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Abstract: Migrant birds rely on environmental and celestial cues for navigation and orientation
during their journeys. Adverse weather, such as heavy rain or fog, but also thick layers of low-level
clouds, affect visibility and can challenge birds’ ability to orientate. Therefore, birds typically favour
certain meteorological conditions for migration. Photopollution from artificial lights outdoors and
radiated from buildings is known to negatively affect nocturnal migrants’ flight behaviour and
trajectories, which may lead to collisions with human infrastructure. Positive effects of artificial
light have been identified in some stationary birds, e.g., for extended foraging hours, though not
during migration. In the present study, we show the effect of artificial light on the concentration
and flight directions of migrating birds during overcast conditions in the peri-urban woodland
in Southern Finland. Overcast conditions, by low-level clouds, prompted birds to migrate at low
altitudes. Instead of spatially homogenous large-scale migration patterns, birds were observed to
adapt their flight directions, in accordance with the artificial lights of the urbanized area. By using
dual- and single-polarisation weather radar data we were able to study small-scale patterns of bird
movements under the influence of low-level cloud layers. These cases show the remarkable capability
of the existing weather radar networks to study bird migration.

Keywords: photopollution; passerine migration; remote sensing; dual-polarisation radar; doppler
velocity; aeroecology

1. Introduction

During migration, birds rely on a variety of environmental cues for orientation, using
landmarks as leading lines, the magnetic field, the sun, and stars [1]. Orientation ability
is aggravated by adverse meteorological conditions, such as heavy rain or fog, but also
low cloud cover [2–4]. In response to unfavourable weather, birds typically modulate their
migration behaviour by either adapting flight directions, flight altitudes (e.g., to lower lev-
els), or landing [1,5,6]. At night, when birds use celestial cues and the magnetic field, there
is evidence that overcast or foggy conditions, blocking the access to skylight, disable the
light-dependent magnetic compass used by birds. Simultaneous impairment of visual and
magnetic cues may lead to disorientation [7]. Poor visibility and disorientation then force
birds to adjust their flight paths, land in large numbers, or resort to seeming alternatives,
such as anthropogenic light, for orientation [8]. However, artificial light at night (ALAN) of
specific wavelengths negatively interferes with the magnetic compass [9,10]. Birds’ natural
attraction to light, especially to continuous sources [11], and the detrimental impact of
ALAN on nocturnal migrants’ behaviour has been highlighted by many studies, especially
in the context of collision risks with a variety of human infrastructures (e.g., reviewed
in [12,13]). A global evaluation of threats imposed by light pollution was given by [14].
Studies investigating birds’ response to artificial light have employed a variety of tools,
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amongst others, weather radars (e.g., [15–18]). By using weather radars, [19] revealed the
greatest density of birds being around brightly lit cities in the US. The impact of ALAN
in and around European urban areas is poorly understood, but recent findings indicate
changes in call activity in migratory birds [20]. Besides, many studies indicate a complex of
light-related hazards, with respect to offshore windfarms and oil platforms, during bird
migration periods (e.g., [10,21]). Positive effects of ALAN on birds have only been reported
in combination with some resident bird species, which, e.g., extend foraging hours or
explore new food resources at night (e.g., [22–24]). However, to the best of our knowledge,
there are no similar accounts of cases of bird migration where ALAN would have, in some
way, favoured birds’ journeys.

Here, we discuss two coincidental findings of bird migration in meteorological con-
ditions adverse to nocturnal migrants’ orientation in a rural area with scattered settle-
ments in Southern Finland, in which ALAN may have served as orientation aid at night.
We contrast these cases with migration in clear sky conditions by combining dual- and
single-polarisation weather radar data with satellite imagery of ALAN and ceilometer
measurements.

2. Materials and Methods
2.1. Weather Radar Measurements

Radar data were collected as plan position indicator sweeps (PPI) in October 2007 by
two systems, a dual-polarisation C-band Doppler weather radar at the Kumpula Campus
of the University of Helsinki, Finland, and a single-polarisation C-band Doppler weather
radar in the city of Järvenpää, 32 km NNE of the Kumpula radar (Figure 1). In a PPI
sweep, the antenna maintains its elevation angle constant, while rotating the azimuth angle
through 360 degrees. The returns can then be mapped on a horizontal plane with the radar
in the centre. The Kumpula radar is described as an aeroecological tool in [25], and the
radar setup for hydrometeorological purposes has been discussed in [26].

