
doi: 10.1098/rsif.2010.0116
 published online 2 June 2010J. R. Soc. Interface

 
Adriaan M. Dokter, Felix Liechti, Herbert Stark, Laurent Delobbe, Pierre Tabary and Iwan Holleman
 
operational weather radars
Bird migration flight altitudes studied by a network of
 
 

References
ref-list-1
http://rsif.royalsocietypublishing.org/content/early/2010/05/29/rsif.2010.0116.full.html#

 This article cites 45 articles, 4 of which can be accessed free

P<P Published online 2 June 2010 in advance of the print journal.

This article is free to access

Rapid response
http://rsif.royalsocietypublishing.org/letters/submit/royinterface;rsif.2010.0116v1

 Respond to this article

Subject collections

 (341 articles)environmental science   �
 (10 articles)biometeorology   �

 
Articles on similar topics can be found in the following collections

Email alerting service  hereright-hand corner of the article or click 
Receive free email alerts when new articles cite this article - sign up in the box at the top

publication. 
Citations to Advance online articles must include the digital object identifier (DOIs) and date of initial 
online articles are citable and establish publication priority; they are indexed by PubMed from initial publication.
the paper journal (edited, typeset versions may be posted when available prior to final publication). Advance 
Advance online articles have been peer reviewed and accepted for publication but have not yet appeared in

 http://rsif.royalsocietypublishing.org/subscriptions go to: J. R. Soc. InterfaceTo subscribe to 

This journal is © 2010 The Royal Society

 on June 2, 2010rsif.royalsocietypublishing.orgDownloaded from 



J. R. Soc. Interface

 on June 2, 2010rsif.royalsocietypublishing.orgDownloaded from 
*Author for c

doi:10.1098/rsif.2010.0116
Published online

Received 1 M
Accepted 10 M
Bird migration �ight altitudes
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A fully automated method for the detection and quanti�cation of bird migration was
developed for operational C-band weather radar, measuring bird density, speed and direction
as a function of altitude. These weather radar bird observations have been validated with
data from a high-accuracy dedicated bird radar, which was stationed in the measurement
volume of weather radar sites in The Netherlands, Belgium and France for a full migration
season during autumn 2007 and spring 2008. We show that weather radar can extract near
real-time bird density altitude pro�les that closely correspond to the density pro�les
measured by dedicated bird radar. Doppler weather radar can thus be used as a reliable
sensor for quantifying bird densities aloft in an operational setting, which�when extended
to multiple radars�enables the mapping and continuous monitoring of bird migration �y-
ways. By applying the automated method to a network of weather radars, we observed
how mesoscale variability in weather conditions structured the timing and altitude pro�le
of bird migration within single nights. Bird density altitude pro�les were observed that con-
sisted of multiple layers, which could be explained from the distinct wind conditions at
different take-off sites. Consistently lower bird densities are recorded in The Netherlands
compared with sites in France and eastern Belgium, which reveals some of the spatial
extent of the dominant Scandinavian �yway over continental Europe.

Keywords: bird migration; radar ornithology; weather radar;
altitude pro�le; veri�cation
1. INTRODUCTION

Spatio-temporal information on bird migration is of
invaluable use to scientists and society alike, but so
far no sensor networks have been established that pro-
vide continuous and automated quanti�cation of bird
movements over large areas. Comprehensive monitoring
of bird migration at continental scales can provide fun-
damental insight into migration patterns, the impact on
migratory �ight of synoptic scale factors like weather
and orography and the selection of stop-over areas by
migratory birds (Gauthreaux & Belser 2003, 2005;
Diehl & Larkin 2005). Strong potential exists for the
applied use of continuous bird migration observations,
for example in aviation for purposes of improving
�ight safety. In particular, military low-level �ying
has a high risk of en route bird strikes and spatial
bird migration information is essential for generating
reliable �ight warnings to pilots. Other warning systems
could be envisioned to reduce the collision risk of
birds with wind farms, off-shore platforms and other
orrespondence (a.m.dokter@uva.nl).
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man-made structures, by allowing people to predict
and adapt to speci�c mass migration events.

Radar has had an immense impact on ornithology and
the study of bird migration, because of its unique ability
to monitor bird movements up to high altitudes and
distances during both night and day (Eastwood 1967;
Alerstam 1990; Bruderer 1997a,b; Gauthreaux & Belser
2003). Weather conditions (Bruderer 1997b; Erni et al.
2002), topographical features like coastlines (Alerstam
1978; Buurma 1995) and orography (Bruderer 1996) all
in�uence migratory �ight. The exact interplay of these
synoptic scale factors and the migrational movements
of birds is hard to study in general, mainly because of
a lack of observational data.

