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Appendix #1 

 

Study area and radar data 

 

Radar characteristics 

Both of these radars were C-band radars characterized by a wave length of 5.32 cm, a beam 

width of 0.65°, a peak power of 250 kW, and a gain of 47.5 dB (Joe et al. 1998). The radar 

processor normalized the reflectivity values in relation to range (R) to account for the decrease of 

reflectivity (Z) with range at a rate proportional to 1/R
2
 assuming that targets fill the radar beam. 

The radars collected data over a 10-min period in three different modes: 5-min scans measuring 

the conventional volume (CONVOL) followed by 5-min scans measuring two different Doppler 

volumes (DOPVOL1 and DOPVOL2; (Joe and Lapczak 2002). We used data from two of these 

modes, CONVOL and DOPVOL1. In CONVOL mode, the radar has a pulse length of 2 µs and 

scans at 24 different angles, starting at 0.3° and increasing by 0.2° for the next four angles, up to 

24.7° (Joe and Lapczak 2002). It provides unfiltered total reflectivity data (Zt in dBZ), including 

clutter (echoes from structures on the ground) over a 256 km range. In DOPVOL1 mode, the 

radar has a pulse length of 0.8 µs and provides a measure of reflectivity filtered to remove clutter 

(Zt-Zc in dBZ) and a velocity azimuth display (VAD) for moving targets (in m s
–1

) over a 113 km 

range with three scanning angles at 0.5°, 1.5° and 3.5°. In both modes, we used only data 

collected at an elevation angle of 0.5°. We based most of our analyses on the DOPVOL1 data, 

which provides information on flight direction and excludes clutter, but the CONVOL data are 

more sensitive for detecting birds, and we used it to provide density information for some areas 

on nights when migration activity was below average.  

 

Radar analysis 

We processed the radar data manually, with one person (FG) reviewing and analysing all images, 

to minimize the risk of bias affecting fine scale spatial analyses. This method differs of the 

automated software approaches that have been developed more recently for distinguishing bird 

echoes from those of weather or clutter for both S-band radars such as those used in the United 

States as well as C-band radars (Chilson et al. 2018, Dokter et al. 2018a, Lin et al. 2019). 

However, the later approaches work best for dual-polarization radars (Kilambi et al. 2018), which 

was only the case for one of our radars, and they are most appropriate for large-scale analyses, 

as not all echoes are correctly classified. Furthermore, existing automated algorithms do not 

address issues such as variation in echo strength associated with the angle of detection of the 

bird (Dokter et al. 2018a) or errors due to anomalous propagation (Kilambi et al. 2018). Thus, 
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manual review of all images, and careful selection of areas for analysis, allowed us to minimize 

risks of bias.  

 

We used two proprietary software packages to view the images and extract relevant information: 

RAPID, developed by the J.S. Marshall Radar Observatory (McGill University, Montreal, QC, 

Canada) and URP developed by the Meteorological Service of Canada (Environment Canada 

and Climate Change, Government of Canada). RAPID allows visualizing data at 1 km
2
 resolution 

cell for any volume, while URP has a cell resolution of 1° x 1 km for CONVOL and 0.5° x 0.5 km 

for DOPVOL1. RAPID was used to inspect radar imagery for the selection of nights and to 

estimate flight directions and flight speeds. URP was used to estimate bird densities. Within the 

URP software, a block of 3° x 3 km, has 9 cells in CONVOL and 36 cells in DOPVOL. 

 

We differentiated precipitation from biological targets through visual inspection of the radar 

images using the RAPID software. Areas of precipitation were identified based on generally high 

reflectivity, and relatively uniform movement, often extending long distances from the radars. We 

considered echoes to be dominated by nocturnal bird migration if they had much weaker 

reflectivity (we set the threshold to the minimum scale of -22 dBZ), appeared around 30-40 min 

after sunset, were mainly visible within about 60-80 km of the radar station, and had an average  

airspeed > 7 m/s at 75-min after sunset (Larkin 1991, Gauthreaux and Belser 1998). The 

threshold of 7 m/s was selected to reduce the likelihood that echoes were dominated by insects, 

which generally have much slower airspeeds. Some studies have used a threshold airspeed of 

5 m/s to filter birds from insects (ex.: Farnsworth et al. 2016, Horton et al. 2016) or no threshold 

(Dokter et al. 2018b), but supplemented this with additional analyses to measure variance in 

airspeeds using a root means standard error filter (see Dokter et al. 2011). We felt that using a 

higher threshold without the additional filter would be equally effective, especially as our goals 

related to variation among sites in bird migration rather than estimating the absolute number of 

migrants. We estimated the air speed of targets by calculating the maximum velocity (VAD) from 

the DOPVOL1 product shortly after take-off, and using vector arithmetic to calculate the 

difference from the wind velocity at a similar altitude obtained from atmospheric soundings made 

at 00h00 UTC at the DTX and BUF weather stations. For WKR, the wind vector from BUF was 

used, while for WSO the mean wind vector from BUF and DTX stations was used, because WSO 

was located at mid-distance between these stations. Some study as Nilsson et al. (2019) have 

used NCEP reanalysis providing higher resolution of spatial and temporal wind profile; other 

reanalysis such as NARR or ERA5 (30 km grid resolution) could be used too. For each night, two 

measurements of the target’s air speed were computed at different altitudes using wind data 
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taken around 610 and 914 m above sea level (asl). If either measurement of the air speed of 

targets was > 7 m/s, then targets were considered to be dominated by birds and the radar data 

were included in the analyses. 

 

Estimating bird density 

In most cases, we used data from DOPVOL1 to estimate relative densities, as this product 

excludes ground clutter. However, on some nights when migration intensity was low and could 

not be detected on DOPVOL1, we used the CONVOL data. On any given night, for a given group 

of blocks, we only used data of the same type of volume to enhance comparability of analyses 

within groups.  

 

We filtered the reflectivity data using various approaches to remove unwanted echoes. First, we 

viewed animations of the radar data over the night to detect and exclude any blocks on that night 

or time, with evidence of echoes caused by abnormal propagation, precipitation, or clutter. We 

further eliminated any individual cells within a block having reflectivity > 20 dBZ which is higher 

than any normal bird migration, and likely indicates echoes from non-bird targets. We then 

excluded any block with fewer than 5 cells remaining. Next, we applied a recursive median filter 

to eliminate any cells where the η value exceed 2.5 times the median value among all cells of the 

same block at a given night and time until the median stabilized. A median filter is a common 

technique of noise attenuation in imagery (Yin et al. 1996). The threshold value of the median 

filter was chosen after a graphical exploration of the data relative to the median. A graphical 

verification of the data after filtration showed that these approaches were efficient at eliminating 

the vast majority of outlying values. Finally, before running the statistical analysis, the data were 

plotted to verify and eliminate outliers not removed by the filters (i.e., anomalously large values in 

comparison to other blocks of the same group) and to exclude any block with fewer than 3 cells 

remaining. For the reflectivity data, only nights with ≥ 3 groups for a given radar were retained.  
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