The Järvenpää radar was operated mainly in vertical-looking mode but also performed
PPI scans from an elevation angle of 30 degrees upwards. It recorded short periods with
high-pulse repetition frequency (PRF, 1100 Hz) and small sample sizes of eight pulses,
yielding measurements every 8/1100 s. This enabled high-resolution recordings of wing
beat patterns of birds flying across the radar beam used for target identification.

The local stationary features of the bird migration in the Kumpula radar data were
enhanced by summing radar reflectivity of consecutive scans in the converted form of
rainfall intensity, which is a standard method in radar software to produce accumulated
rainfall estimates for desired observation periods. The radar scans at 15-min intervals,
provided a rather homogeneous accumulation structure in continuous precipitation areas.
However, small or intense rain cells and strong, but sparse targets, such as ships, form
dotted series of maxima along their trajectories (Figure 2A). In contrast, if the densities
of flying birds are locally concentrated, the accumulation estimates form conspicuous
continuous patterns during the period of one or more hours.
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Figure 1. The map shows the main roads and observation systems used in the present study: Kumpula
weather radar (HEL) in Helsinki; Järvenpää weather radar (JWR); ceilometers at Nurmijärvi (Nc),
Porvoo (Pc), Mäntsälä (Mc), and Helsinki (HEL); and the atmospheric sounding stations at Jokioinen
(JOK) and Tallinn, Estonia (TLL).

The lowest elevation angle of the Kumpula radar scans used in this study was 0.5
degrees, for which the radar beam was 300 to 500 m above ground at the decisive ranges
of about 40 km. The azimuth resolution of the radar scans was 1.0 degrees. To identify
the spatial distribution of bins pertaining to birds, the PPI area was divided into quasi-
horizontal sections, extending over 14 range bins (corresponding to a range interval of 3
km) and 5 azimuth angles, containing 70 bins of the radar volume. The maximum number
of bins may slightly vary, though, given the differences of the antenna scans in the azimuth
limits. Of these bins, bird bins were separated from precipitation by visual inspection, based
on the characteristics of the polarimetric moments [27] and spatial variance in the measured
radial Doppler velocity (VRAD, [28]). VRAD data were de-aliased by the dual-PRF method
during signal processing prior to inspection [29].

To study the local variations in flight direction and speed, mean VRAD, obtained
from each of the sections, was subtracted from bin-specific VRAD measurements. In the
following, the differences are referred to as residual radial velocity ∆VRAD. Outliers of
∆VRAD, mostly caused by unsuccessful dual-PRF processing, were removed by addition-
ally filtering velocities, allowing the absolute ∆VRAD to be less or equal to the birds’ air
speed. For that purpose, VRAD measurements from near-by precipitation were used to
estimate wind in the respective bird layer on 3 and 5 October. On 9 October, wind estimates
were obtained from the nearby atmospheric sounding stations in Tallinn and Jokioinen
(Figure 1). The wind drift was subsequently subtracted from the observed VRAD to obtain
birds’ air speed and direction.
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Figure 2. Accumulated reflectivity patterns, as observed by the Kumpula weather radar (A) on
3 October 2007, 19:00 UTC, and (B) 5 October 2007, 19:00 UTC, as well as the (C) corresponding night
light map (source: www.lightpollutionmap.info, accessed on 13 December 2021) of the same area,
with the relevant urban reference points (LOH: Lohja; HEL: Helsinki; HYV: Hyvinkää; RII: Riihimäki;
LAH: Lahti). In A, birds extend over major parts of the map (purple to red) with some ships (dotted
pink lines in S) and showers on the sea (larger pink dots in E). In (B), the bird pattern is similar to (A),
though confined by rain (pink band).

