000 boundary layer wind profiler 
with integrated Radio Acoustic Sounding System (RASS) 
owned by Euskalmet (Basque Meteorology Agency). The 
radar is located at the north-eastern side of the estuary of 
Bilbao, Spain (43.373°N, 3.063°W; 60 m a.s.l.), on a cliff 
top (Fig. 1, Table 1). Being based on a Doppler radar with 
a phased-array antenna, the system provides continuous, 
real-time vertical profiles of wind. Vertical bird profiles were 
extracted every 5 min from 133 m up to 2000 m a.g.l. Details 
on bird extraction procedure from this radar system and the 
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calculation of the MTRs adapted to the respective data col-
lection mode are given in Weisshaupt et al. (2017). This radar 
is referred to as radar wind profiler (RWP).

WR data were obtained from Momuy, France (43.624°N, 
0.609°W; 146 m a.s.l.) a radar integrated in the OPERA 
network, and from Kapildui, Spain (42.766°N, 2.538°W; 
1169 m a.s.l.), a radar also owned by Euskalmet, which is not 
part of the OPERA network (Fig. 1). Nevertheless, the radar 
at Kapildui is very similar to the other WR (Table 1). Radar 
data were retrieved during the spring migration period from 
5 Mar–1 Apr 2015.

North of the Alps

In the context of two environmental impact assessments, 
bird MTR was recorded at three locations with a dedi-
cated bird radar (BirdScanMT1, Swiss Ornithological Inst., 
Sempach, Switzerland). Two of these radars were situated 
in the northern part of the Swiss Jura mountains, one near 
Peuchapatte (47.225°N, 7.007°E; 1053 m a.s.l.) and the 
other near Provence (46.884°N, 6.635°E; 1261 m a.s.l.). A 
third radar was located near Bremelau (48.364°N, 9.549°E; 
755 m a.s.l.) on the Swabian Alb, southern Germany (Fig. 1, 
Table 1). At all sites measurements were performed in a fixed 
beam mode, very similar to the measurements performed 
by the ‘Superfledermaus’ in northern Germany, see above 
for further information. Specific details of the radar system 
and the operation mode are given in Aschwanden  et  al. 
(2018). Maximum detection range was 6 km, somewhat 
shorter than with the ‘Superfledermaus’, but still covering all 
heights from 50 to 4000 m a.g.l. The measurements were 
performed continuously throughout the night. We refer to 
these measurements also as FBR mode (Fig. 1, Table 1).

Vertical bird profile data were extracted as described above 
from a WR near the Jura mountains (Montancy, France, 
47.367°N, 7.019°E; 926 m a.s.l.) and a WR near the Svabian 
Alb (Memmingen, Germany, 48.042°N, 10.219°E; 779 m 
a.s.l.). The height range covered was 200 to 4000 m a.g.l. 
(Fig. 1, Table 1). Data were collected at all sites from 15 
Aug–17 Nov 2015.

Northern Israel

Data from three radars were collected during April 2016 
(1–29 Apr for Meron and Kisra, 1–13 Apr for Dalton). 
Kisra BirdScan-MR1 radar (VBR) was positioned in the 
Western Galilee (32.980°N, 35.220°E; 386 m a.s.l.), about 
14 km east of the Mediterranean Sea coast. The radar system 
is identical to the one used in Flanders (see above) and was 
operated as a part of an environmental impact survey. The 
Meron radar, a polarimetric WR, is positioned at the top of 
Mt Meron (32.977°N, 35.418°E; 1200 m a.s.l.), the high-
est peak of the Galilee mountain range. The radar is located 
about 19 km east north east of the position of the Kisra radar 
and is operated continuously by the Israeli airforce for meteo-
rological purposes. Since it is located on a mountain top with 
no higher peaks in its vicinity, this radar does not incur any 