Operational weather radar networks exist in, for
example, Europe and the United States for meteoro-
logical applications. These networks have a large areal
coverage as illustrated in �gure 1, showing part of the
European network OPERA (Operational Programme
for the Exchange of weather RAdar information;
Holleman et al. 2008a). Although designed for precipi-
tation monitoring, weather radars can also observe
biological scatterers. Boundary layer clear-air weather
This journal is q 2010 The Royal Society

mailto:a.m.dokter@uva.nl


355˚ 0˚ 5˚ 10˚

45˚

50˚

0 100 200

km

7

15

23

31

39

47

55
(dBZ)

EUMETNET/OPERA radar network

Wideumont

Trappes

Den Helder

De Bilt

Figure 1. Map of operational weather radars for part of western Europe. Radar sites are indicated by bullets, the weather radars
used in this study are labelled and coloured red. The OPERA re�ectivity composite is overlaid for 19 April 2008 19.30 UTC.
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radar echoes are caused predominantly by arthropods
(mostly insects) and �ying birds (Wilson et al. 1994;
Martin & Shapiro 2007; Contreras & Frasier 2008). If
weather radar could detect and quantify aerial bird den-
sities automatically, the existing weather radar network
infrastructure could be used as a bird migration sensor
network with an unprecedented coverage.

Although weather radars have been used in ornitholo-
gical research for several decades (Gauthreaux & Belser
1998), to our knowledge only two cases of continental
bird migration were studied by a weather radar network
(Diehl et al. 2003; Gauthreaux et al. 2003), mainly
because of the labour-intensive analytical work involved.
To enable comprehensive monitoring of bird migration
by weather radar networks, it is essential to (i) develop
an automated and portable method for both the detec-
tion and the quanti�cation of aerial bird densities and
(ii) validate the reliability of this method with indepen-
dent reference data. In this research article, we address
both these requirements and report on the development
and validation of a bird migration quanti�cation algor-
ithm, extracting altitude pro�les of bird density, speed
and direction. By applying the algorithm to a network
of weather radars, we observed the progression of
migratory �ights along the migratory direction over a
mesoscale range of several hundred kilometres.
2. BIRD RADAR FIELD CAMPAIGNS

To obtain reference data for validating weather radar
bird observations, we organized extensive �eld
J. R. Soc. Interface
campaigns with a high precision dedicated bird radar.
An ex-military pencil-beam X-band (l … 3 cm) radar
of the type �Super�edermaus� (Bruderer et al. 1995)
was stationed in the measurement volume of C-band
weather radars in The Netherlands (19 August�16
September 2007), Belgium (18 September�22 October
2007) and France (10 March�9 May 2008; �gure 1).
The campaigns produced a large reference dataset con-
sisting of bird densities and �ight directions at 200 m
altitude intervals and 1 h time intervals for a four-
month period in total. The bird radar system has
been well calibrated and makes use of state-of-the-art
echo identi�cation and quanti�cation procedures
(Schmaljohann et al. 2008; Zaugg et al. 2008). For
each detected echo wing beat patterns are automati-
cally analysed, by which non-bird echoes like insects
can be properly excluded. Bats cannot be automatically
distinguished from birds, but are relatively less abun-
dant in the study area (Limpens et al. 1997), and,
therefore, unlikely to have in�uenced measurements.
The bird radar thus provides a high-quality reference
for validating weather radar bird observations over a
full migratory season. Bird radar measurement
procedures are detailed in appendix A.
3. BIRD DETECTION AND
QUANTIFICATION BY WEATHER
RADAR

Bird density quanti�cation by weather radar relies on
accurate methods of target identi�cation. Bird-scattered
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signals need to be automatically distinguished from all
other types of echoes, which include precipitation,
ground echoes related to anomalous propagation,
clear-air returns by insects and to some degree Bragg
scattering from refractive index turbulence. Bragg scat-
tering can be present especially at the top of the
afternoon convective boundary layer (Wilson et al.
1994; Contreras & Frasier 2008), but is highly wave-
length-dependent, appearing weaker on C-band by
over 10 dBZe when compared with S-band (Wilson
et al. 1994; Martin & Shapiro 2007).

