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Nocturnally migrating songbirds 
drift when they can and 
compensate when they must
Kyle G. Horton1,2,3, Benjamin M. Van Doren4, Phillip M. Stepanian3,5, Wesley M. Hochachka6, 
Andrew Farnsworth6 & Jeffrey F. Kelly1,2

The shortest possible migratory route for birds is not always the best route to travel. Substantial 
research effort has established that birds in captivity are capable of orienting toward the direction 
of an intended goal, but efforts to examine how free-living birds use navigational information under 
conditions that potentially make direct flight toward that goal inefficient have been limited in 
spatiotemporal scales and in the number of individuals observed because of logistical and technological 
limitations. Using novel and recently developed techniques for analysis of Doppler polarimetric weather 
surveillance radar data, we examined two impediments for nocturnally migrating songbirds in eastern 
North America following shortest-distance routes: crosswinds and oceans. We found that migrants in 
flight often drifted sideways on crosswinds, but most strongly compensated for drift when near the 
Atlantic coast. Coastal migrants’ tendency to compensate for wind drift also increased through the 
night, while no strong temporal differences were observed at inland sites. Such behaviors suggest that 
birds migrate in an adaptive way to conserve energy by assessing while airborne the degree to which 
they must compensate for wind drift.

How do birds migrate in unfavorable winds? Although migration has fascinated scientists for millennia1–8, this 
fundamental question about the behavior of billions of migrating birds remains unresolved. Decades of research 
have yielded contradictory results on how migrants cope with adverse wind conditions, whether they use com-
mon strategies in such situations, and how important these behaviors are to an organism’s fitness2–5,9,10. Recent 
studies have demonstrated that migrants can choose when to fly to avoid adverse conditions and enhance travel 
speeds11–13. Their successful arrival at breeding or wintering grounds depends on the capacity of migrants to make 
time-sensitive decisions on how to orient to exploit wind patterns in order to maximize energetic efficiency and 
minimize lateral drift10,11.

Birds can avoid drifting off course by preferentially migrating in favorable tailwind conditions14–18; however 
costs (both time and energetic) may be incurred if tailwinds are infrequent18–20. Alternatively, birds can initiate 
flight under wind regimes with crosswind components at the cost of being drifted away from optimal north-south 
migration routes. In-flight migrants can use one of two strategies in crosswinds: they can maintain a constant 
heading towards their destination and allow crosswinds to influence their resultant flight tracks (Fig. 1a); or 
they can counter a crosswind by orienting (i.e., heading) in an offset position, a strategy known as compensation 
(Fig. 1b). Although compensation minimizes overall flight distance, diminished groundspeeds that result from 
flying in crosswinds may actually render this a suboptimal strategy21. Conversely, fully drifting birds can use their 
full heading vector to maximize groundspeed, at the cost of geographic displacement, which can reduce overall 
migration speed, increase energetic expenditure, and result in decreased fitness3,12,22,23.

Despite potential advantages for detours and variation in migration timing24,25, encounters with inhospitable 
terrains (e.g. deserts, large lakes, seas, oceans) may account for significant mortality26–28. Furthermore, longer 
duration flights that result from drift may take migrants further from key stopover habitats and delay arrival on 
breeding grounds, and both of these errors may be costly at the individual level24. Over small spatial scales (e.g. 
using single radars), birds have been shown to partially compensate for wind drift in unfavorable winds18,22 and 
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to exhibit within-night shifts in the mean track of nocturnal migration preceding a water crossing29–31, suggesting 
an active shift in migrant motivation. However, the means to test hypotheses regarding these flight strategies, 
particularly at coherent regional and full-nightly scales, have not existed until recently. In particular, diagnosis of 
a migrant’s heading (body axis direction)− key to understanding flight strategies− was until recently only possible 
using vector subtraction of estimated wind from measured track.

The upgrade of the United States national weather radar network to dual-polarizations is allowing direct 
determination of migrant heading (body axis direction) and track (the resultant direction of bird movement 
given wind motion) to assess long-standing theoretical predictions of these behaviors32,33. Here, using recently 
developed techniques for analysis of Doppler polarimetric weather radar data, we test the prediction that noctur-
nal migrant songbirds compensate for wind drift and that this compensation will be more extreme near an ocean 
barrier than over a contiguous continental land mass.

Results and Discussion
We examined strategies of nocturnally migrating birds using Doppler polarimetric radars at three coastal and 
three inland sites in the eastern United States during autumn of 2013 and 2014 (Fig. 2). Each radar site provides 
independent scans of migrants’ headings and tracks for areas nearing 49,000 km2. Radars collected data every five 
to ten minutes, yielding approximately 1.6 million samples from 55 nights (Supplementary Table S1).