ground clutter. The Dalton radar, a dual-pol WR, is posi-
tioned at Mt Dalton (33.012°N, 35.492°E; 950 m a.s.l.) 
about 6.5 km north east of Meron radar. The radar is operated 
only around forecasted precipitation events by Mekorot – the 
national water company of Israel. Due to the serious ground 
clutter caused by the Meron mountain that is found in the 
vicinity of this radar (Supplementary material Appendix 1 
Fig. A1), radar data are collected from an altitude of 250 m 
above ground, and thus Dalton and Meron radars collect data 
from an altitude of about 1200 m a.s.l. The WRs in Israel are 
not part of the OPERA network but they operate in a similar 
mode, wavelength (C-band) and range as the OPERA net-
work WRs. The overlapping height band between the VBR 
and the WRs is about 500 m which is rather limited, a result 
of the differences in the location altitudes of the three radars 
(Fig. 1, Table 1).

Data analysis

To calculate MTR, the WR transect was kept perpen-
dicular to the extracted ground speed direction at all times 
(Dokter  et  al. 2019). For each study region we calculated 
mean MTR per night for all height ranges covered by an 
individual system, and additionally calculated a mean MTR 
for the overlapping height range of the different radar systems 
(Supplementary material Appendix 1 Table A1, Fig. A2). To 
compare the relative seasonal pattern, we calculated for each 
pairwise comparison the square of the Pearson’s correlation 
coefficient (r2) based on the log-transformed MTR for the 
total MTR and for the overlapping height band subsample. 
For the pairwise comparison of MTR between two radar 
systems, we additionally calculated the mean MTR for the 
shared time periods, and then divided the mean from the first 
sample by the sum of both samples. Thus, the resulting ratio 
was between 0 and 1. Accordingly, within a pairwise com-
parison, a ratio greater than 0.5 indicates higher MTR for 
the first sample, and a ratio lower than 0.5 indicates higher 
MTR for the second sample. All analyses were run with R 
(ver. 3.4.4.) using the R-package bioRad for inspecting 
profile data and calculating MTR from time series of vertical 
profiles.

Results

Within each region we compared the parallel recordings 
of the seasonal course of MTR between the different radar 
systems. An example for one region is given in Fig. 2. The 
graphs for all regions are given in the supplemental mate-
rial (Supplementary material Appendix 1 Fig. A3). Squared 
correlation coefficients (r2) given for all pairwise compari-
sons across all regions show a considerable variance (Fig. 3.). 
Within the two regions with only a few nights to be com-
pared (northern Israel n = 13 and 29; Bay of Biscaya n = 9 
and 18) correlations were relatively poor (r2 < 0.25). The best 
correlation (r2 = 0.85) was found between a WR and a bird 
radar (FBR) being at a distance of 16 km. High correlations 
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Figure 2. Example of a field campaign with three parallel measurements of the seasonal pattern of bird migration traffic rate (MTR) in 
northern Germany. Measurements performed in spring 2010 at two weather radar (WR) and one bird radar (fixed beam radar, FBR) site 
(Table 1).

Figure 3. Correlation of parallel recordings of mean bird migration traffic rates between different radar systems in different regions, seasons, 
and years (Table 1) in relation to the distance between the systems. Given are the squared Pearson’s correlation coefficients (r2) for each pair 
compared. Symbols represent the r2 including all height intervals available from a specific radar. The vertical lines indicate the change in r2 
if only overlapping height intervals were included (Fig. 1). Colors indicate regions, filled symbols refer to comparisons between weather 
radar (WR) and any other radar, open symbols mark comparisons between two WRs, and ‘line’ symbols (crosses, etc.) represent compari-
sons between two bird radars. The size of the symbol is related to sample size. For abbreviations see Table 1.
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were seen in comparisons within ‘northern Germany’ and the 
region ‘north of the Alps’. Correlations decreased significantly 
with increasing distance, irrespective of the systems com-
pared (F = 21.8, p < 0.001). A very strong relationship was 
found for the comparison of WR with FBR only (F = 34.0, 
p < 0.001; filled circles in Fig. 3). For pairwise comparisons 
with a low overlap of observed heights (northern Israel, Bay 
of Biscay; Supplementary material Appendix 1 Fig. A1), there 
was a distinct increase in the squared correlation coefficient 
when only overlapping height intervals were considered 
(Fig. 3, vertical lines indicate change in r2). For example, in 
northern Israel, r2 increased from 0.21 to 0.43. At the Bay 
of Biscay the correlation between WR and RWP with only 
overlapping height intervals resulted in a similar high value as 
observed at other sites. Only at one site in northern Israel the 
low value of the coefficient dropped further (WR vs VBR). 
There was no considerable increase (or decrease) in correla-
tions between pairs of sites where only a minor fraction the 
height bands did not match.