Individual bird echoes can in principle be resolved by
high-resolution weather radar (Nebuloni et al. 2008),
but usually the spatial resolution of operational base
data is too coarse. Also, wing beat patterns cannot be
recorded in operational scanning modes. Therefore,
alternative methods of target identi�cation need to be
developed. At C-band bird-scattered signals are typi-
cally found at low re�ectivity factors of 210 to
10 dBZe (Koistinen 2000), but insects (Wilson et al.
1994) and hydrometeors (i.e. water and ice particles)
(Doviak & Zrnic· 1993) can give rise to signals of similar
strength. Additional information is necessary to
separate out bird-scattered signals.

Central to our method of identifying bird-scattered
echoes is an analysis of the radial velocity of the scat-
terers, which is measured routinely by Doppler weather
radars. With the exception of strongly convective sys-
tems, the wind �eld carrying hydrometeors is spatially
smooth and slowly varying, resulting in a low spatial
variability of the measured radial velocities (Holleman
2005). This also holds for Bragg-scattered echoes and
echoes caused by insects, whose active �ight tends to
be slow and of which migration is predominantly wind-
borne (Drake & Farrow 1988; Chapman et al. 2003).
Bird migration gives rise to a much higher spatial varia-
bility in radial velocity (Koistinen 2000; Zhang et al.
2005; van Gasteren et al. 2008; Holleman et al. 2008b),
arising from individual variations in speed and direction
of �ying birds (see §4.1).

For most Doppler radars, an additional measure of
radial velocity variance is available, namely spectrum
width, which derives from the echo pulse statistics
underlying a single resolution volume (instead of resol-
ution-volume to resolution-volume variances). It has
been suggested that spectrum width can be useful in
target identi�cation of various biological scatterers
(Larkin & Diehl 2002), but in this study spectral
width was highly variable over different cases and
meteorological conditions to make straightforward use
of it in an automated algorithm. Nonetheless, there is
potential for using spectrum width in bird detection
algorithms, especially when using more sophisticated
Doppler spectrum analysis that extends beyond the
assumption of a Gaussian Doppler spectrum by most
signal processors, which is often invalid for birds
(Koistinen 2000).

The developed bird detection algorithm produces a
vertical pro�le of bird density, speed and direction
every 5�15 min at 200 m altitude resolution, based
on data at the 5�25 km range. At these close
distances, the radar beam is suf�ciently narrow to
probe distinct altitudes, and range-dependent biases
J. R. Soc. Interface
are largely avoided, which otherwise need to be com-
pensated for (Buler & Diehl 2009). Each extracted
altitude pro�le is based on a spatial average over
the 5�25 km range measurement window. For
broad-fronted movement like most passerine
migration (Bruderer 1997b), such an average will be
representative, as migration will be spatially homo-
geneous. The algorithm is not designed to monitor
very local migration features within the �eld of
view of the radar. Detailed de�nitions are given in
appendix A.
3.1. Bird detection

The algorithm is based on the existing wind-pro�ling
algorithms for Doppler weather radars, using the volume
velocity pro�ling (VVP) technique (Waldteufel &
Corbin 1979; Holleman 2005). This technique was success-
fully applied in the context of bird migration pro�ling in a
related study by van Gasteren et al. (2008). The VVP
analysis delivers an altitude pro�le of the average speed
and direction of the scatterers by �tting the data to a con-
stant velocity model (see equation (A 1)). Additionally, at
each height, a radial velocity standard deviation sr is
calculated (see equation (A 2)). Recent studies have
suggested that sr is a good discriminator between high-
quality wind measurements and bird-contaminated wind
pro�les (Koistinen 2000; van Gasteren et al. 2008;
Holleman et al. 2008b). van Gasteren et al. (2008)
showed that air layers with a high radial velocity
standard deviation (sr . 2 m s21) occurred at altitudes,
where simultaneously bird migration was detected by an
independent bird radar, which demonstrated that sr is
also a good indicator for the presence of birds. Reliable
bird density quanti�cation could not be demonstrated
in the study of van Gasteren et al. (2008) owing to
contamination from residual precipitation and a large
distance between the weather radar and bird radar
sites (80 km). In §4.1, we validate sr as a discriminator
for bird presence, where we will also discuss possible
events unrelated to bird migration that can cause high
values of sr.
3.2. Removal of non-bird echoes

In addition to the sr criterion, we developed a target
identi�cation scheme to �lter out non-bird echoes
from the radar volume data. All re�ectivity factors
above 20 dBZe are masked as non-bird echoes, since
such high values occurred rarely during bird migration
in our study period and exceed re�ectivity factors
expected for broad-fronted passerine migration
(20 dBZe corresponds to approx. 3500 passerine-sized
birds per cubic kilometre at C-band (see equation
(3.1) and �gure 5 legend). For single-polarization
Doppler weather radar, we developed a cell-�nding
algorithm that selects within each elevation scan
contiguous areas above a certain re�ectivity threshold
(see appendix A).