The typical directions of headings and tracks of birds was toward the southwest (Fig. 3a). Tracks were more 
southerly than birds’ headings, indicating that on average birds were being drifted by crosswinds. The difference 
between heading and track was 33.66° at inland sites and 42.32° near the coast; the smaller difference at inland 
sites indicates a greater propensity of birds to drift sideways (Fig. 3a). We found that birds flying near the Atlantic 
coast increasingly oriented and tracked westward, away from the coast, with each subsequent decile of the night 
(direction of heading 2.24° per decile more westward, and direction of travel 2.37° per decile; Fig. 3a). In contrast, 
birds flying over inland sites showed near-zero changes in both the headings and directions they flew with each 
subsequent decile of the night (direction of heading –0.03° per decile, and direction of travel 0.06° per decile; 
Fig. 3a).
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Figure 1. Conceptual models for migrant flight behaviors. Generalized statistical (left), flight (middle), and 
radar (right) interpretations of (a) full drift and (b) full compensation. Full drift is characterized by a slope of 1 
when monitoring track in relation to alpha and 0 when monitoring heading. Drift signifies a change in track with 
changing wind parameters but no change in migrant heading. For this reason, flight track is directed towards 
the prevailing wind direction. For simplicity, bird airspeeds are ignored. Track measures represented by radial 
velocity, blue (negative) indicating approaching targets and red (positive) representing targets receding from the 
radar. Radar correlation coefficient (ρ HV) differentiates migrant head and tail features to measure heading.
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Migrants at inland sites displayed moderate to high propensity to drift (slope of alpha: 0.63–0.77, Fig. 3b), 
whereas migrants at coastal sites showed both an overall lower propensity to drift (slope of alpha: 0.29–0.65, 
Fig. 3b) and a change in the magnitude of drift through the night. At coastal sites, the propensity to drift decreased 
through the night, and behaviors diverged markedly after the middle of the night (i.e. decile 5, Fig. 3b). Migrants 
preferred direction of movement (PDM) showed little variability across the night at inland sites (mean ±  95% CI 
206.41 ±  8.27 to 212.02 ±  5.56°) in comparison to a 2.32° per decile increase in PDM at coastal sites (mean ±  95% 
CI 209.22 ±  6.32° to 232.68 ±  8.11°).

Typical nocturnal winds blew to the southeast, and southwest-bound birds consistently oriented across these 
winds to the west and partially compensated for coastward wind drift. In conditions of prevailing crosswinds, a 
partial compensation strategy can increase ground speeds to expend less energy per unit distance3,22. When winds 
were east of the PDM, migrant heading and track differed significantly (paired test of means, coastal & inland: 
P <  0.0001; Fig. 4a,b), whereas differences were not evident when winds were west of the PDM (paired test of 
means, coastal: P =  0.14, inland: P =  0.69; Fig. 4c,d).

The prediction that migrants compensate more for drift when encountering a migration barrier is consistent 
with these results. Birds over inland sites without ecological barriers compensated on average for only 29.0% of 
the effect of wind, whereas birds near coastal sites compensated for drift to an increasingly greater extent over 
the course of the night, reaching the highest average level of wind drift compensation (74.5%) during decile 10 
(Fig. 3a). Aversion to a water crossing close to sunrise and into the daylight hours may be a product of dwindling 
fat stores through the night and atmospheric changes after sunrise that make migration less efficient for most 
birds21,34. Previous research with orientation cages, individual releases, and radio tracking has established that 
birds with substantive fat stores are likely to orient in directions that would bring them over a barrier, whereas 
those lacking sufficient fat usually avoid such barriers35–39. Over smaller spatial scales, within-night shifts 
in the mean track of nocturnal migration precede a water crossing29,30 and active inland reorientation occurs 
near coasts40–42. However, no studies have captured the large-scale phenomena we documented using weather 
radars. Analyses at this scale are based on detection of upwards of 5 million migrating birds (mean ±  95% CI 
1,034,440 ±  42,668; Supplementary Table S3), thus representing the behavioral response of a significant fraction 
of the migrant bird assemblage.

Whether birds migrate when winds are unfavorable and to what degree they compensate for resulting drift 
have been long-standing questions in migration biology2–6,12. We show for the first time at a regional scale, in a 
regularly and heavily traveled airspace of the Nearctic-Neotropic migration system, that birds routinely migrate 
under crosswind conditions and compensate in a context specific manner. This result is consistent with migrants 
knowing their location relative to migration barriers while in flight and actively assessing the degree to which they 
need to compensate for wind. Since Doppler radar averages headings and tracks within radial bands, the extent 
to which birds uniformly or heterogeneously re-orient to original or updated preferred directions is not clear. 
These changes in behavior may be facilitated by visual cues (e.g. rivers and coasts)43,44, compass direction45,46, and 
likely the interaction of multiple sensory systems. Regardless of the biological cues used for active assessments, 
our results strongly suggest that migrants choose to drift, not compensate, under a wide range of winds when they 
face no impending inhospitable barrier.