Figure 4 shows the pairwise comparison of absolute mean 
MTR by giving the proportion of the first sample in rela-
tion to the sum from both samples (see Material and meth-
ods). MTR measured by the different systems within the 
same region varied considerably, but were not related to the 
distance between two systems. WR measurements resulted 

mostly in higher estimates for MTR than FBR (filled circles) 
and the RBR (filled square). The comparisons between WRs 
(open circles) provided similar MTR, and this was also the 
case for comparisons between WR and VBR, with the excep-
tion of northern Israel. In contrast, the WR estimates at the 
Bay of Biscay were much lower than the RWP estimates. 
Including only the overlapping height intervals did not result 
in a generally better consensus.

Discussion

This broad overview confirms that in most cases bird MTR 
extracted from WR, when following the protocol imple-
mented by Dokter  et  al. (2011), provide reliable results 
with respect to the relative pattern of day-to-day varia-
tion. However, MTR showed considerable differences even 
between sites in close vicinity to each other. Differences up to 
a factor four (ratios of 0.2 and 0.8 in Fig. 4) did occur between 
several sites. Considering only the overlapping height inter-
vals decreased the differences only for few comparisons. WR 
generally showed higher MTR than most small-scale bird 
radar systems. Yet, one has to keep in mind that bird pro-
files retrieved from WR measurements do not measure single 
birds, but provides the total reflectivity of all birds within the 

Figure 4. Pairwise comparison of seasonal mean migration traffic rate (MTR) between neighboring radar sites. The y-axis gives the propor-
tion of the first sample in relation to the sum of both samples. The order of radar types (abbreviations are explained in Table 1) given in the 
legend refers to the first and second sample. The dashed horizontal line represents the case of equal MTR (0.5). Colors indicate regions, 
filled symbols refer to comparisons between weather radar and any other radar, open symbols mark comparisons between two weather 
radars, and ‘line’ symbols (crosses, etc.) represent comparisons between two bird radars, Table 1.
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surveyed volume of airspace (Dokter et al. 2011). To convert 
reflectivity into MTR, an average bird size (radar cross sec-
tion, RCS) was assumed for all sites (see Material and meth-
ods). This assumption is probably violated when comparing 
different sites and particularly when comparing different 
migration seasons and times. Underestimating the average 
size of birds leads to an overestimation of the number of birds 
involved in migration. In contrast, small scale bird radars 
may underestimate the number of individuals, because tight 
flocks are generally detected as a single target. Nevertheless, 
analyses of wing beat patterns of nocturnal radar targets indi-
cate that except for dawn and dusk, most targets include only 
single birds (Bruderer 1997b, Larkin and Szafoni 2008). 
Although bird numbers were derived from the radar data by 
filtering non-biological scatter (e.g. precipitation) automati-
cally, manual inspection for remaining non-bird echoes was 
necessity for all systems. This procedure eliminates obvious 
outliers, but cannot guarantee full comparability between 
the different datasets. Apart from these potential errors, the 
different sampling area sizes might also affect the compari-
sons between WR and the other systems. With a radius of 
25 km, WR systems integrate the migratory movements 
within a range that is usually at least ten times larger than 
the one covered by the small-scaled bird radars (and RWP). 
Consequently, local MTR, as measured by these latter radars, 
are more influenced by topographical features like shorelines 
or mountain areas, and also by habitat types and landscape 
configuration in general. These potential effects are discussed 
in detailed for each study region.