2.2. Meteorological Data

Cloud base measurements were obtained from four ceilometers in the area where the
Kumpula weather radar registered bird migration. The ceilometer systems at the sites of
Nurmijärvi, Porvoo, Mäntsälä, and Helsinki (Figure 1) were specified in [30]. In addition to
cloud base height, the ceilometers enabled the assessment of the visibility in conditions
of low-level clouds with small droplet size, which, similar to fog, would attenuate the
ceilometer signals.

www.lightpollutionmap.info
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Measurements of temperature, humidity, and wind profiles (wind speed and direction)
were obtained from the closest atmospheric sounding stations in Jokioinen, Finland, and
Tallinn, Estonia, situated 109 km NNW and 80 km S, respectively, from the Kumpula radar
(Figure 1). In case of precipitation, wind could be also determined by Doppler weather
radar. Insects were not available as passive wind tracers.

2.3. Nocturnal Light Pollution

For comparison of the spatial bird echo distribution and the anthropogenic illumina-
tion, a light pollution map was obtained from www.lightpollutionmap.info (accessed on
13 December 2021; Figure 2C).

3. Results

On 3 and 5 October 2007, the Kumpula weather radar registered congregations of
migrant birds roughly along the main roads, mainly in forested areas with scattered illumi-
nated urban settlements in the N–W sector from Helsinki (Figure 2A–C). For comparison,
we also refer to a typical nocturnal bird migration event under clear sky on 9 October
(Figure 3). In the following, we detail the prevailing meteorological conditions and re-
lated bird migration phenomena for each day, based on weather radar, ceilometer, and
sounding data.
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3.1. Spatial Patterns

October 3. According to ceilometer measurements at Nurmijärvi, Mäntsälä, and
Porvoo, the sky was uniformly overcast with a cloud base at 700–1200 m above ground
level, with a more scattered low cloud at an altitude of only 150–300 m (Figure 4).

www.lightpollutionmap.info
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Small rain showers were moving with the wind towards SW only a few tens of
kilometres from the radar in the E–SE sector (Figure 2A). A more uniform rain area was
situated south of these lines of showers (not shown). A linear depolarisation ratio (LDR)
approximately 15–20 dB larger than LDR of precipitation indicated the presence of bird
migration, as a yellow-green area (Figure 5A).
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(B), showing bird migration as yellow-green area and precipitation in blue.

Close-range vertical radar cross-sections showed faint echoes, related to the low-
level cloud layer between 100–1000 m, caused most likely by drizzle or refractive index
turbulence [31], rather than by small cloud droplets (blue patterns in Figure 6A). Most
of the birds were confined to the layer between 100–500 m, i.e., below or in the scattered
lowest cloud layer and drizzle, but some migrated in a higher layer at 1500–2500 m above
the ground (Figure 6A). Ceilometer data (Figure 4A,B) demonstrated that the visibility
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under the lower cloud layer was rather good for migrants to take off and continue their
flight below or in the layer of the scattered lowest clouds.
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Figure 6. Vertical cross sections of Ze (in units of dBZ) at short ranges of 2–20 km by the Kumpula
radar with altitudinal reflectivity distributions of migrating birds (vertically elongated yellow-green
spots) at 18:49 UTC on 3 (A), 5 (B), and 9 (C) October 2007, as well as with scattering from drizzle
and low clouds up to about 1 km (blue in (A,B)) and a cloud layer above 2 km (B).

The accumulated reflectivity of birds can be seen as an enhancement in Figures 2A and 5A,
following local maxima of ALAN along the chain of anthropogenic lights between LAH-RII
(western part of it), RII-HYV, and, finally, HYV-LOH with an extension towards WSW.
The chain of lights is also associated with major highways lit at night. Close-range radar
scans, with higher elevation angles, revealed a spatially more extensive accumulation of
birds near the city centre of Helsinki, faintly seen in the accumulation in Figure 1A, as
well. The bird flow towards Helsinki showed a preferred migration direction from about
NE to SW, the main road between Lahti and Helsinki. There was also a local maximum
at the coastline, 30 km ENE from Helsinki, where a brightly lit petrochemical industrial
park is located. Birds may have been attracted by the lights there; however, radar Doppler
velocities verified that the birds were in migratory flight roughly along the coast of the Gulf
of Finland towards WSW.