When selecting contiguous re�ectivity areas, spur-
ious precipitation cells may be detected in areas of
intense bird migration as well. Examples of selected
cells are given in �gure 2, showing plan position
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Figure 2. (a) Plan position indicators (PPIs) for re�ectivity factor and radial velocity for a bird migration event ((i) 5 October
2007, 00.02 UTC) and an event with weak convective showers ((ii) 26 September 2007, 16.32 UTC). The PPIs show the 1.28
elevation scan up to 25 km range. Borders of identi�ed re�ectivity cells are indicated in red. (b) Radial velocity standard devi-
ation scell as a function of cell-averaged re�ectivity factor Zcell for re�ectivity cells detected during intense bird migration events
(green bullets, scell … 9 + 2 m s21) and during events with convective showers (blue bullets, scell … 0.5 + 0.2 m s21) for the
Wideumont weather radar. Selected intense migration events were 4, 5, 6, 7 and 13 October 2007 from 17.00 to 09.00 UTC
next day. Selected convective shower events were 24 September 2007, 9.00 to 18.00 UTC; 26 September 2007, 07.00 to 18.00
UTC; 17 October 2007, 06.00 to 17.00 UTC; 18 October 2007, 09.00 to 17.00 UTC. Only cells consisting of over 800 resolution
volumes are shown to limit the number of scatter points. For the largest re�ectivity cell in each PPI, a connecting solid line is
drawn to its corresponding scatter point. Cells inside the yellow shaded segments (scell , 5 m s21 or Zcell . 15 dBZe) are classi�ed
as non-bird re�ectivity cells and removed from the scan.

4 Bird migration �ight altitudes A. M. Dokter et al.

 on June 2, 2010rsif.royalsocietypublishing.orgDownloaded from 
indicators for a case of bird migration (�gure 2a (i)) and
precipitation (�gure 2b (ii)). To identify selected cells in
bird migration areas and discard them from the precipi-
tation map, for each selected cell an average nearest
neighbour variance scell is computed for the radial vel-
ocities (see equation (A 3)). Analogous to sr discussed
previously, the variance scell is lower for wind-borne
scatterers (both hydrometeors and insects) than for
birds performing active �ight. This difference is illus-
trated in �gure 2b, where scell is plotted as a function
of the average cell re�ectivity factor for a number of
cells detected during intense bird migration events
(green bullets) and cells detected during events with
convective showers (blue bullets). A combined criterion
using re�ectivity and radial velocity information is
used to assign cells to the precipitation map: cells
with either a low variance or a high re�ectivity factor
(scell , 5 m s21 or Zcell . 15 dBZe) are removed from
the data as non-bird scattering. From the remaining
areas, an average re�ectivity is calculated for each
200 m altitude interval.

We �nd that bird migration gives rise to a relatively
high fraction of radial velocity dealiasing outliers
(up to 15%) compared with precipitation (1%) and
daytime clear air echoes (Holleman & Beekhuis 2003)
using the dual-PRF (pulse repetition frequency)
J. R. Soc. Interface
technique. This is likely related to the fact that bird
scattering arises from a few large complex targets for
which the backscatter phase varies in time with
slight geometry changes of the bird body. In the
VVP analysis, radial velocity outliers are removed by
an iterative �tting procedure. In the calculation of
scell, the identi�cation of outliers is less straigh-
tforward and has not been implemented. As a result,
values of scell for bird migration are typically higher
than for sr, and therefore also the optimal threshold
in scell is higher (5 m s21) than for sr (2 m s21).

One polarimetric weather radar was available in our
study (i.e. in Trappes, France). By taking advantage of
the additional information, especially the removal of
precipitation from the data is improved. We exclude
contiguous areas with a high correlation coef�cient,
rHV . 0.9 (indicative of hydrometeors (Bringi &
Chandrasekar 2001)) or high differential re�ectivity,
ZDR . 3.0 dB (indicative of insect; Mueller & Larkin
1985; Achtemeier 1991; Zrnic & Ryzhkov 1998;
Bachmann & Zrnic· 2007). For polarimetric radar, the
VVP analysis of radial velocity data remains necessary
to determine the presence or absence of birds, because
we found that the ZDR criterion is often insuf�cient to
�lter out insect echoes, especially during cases with
strong convective mixing.
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