Northern Germany

While migration phenology was well correlated among all 
radar systems, seasons and years, there was a distinct differ-
ence between MTR in autumn between the two WRs and 
the bird radar located at the Fehmarn Belt. The compara-
ble estimates of spring migration by all three radar systems 
at Fehmarnbelt, Hamburg, and Rostock may reflect the 
large-scale homogeneity of spring migration movements 
over northern Germany and the western Baltic Sea. Based 
on visual observations on diurnal migration, a concentra-
tion across the Fehmarn Belt was expected for the autumn 
season (FEBI 2013). On the contrary, migration was only 
about one fourth of what could be measured to the east 
(Rostock) and south-west (Hamburg). The fact that MTR 
corresponded well between all three radar sites in spring gives 
good supportive evidence that this discrepancy is not an 
artefact resulting from the different radar platforms. While 
migration monitored by the bird radar at the Fehmarn Belt 
consists exclusively of birds crossing the Baltic sea (coming 
from Scandinavia), the WR with their much larger surveyed 
range include a significant part of landbound migration com-
ing from the northeast. This interpretation is in line with the 
results presented by Nilsson et al. (2019), showing that the 
influx of migrants from the northeast makes up the major 
part of nocturnal migrants tracked across northern Germany.

Flanders

Correlations of the MTR between the radars deployed in 
the Belgian–French coastal area were significant, but rather 
low during the study period, with no improvement when 
only considering the overlapping height intervals. The spe-
cific habitats where these radars were set up may partially 
explain this observed weak correlation. The BirdScan-MR1 
(VBR) was installed in a rural area at approximately 20 km 
from the coast. The Merlin radar (RBR) is installed on an 
offshore platform, and as such it only detects migrating 
birds at sea. The measurement volume of the WR in Jabbeke 
is partly inland and partly offshore. Although large numbers 
of birds are known to cross the North Sea (Buurma 1987, 
Alerstam 1990, Lensink  et  al. 2002, van Gasteren  et  al. 
2002), these numbers are presumably smaller than at the 
coast and inland. Nevertheless, the seasonal pattern as 
detected by the three radars matches well, with a clear peak 
in MTR in early October. A storm front covering Germany 
and Poland at that time, resulting in (north-)easterly winds, 
pushed large numbers of birds to our study area (see also 
Nilsson et al. 2019).

We note that the difference between the WR and the VBR 
in absolute numbers was mainly due to intense movements 
at low altitudes (< 200 m a.g.l.), which was not included 
in the WR data (Fig. 4). There are several reasons why the 
absolute numbers detected by the RBR are lower compared 
to the WR and VBR. 1) The RBR antenna has a wavelength 
in the S-band spectrum (7.5–15 cm), which is less suited 
to register smaller birds and thus, presumably, the number 
of small songbirds detected by this radar is underestimated.  
2) The Merlin tracking software (DeTect) of the RBR is not 
always able to differentiate between single birds and small 
groups of birds. As shown by Fijn et al. (2015), this might 
result in an underestimation of the MTR by up to 10%.  
3) The orientation of the vertically rotating RBR antenna is 
along the E–W axis, which was logistically the only possibil-
ity. A radar positioning perpendicular to the main migra-
tory routes ensures the highest detection probability for 
birds flying through the area (Fijn et al. 2015). Therefore, 
in this case MTR may have been slightly underestimated. 
Because no confirmed flight direction data is available in 
this study region, no corrections could be made for this 
potential bias in MTR calculations. 4) We considered RBR 
data up to an altitude of 3600 m a.s.l., and did not correct 
for a potential loss in detection probability with distance. 
There is no information available on target specific detec-
tion range for this type of solid state radar antenna. Thus, 
some small high-flying migrants might have been missed by 
the system. Nevertheless, based on the known radar specifi-
cations and our expert knowledge we assume that all birds, 
including small passerines, should have been detected up 
to at least a distance of 800 m. Due to the recorded height 
distributions by the WR and the VBR, it is unlikely that 
this detection loss is responsible for the low number of birds 
recorded by the RBR.
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Bay of Biscay