October 5. The same uniformly overcast cloud layer situation prevailed as that on 3
October, though, this time, at altitudes of 400–700 m (Figure 4C,D). Adjacent to the area
with migrating birds, there was uniform precipitation in the E–SW sector, approaching the
mainland with intense individual cells moving with the wind towards SW. It was causing
steady backscattering from mid- to high-level cloud layers (Altostratus/Cirrostratus), in
addition to the same kind of weak scattering related to the lowest cloud layer at altitudes of
200–1200 m as on 3 October (low-level blue regions in Figure 6B). In contrast to 3 October,
the mid-level cloud already caused overcast conditions at all altitudinal levels of bird
migration. Lines of intense bird migration, approximately matching the road network
at Riihimäki and between Hyvinkää and Lohja, were even stronger than on 3 October
(Figure 2B). LDR showed a similar migration pattern as on 3 October, clearly separating
bird migration from precipitation (Figure 5B). Likewise, most of the birds were flying at
altitudes of 200–700 m, i.e., concentrating below the lowest cloud layer, with some birds
in a higher layer at 1500–2500 m above ground level (Figure 6B). The vertical-looking
radar at Järvenpää captured echo signatures of passerines in flapping flight in both layers
(Figure 7). The frequencies shown are of about 20–25 Hz and correspond to very small
passerines, such as Regulus regulus or Phylloscopus collybita, in accordance with Finnish
migration schedules [32].
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Figure 7. High temporal resolution recordings of migrating birds, as observed by the vertical-looking
Doppler weather radar at Järvenpää, 32 km NNE from Kumpula radar, on 5 October 2007, 17:35:29.6–
17:35:30.4 UTC. The figure covers a one-second period. The birds were observed simultaneously at
500 and 1950 m traversing the vertical-looking radar beam.

October 9. This third case is a common example of nocturnal broad-front migration of
passerines (purple area in Figure 3), without any significant patterns related to terrestrial
features, including ALAN. The sky was clear and intense nocturnal bird migration extended
quite uniformly up to an altitude of 2 km (Figure 6C). The blue weak echo in Figure 6C most
likely originates from close-range, ground-based targets in the antenna side lobes, which
bypassed the ground clutter filter, i.e., Doppler filtering, and were affected, especially,
by higher winds, widening the Doppler spectra of forested ground. The accumulated
reflectivity enhancement in the SE and NW was caused by the birds’ body orientation.
Birds in head- or tail-on position, in relation to the C-band radar, exhibit lower reflectivity in
the linear horizontal polarisation used by the radar than birds in lateral view. The azimuthal
pattern in reflectivity indicated birds were heading towards the SW (Figure 3), while the
Doppler velocity field showed a displacement towards SSW–S. Atmospheric sounding
showed wind coming from NW in Tallinn and from WNW in Jokioinen, confirming the
birds’ heading towards SW for displacement to SSW.

3.2. Velocity Patterns and Flight Directions

Table 1 highlights the differences in radial velocity patterns of birds, following the
urban illumination and, thus, deviating from the expected migration directions on 3 and
5 October, as opposed to uniform migration on 9 October. It shows selected azimuths of
the dual-PRF radar scan from Kumpula at the lowest elevation angle of 0.5 degrees. At
this elevation, the antenna beam is about 300 m above ground level, at a range of 40 km.
In the radar coverage area, the roads are mostly at about the same height as the radar
and only sometimes lead over hills of less than 100 m above the radar level. At a range
of 40 km, azimuths of 280–290 degrees match the bird echo band aligned towards SSW.
Azimuths of 340–350 degrees match the radar echo band between Riihimäki and Hyvinkää,
and azimuths of 20–30 degrees are generally on the road from Lahti to Helsinki, with an
urban centre 50 km from Helsinki.

