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1 Data Preprocessing

The processing of the raw weather radar data downloaded from the ENRAM repository

(https://github.com/enram/data-repository) follows the general procedure described in Appendix A of

Nussbaumer et al. (2019). Yet, we considerably improved the method of each steps, in particular the insect

removal (1.3), filling the gaps (1.4) and vertical integration (1.5). The resulting dataset of the pre-processing

is available at https://doi.org/10.5281/zenodo.3610184 Nussbaumer (2020).

1.1 Data selection

We downloaded all available data from 1 January 2018 to 1 January 2019 at the maximum resolution of 5

minutes. After a visual quality check, only the data from radars in France, Germany, Belgium and the

Netherlands were retained, totalizing 37 radars (out of 107). We limit the analysis to night-time as defined

by the local sunrise and sunset at each radar location. Because a manual cleaning (1.2) and an insect

removal procedure (1.3) are employed, we used the bird reflectivity (η) output from vol2bird rather than bird

density, and later convert it to bird density assuming a radar cross section of 11 cm2 Dokter et al. (2011).

Bird flight speed vector is computed on the East-West and North-South components based on the flight

speed and direction.

1.2 Data cleaning

The vertical profile of bird density of each radar is manually cleaned using a MATLAB dedicated GUI

program, as explained in points 2 and 3 in Appendix A of Nussbaumer et al. (2019). After manual cleaning,

flight speed is only kept where bird density values are available, thus removing erroneous flight speed due to
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rain and scattering. Gaps in flight speed are linearly interpolated when sufficient data is available around the

gaps (i.e. 4 neighbours within 20minx800m). Finally, the full vertical profile of flight speed at a single time

step is only kept if the altitude bins with measurements covers at least the equivalent of 50% of the total

number of bird over this profile.

1.3 Insect removal

To remove insect contamination and residual rain with low reflectivity (e.g. snow shower), Dokter et al.

(2011) recommend use a radial velocity standard deviation σvvp threshold of 2m/s prior to bird density

estimation. However, this threshold tends to remove intense and strongly directed bird migration. Here, we

developed a novel method based on distinguishing insects from birds based on both their different value of

σvvp and airspeed. Indeed, birds’ known air speed (8-10 m/s) is higher than insects’ (around 2-3 m/s). Air

speed was computed by subtracting the ground speed measured by the weather radar to the wind speed

provided by the ERA reanalysis product at the same location and time (Copernicus Climate Change Service

(C3S) (2017)). The proposed approach consists in fitting the joint pdf of airspeed and σvvp using a

two-component Gaussian mixture model (one component represents birds, and the other insects, Figure 1).

Using the whole 2018 dataset, the two fitted Gaussian components are
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Figure 1. Joint probability distribution of airspeed and radial velocity standard deviation σvvp. The
empirical function (surface in color scale) shows two peaks: the one on the right corresponds to birds and the
one on the left to insects. The two multi-normal distribution fitted to the data are shown in contour lines.

The change in the proportion of birds and insects over the year is accounted for by fitting the amplitude

of each Gaussian component for each month separately (Figure 2). By contrast, since we assume that insects

and birds produce the same signature of airspeed and σvvp, the location and shape of each component are

kept constant throughout the year.

The relative abundance of insects and birds not only varies over time but also over space (mainly

latitude). In order to account for both the temporal and spatial variations, we fit the amplitude of the two

Gaussians for each radar and each month. Rather than using an amplitude value for each component, we

work with the proportion of components enforcing their sum to equal 1. Finally, the proportions fitted for

each month are interpolated temporally with a shape-preserving piecewise cubic interpolation (pchip)

function for each radar (Figure 3).
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