This study area comprises a highly complex topography 
with different climatic areas which can spatially affect or 
divert the migration flux. There was a poor coincidence in 
the temporal pattern of bird migration among all three sites 
compared. Nevertheless, the overall mean MTR between the 
two WRs was similar, but the MTR estimated by the RWP 
were about eight times higher. The WR at Kapildui is within 
a mountainous area positioned on the top of a mountain. 
Despite the inclusion of the negative measurement elevation 
(–0.5°), it cannot be ruled out that a certain proportion of 
birds flying below, within the valleys, would not be detected. 
The other WR is situated at Momuy in the lowlands, north 
of the Pyrenees. The RWP was located just on the coast of 
northern Spain. Precipitation was frequent during the study 
period and varied considerably between the three sites. This 
also had a negative impact on sample size. We assume that 
the low temporal consensus between the WRs results mainly 
from topographical and regional meteorological factors that 
potentially splits or deviates the migration flow. This became 
particularly obvious in the second half of March, which was 
indeed a rainy period, negatively affecting data quality by 
short term rain events within a night at both sites, Momuy 
and Kapildui. There was a huge difference in MTR along 
the coast monitored by the RWP compared to both WR 
sites inland. The RWP monitored movements just above the 
coastline. Local concentration of nocturnal migration along 
the coastline has been observed by radar and thermal imag-
ing at several sites (Bruderer and Liechti 1998, Fortin et al. 
1999, Weisshaupt  et  al. 2016) and therefore coastal versus 
inland radar positions may result in discrepancies related 
to such coastal concentrations of migrants. Another source 
of discrepancies could be differences in the radar measure-
ments. Empirical comparisons have shown that the detection 
angle of a starring radar beam can be 2.5 times larger than 
the nominal beam width (–3 dB) given by the manufacturer 
(Liechti  et  al. 1995). Thus, underestimating the surveyed 
volume would lead to an overestimation of MTR. However, 
according to the long wavelength used by the RWP (23 cm) 
compared to that used by the WRs (5 cm), we would expect 
lesser insect contamination than recorded by WR. Additional 
discrepancies might arise from the data level in the analysis 
(moments in WR vs time series in RWP). Finally, we con-
clude that the high intensity of migration at the RWP site is a 
mixture of a local concentration of birds, and the differences 
in the settings and features of the different radar systems.

North of the Alps

This study region spanned a relatively large distance of about 
300  km along the northern foreland of the Alps. Squared 
correlation coefficients between the different sites and sys-
tems were among the highest, and similar to those observed 
in northern Germany (Fig. 3). Most likely, squared cor-
relation coefficients decreasing with distance are based on 
real differences in the migration phenology. Interestingly, 

the correlation coefficients between identical radar systems 
(WR vs WR; FBR vs FBR) where within the range of cor-
relations between the different systems. The good accordance 
of the two WR from two different countries, and thus met-
offices (France and Germany) is promising for any further 
analyses of bird migration studies across western Europe 
(cf. Nilsson  et  al. 2019). At the two sites in Germany the 
temporal pattern between the WR (Memmingen) and the 
FBR (Bremelau) was similar (r2 = 0.72), but the mean abso-
lute MTR differed by a factor of 3. In the Jura mountains 
the temporal pattern as well as the mean MTR measured by 
WR (Montancy) and FBR (Peuchapatte) were close to each 
other (Supplementary material Appendix 1 Table A1). The 
comparison of the two FBR sites (Peuchapatte and Provence) 
situated within 50 km distance, provides a valid example of 
how complex topography can influence the MTR of locally 
detected bird migration. All together these results give good 
evidence that differences in migration observed within this 
study region are predominately caused by the behaviour of 
the birds and not due to different radar recording systems.