Standard deviation (SD) of the measured radial speed in the 5 × 14 bin sections is only
about 0.1 m/s in precipitation, while the SDs of bird echoes exhibit much higher values. In
the uniform migration on 9 October, SD was 2 to 3 m/s. If we limit the maximum allowed
difference, in relation to the expected air speed of birds, based on Doppler signals, then the
standard deviation on 3 and 5 October approximates the values observed on the 9 October.
Fully random flight directions of birds would rise the standard deviation to about 5 m/s.
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Table 1. Residual radial velocity ∆VRAD in bird migration cases 3, 5, and 9 October 2007. ∆VRAD, its standard deviation, and the number of bird bins in 5 degrees
azimuth sections, at a range of 40 to 43 km. Number of bird bins denotes the number of bird bins in an area of approximately 10 km2, in an altitude range of 100–700 m.
The column direction and speed shows wind and bird migration directions (as directions from which they originate). Radial velocity is negative for movements
towards the radar. The minus signs denote the measured radial velocity being more negative than the expected value, and plus signs denote the radial velocity being
more positive.

Date [UTC] Variable

WNW Sector NNW Sector-W NNW Sector-E NNE Sector Direction (Degrees) and
(Air) Speed [m/s]

280–285◦ 285–290◦ 330–340◦ 340–345◦ 345–350◦ 350–360◦ 20–25◦ 25–30◦ Wind
Birds

3 October 2007, 19:28 ∆VRAD +3.5 +2.2 +0.1 −3.6 −1.5 −0.0 −1.0 +0.2
S.D. of ∆VRAD 3.1 3.4 3.4 0.0 3.6 2.4 2.9 3.5 60◦; 7 m/s

number of bird bins 19 39 8 1 37 39 26 15 30◦; 7 m/s

5 October 2007, 18:58 ∆VRAD +4.0 +3.1 −1.8 −3.6 −2.3 −1.3 +1.6 +5.0
S.D. of ∆VRAD 3.7 3.6 4.0 2.9 3.6 2.5 2.5 2.1 50◦; 10 m/s

number of bird bins 19 37 44 29 49 31 32 7 40◦; 7 m/s

9 October 2007, 19:28 ∆VRAD −1.7 +0.6 −0.4 −0.6 +0.5 +2.3 +2.2 +1.4
S.D. of ∆VRAD 3.2 4.4 2.4 1.8 2.2 2.2 2.1 2.8 340◦; 13 m/s

number of bird bins 7 23 57 66 71 73 24 27 50◦; 10 m/s
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On 3 and 5 October, the generally tailwind-assisted migration occurred approximately
from the NE to WSW–SW. On 9 October, wind was blowing from NW and WNW, and
the birds travelled in crosswinds from an azimuth of 10 degrees, i.e., almost N, towards
SSW-S. On 9 October, the standard deviations were smaller in all azimuths, compared to 3
and 5 October (Table 1), which exhibited great variation. In the W–NW sector, the positive
∆VRAD may indicate birds heading more westwards and, in the N–NE sector, positive
values would also indicate a more westward movement than expected from the radar scan
at 20 km range. Values in the centre of the N–NW sector pointed slightly more towards the
radar than at the edges of the main N–NW sector, and that also gives the visual impression
that the birds at the band from Riihimäki to Hyvinkää had clearly changed their direction
of movement, compared to the nearby azimuths. The radial velocity structure showed
that birds at this “great bend” were flying quite straight towards the radar, as the road
between Riihimäki and Hyvinkää is almost parallel to the radar beam. Maximum radial
speed was a few meters per second higher in the NNE, at about 20 degrees azimuth. In this
azimuth, birds followed the urban lighting along the road from Lahti towards Helsinki, and
radial speed increased. The zero radial speed was observed in azimuths of 300–305 degrees,
and this would then mean a maximum radial velocity towards the radar in azimuths of
30–35 degrees.

4. Discussion

Our study shows two events of active bird migration, where birds follow illuminated
human infrastructure in low-level overcast conditions. The applied set of remote sensing
data enabled a detailed reconstruction and analysis of bird behaviour, as well as the
prevailing meteorological conditions in three dimensions. The small-scale patterns of 3 and
5 October clearly differed from extensive and uniform passerine migration under clear sky
on 9 October. The first impression looking at the reflectivity images was that the birds were
tracking the main roads. However, a closer look at the data revealed that, in some areas, the
birds constituting the intensified echo bands were not actually following the main roads,
but roughly the imaginary line between densely populated areas close to the road network.