Northern Israel

Prior knowledge regarding migration intensities and other 
key migration features such as the direction of movement and 
migration altitude profile is completely lacking from this hilly 
and forested area that is found just east of the Mediterranean 
Sea. However, quantitative data regarding bird migration 
characteristics were collected in 1991–1992 in southern 
Israel, a highly arid area that is found about 250 km south 
of the current study region (Bruderer and Liechti 1995, 
Liechti and Bruderer 1995). In southern Israel, migration 
was recorded in two sites located 40 km apart on a west-east 
axis, and migration characteristics were overall very similar 
between these two sites. Within the hillier northern Israel, we 
predicted that the close proximity of the three radar sites that 
are located within a distance of 25 km would result in simi-
lar MTR, and consequently high correlations between the 
radar systems. Yet, our findings suggest a more complicated 
situation. Firstly, the VBR at Kisra was positioned more than 
800 m lower than the WR at Mt Meron and consequently 
the overlapping height intervals between the two radars was 
relatively small. When considering the overall MTR in both 
localities, the fit between these two sites was poor (r2 = 0.21), 
but this value doubled when data from the shared altitude 
range was considered (r2 = 0.43, Supplementary material 
Appendix 1 Fig. A3). Nevertheless, these two radar sys-
tems seemed to record a similar migration phenology over 
this region (Supplementary material Appendix 1 Fig. A2). 
Moreover, MTR that were recorded by these two systems dif-
fered by about an order of magnitude and, as can be seen 
from the mean height distribution (Supplementary material 
Appendix 1 Fig. A4), this is because nocturnal bird migra-
tion was intense at low altitudes and substantially decreased 
with increasing altitude. Bruderer  et  al. (2018) found that 
spring migration intensities did not decrease with height for 
the lower 2000 m above ground in southern Israel, while our 
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data suggests a strong decrease with height above ground from 
Kisra VBR data such that about 90% of the birds flew below 
800 m a.g.l., i.e. 1200 m a.s.l., resulting in a MTR in Meron 
WR that is only about 10% of the MTR recorded by the 
VBR in Kisra (Supplementary material Appendix 1 Fig. A4). 
This suggests that migration is not spatially homogenous, 
but rather strongly influenced by local topography. Hence, 
spring migration above northern Israel decreases sharply with 
increasing altitude a.s.l. with few birds passing over the high 
Galilee mountains, and birds rather concentrating in lower 
altitudes while traveling over this region. Locating WRs at 
high altitudes is a common phenomenon as a result of the 
WR need to detect mainly particles at high altitudes. This 
result demonstrates the limits researchers need to consider 
when analyzing data from WRs at high altitudes.

Data collected by the second WR at Dalton was poor in 
terms of the MTR values (Supplementary material Appendix 1  
Fig. A3) and poorly matched to both Meron WR, that is only 
6.5 km away from it, and to Kisra VBR, that was 25 km way 
from it. Moreover, when the shared height was compared 
between Dalton WR and Kisra VBR, no correlation could 
be detected between the data obtained by these two systems. 
The explanation for the large differences between data col-
lected by the different WR radars, despite the short distance 
between them, relates to the different properties of the sys-
tems and their spatial position. We specifically suggest that 
bird detection and consequently MTR calculations from data 
obtained by Dalton WR, a dual-pol system, is flawed. Dalton 
WR suffers from serious problems of ground clutter in addi-
tion to coverage problem due to a large topographic blocking 
in several parts of its detection area. Also, some electronic 
transmission sources north of the radar within Lebanon may 
disrupt its detection quality (pers. comm. with radar opera-
tors). From the comparison of the MTR between Dalton WR 
to Meron WR and the VBR it is obvious that Dalton WR did 
not provide reasonable bird data. We hope that further data 
from this radar will allow us to better assess the reasons for 
the low quality of the bird data that is produced by this radar 
in order to try resolving this problem. This will hopefully 
make this WR suitable for the detection of biological scatter 
and consequently to reliably estimate the movement proper-
ties of flying animals in the future.