The enhancement of radar reflectivity, observed in these bird migration bands, can
emerge from two types of bird behaviour. A first possible reason for the strong reflectivities
is an increase in bird densities, i.e., that birds gather in the artificially lit areas. The second
possible cause could be an increase in birds’ flight altitude, which then lifts the birds better
into the radar beam height and, thus, into the sight of the radar. The latter option would
become increasingly evident the shallower the migration outside the migration band would
be, as it would prompt more birds beyond the radar horizon to ascend. In these events, the
cloud base varied between 200–1200 m, and vertical cross-sections at close ranges did not
show any meaningful changes in birds’ flight altitudes, but rather a uniform mixed height
pattern below the capping cloud layer. In fact, the radar beam height in the near-horizontal
PPI scans was even below the main layer of birds verified by the vertical cross-sections,
and ascending flights of the birds would not strengthen their echoes. Furthermore, there
is no explicit topographical reason for birds to climb at just these inland sites, with rather
uniform woodland, as opposed to the shoreline, where such an ascent phenomenon is
regularly observed in Finland, but also described elsewhere in literature (e.g., [33]). We,
therefore, believe that the first scenario applies, and birds aggregated in the illuminated
areas. This would be also in line with previous observations that birds are attracted to
brightly lit areas and unwilling to leave them, the so-called capture phenomenon (e.g., [12]).
Because of the low and continuous cloud layer, birds could only perceive the anthropogenic
light sources of the road network and adjacent settlements.

Many published accounts have reported an increase in circling behaviour or directional
shifts around light sources, as well as a decrease in flight speed (e.g., [12,18,34,35]. In the
present study, though, we could not find any signs of circling behaviour in the areas of bird
aggregations. The velocity data indicated directional advancement, so it might be that the
birds’ magnetic sense still pointed to some migration direction and let the birds move on,
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instead of lingering in the same area. Alternatively, we reckon that the continuous light of
the roads and houses prevented such a circling effect, because the transition between dark
and lit areas was probably smoother than around single lit sources (such as light houses) in
otherwise dark environments. The effect of such a glowing dome of light over cities below
clouds was also described by [36], in the example of a tracked wader.

The situation for the birds forming the accumulation near the coastline could have
been more confusing, given the unlit surface of the seaside contrasting the bright lights
of the urban areas on the land side, though, without any access to celestial cues. Possibly,
these birds also used the Finnish shoreline for orientation, which runs approximately in
an ENE–WSW direction. Lights from the Estonian shore may not be accessible as a visual
navigational aid for nocturnal migrants in the prevailing overcast conditions, especially
in the precipitation of 5 October. Finally, we cannot completely exclude the possibility
that light sources in some isolated areas, such as the industrial site 30 km ENE from the
Kumpula radar and urban centres, attracted and captured some low-flying birds. However,
migration continued, according to Doppler velocities that were similar to surrounding
areas, and were as anticipated for autumn migration, i.e., roughly SW to WSW.

Finally, the frequency of occurrence of such events, as described in the present study, is
unknown, as there are only anecdotal reports in literature. We cannot make any inferences
on the generality of the birds’ reaction to similar challenging weather conditions. To gain
more insights into migrant birds’ potential use of ALAN in urbanized areas, it would
be necessary to thoroughly search radar data in resembling circumstances. One major
challenge is that weather radars are typically in run in operational mode and unavailable
for customized measurements, unlike the radars used in this study.

Future research should leverage the broad range of remote sensing tools available,
in order to address the questions related to meteorological impact on bird migrants and
human-wildlife conflicts at different spatiotemporal scales. For instance, radar wind
profilers can be especially promising for studies in precipitative conditions, which reliably
depict birds, even in different types of hydrometeors. For this purpose, interdisciplinary
collaborations between meteorologists and biologists should be encouraged, in order to
diversify the set of research tools deployed and benefit from mutual knowledge exchange.
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