Technical aspects

Wave-lengths used by the different radar systems ranged from 
3 cm (FBR, VBR) to 23 cm (RWP). With an increasing wave-
length the detection probability for small targets, like small 
passerines and insects, decreases. Thus, insect contamina-
tion is more likely in the radar systems FBR, VBR, and WR, 
whereas small passerines are more likely to be missed in RBR 
and RWP. However, power emitted, beam shape, receiver 
sensitivity and operational mode (starring or scanning) can 
compensate for this effect or further intensify it. In addition, 
insects were excluded from the FBR and VBR by the pat-
tern of the echo signature, cf. Schmid  et  al. (2019). Thus, 
observed differences in MTR between radar systems were 

not in line with potential biases related to wave-length differ-
ences. In measurements with direction specific differences in 
the surveyed range, like the fixed beam (FBR) and the vertical 
rotating beam (RBR), the resulting MTR is influenced by the 
flight directions. The chance to detect a bird when birds fly 
perpendicular or parallel to the orientation of the beam has 
an important impact on the resulting MTR (Fijn et al. 2015). 
However, as long as migratory directions are more or less con-
stant and the orientation of the beam is approximately per-
pendicular to the main migratory directions, differences to 
directionally unbiased measurements (WR, VBR) are small. 
As both is true for FBR and RBR recordings, we conclude 
that this can explain the mismatch in absolute numbers only 
to a minor extent. A major source for differences in migra-
tion intensities may be the different detection ranges of the 
various systems. For the WR, detection probability can be 
regarded as constant within the range analysed (5 to 25 km, 
Dokter et al. 2011). The FBR and VBR system classify bird 
targets based on the wing flapping pattern into size-classes and 
applies a specific detection range to the different classes based 
on empirical results (Schmaljohann et al. 2008, Schmid et al. 
2019), and thus corrects for a decreasing surveyed volume 
with distance. As mentioned above, the RBR system recon-
structs tracks from consecutive scans and does not correct for 
decreasing detection probability with distance. Therefore, a 
reason for the much lower MTR might be due to a reduced 
detection probability for small passerines with distance, rein-
forced by the relatively long wave-length. For the RWP a first 
inventory of features and echo strengths has been provided 
for various targets (Weisshaupt 2015, Weisshaupt et al. 2017, 
2018). However, echoes included in the MTR calculations 
had to be close to the beam center to be recognized as birds 
(Weisshaupt et al. 2017). Therefore it is unlikely that the high 
MTRs recorded by the RWP compared to the WRs are due 
a technical issue.

Conclusion

This collection of cross-calibration analyses gives good evi-
dence that within some limitations of accuracy the WR net-
work can be used reliably to monitor nocturnal bird migration 
across Europe and the Near East. However, absolute intensi-
ties only matched in some cases and differences of up to two-
fold must be accepted for the time being. More importantly, 
we could show that data collected from different countries by 
different met-offices can provide highly correlating bird pro-
files. Our analysis also shows that before a specific WR can 
be used as a grid point for modeling the spatial movement 
pattern of nocturnal migrants, its specific topographic posi-
tion (e.g. mountain top) and ground clutter condition must 
be taken in to account. We note that positioning of WR on 
mountain tops may substantially reduce ground clutter prob-
lems, but could lead to serious underestimation of MTR of 
possibly an order of magnitude in the area, because migrants 
may circumvent a mountain range and fly along the valleys 
below the position of the radar. We recommend meteorolo-
gist to include scans at negative elevations for high-altitude 
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radars to improve the capabilities of retrieving low-altitude 
echoes of birds and insects. The comparison with the small-
scale radar systems showed that although local conditions are 
strongly related to the large-scale pattern, absolute numbers 
of migrants can deviate locally considerably from the general 
average. Thus, we found good evidence that from a technical 
view WR data are comparable across countries on a relative 
and absolute scale, but the local geographical attributes must 
be considered carefully for each site.

The findings of this study are important for estimat-
ing absolute bird migration intensities measured by differ-
ent radar systems over vast geographic areas in Europe and 
the Near East. Consequently, it may enable the estimation 
of migrant numbers in large parts of the Western-Palearctic 
region for long-term ecological monitoring of bird popula-
tions. This monitoring is essential for assessing population 
trends (Dokter  et  al. 2018) and for directing conserva-
tion measures to help mitigating risks for the resilience of 
migratory species.
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