New independent measures of migrant heading provided by polarimetric data significantly improve our 
ability to quantify migrant behavior at regional to continental scales. Increasing automation of radar analysis 
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Figure 2. Radar sampling regions. Radar locations and biological ranges (125 km) denoted by circles. Purple 
rings indicate inland classification and black coastal. Autumn data from 2013 and 2014 were assessed from 
August 6th to October 30th. Map was generated using QGIS57.
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will further enable exploration and quantification of the full complement of United States weather radar data 
to achieve real-time monitoring of the phenology, distribution, abundance, and behaviors of billions of birds 
during their biannual migrations. Although greatly underused, the U.S. weather surveillance radar network pro-
vides the largest sensor array worldwide for monitoring animal migration (i.e. birds as well as bats and insects). 
These analyses will fill gaps in our understanding of migratory behaviors at large scales while fulfilling a primary 
requirement to shed light on past, present, and future behavioral strategies of aerial taxa.

Methods
Weather surveillance radar data. We examined migrant flight patterns at six weather surveillance radars 
(WSR-88D): three coastal and three inland sites (Fig. 2). The radars transmit at a wavelength of 10 cm (S-band), 
peak power of 750 kW, and sample (i.e. scan) 360° every 5 to 10 minutes depending on the volume coverage pat-
tern (VCP). The VCP specifies the operational elevation angles of the antenna (e.g., 0.5°, 1.5°, …, 19.5°) and the 
temporal update time. Radars sampled the airspace at range intervals of 250 m at 0.5° azimuthal intervals (720 
radials) from 2–230 km in range. We acquired 2013 and 2014 Level-II data products from August 1st to November 
15th from the National Centers for Environmental Information (NCEI) archive (http://www.ncdc.noaa.gov/
has/has.dsselect). We visually screened data from all nights to discard scans with weather contamination and 
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Figure 3. Migrant flight behaviors. (a) Modeled mean heading and track directions as inferred by GAMM to 
account for fixed and random spatiotemporal effects. Birds followed mean tracks between 203.56–204.91° at 
coastal sites and 190.07–203.64° at inland sites (Supplementary Table S2). Birds’ headings were further west than 
they traveled, between 241.60–252.06° for coastal sites and 226.26–229.71° for inland sites (Supplementary Table 
S2). We found differences in means of coastal and inland track directions (LMM: P =  0.038) as well as heading 
directions (LMM: P <  0.001). Linear change in migrant heading and track for coastal and inland regions revealed 
significant temporal shifts in coastal track (GAMM: P <  0.001) and heading (GAMM: P <  0.001). Inland sites 
showed non-significant, near-zero changes in track (GAMM: P =  0.763) and heading (GAMM: P =  0.804). 
Wind heading was a significant non-parametric factor for all cases (GAMM: P <  0.01).  (b) Mixed-effect model 
output depicting migrant behavior through the night for coastal and inland regions. Higher values of the slope of 
alpha indicate a stronger propensity for a drift behavior (0 =  full compensation; 1 =  full drift). Transparent lines 
represent site-specific behaviors and error bars 95% confidence intervals. Arrows represent preferred direction of 
movement. Individual radar coefficients interpolated using a generalized additive model.
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anomalous propagation and restricted analyses to samples for the period between evening and morning civil 
twilight (sun angle 6° below horizon)47. We aggregated all measures (track, heading, migration intensity, and bird 
abundance) to tenths of the night (hereafter “deciles”). In addition to data quality measures described below, we 
included only nights containing measures from at least four radars. After screening and data quality protocols we 
retained 55 of 214 potential sampling nights from August 6th to October 30th.

Track. We generated velocity azimuth displays (VAD) from ~ 0.5° elevation angle radial velocity measures 
to estimate ground speed and track direction of flying animals. We followed Sheldon et al.48 to dealias velocities 
when necessary and Browning and Wexler49 to estimate ground speed and track direction for each range annu-
lus. Radial velocities required dealiasing when the inbound or outbound speeds of targets exceeded the Nyquist 
velocity of the radar48. We included estimates up to 2 km above ground level (a.g.l.; ~125 km range), retaining only 
those estimates with root mean squared error less than 5. We aggregated height profiles of flight track by column 
averaging. We estimated target airspeed by:

= × ( ) − × ( ) ( )airspeed VADgroundspeed VADdirection windspeed wind directioncos cos 1y

= × ( ) − × ( ) ( )airspeed VADgroundspeed VADdirection windspeed sin wind directionsin 2x

= + ( )target airspeed airspeed airspeed 3x y
2 2

Nightly airspeeds across radar stations averaged 7.83 m/s, and pooled nightly mean airspeeds were greater than 
4.5 m/s.

Heading. We determined migrant heading using the co-polar cross-correlation coefficient (ρ HV) radar prod-
uct from the ~0.5° tilt angle scans following Stepanian and Horton33 (Fig. 1). We fit models to three sequential 
range gates (250 m intervals from the radar − 750 m in total) across all azimuths to ensure sufficient data for 
extraction. We eliminated individual volumes, the smallest sampling unit for WSR-88Ds, with non-biological 
characteristics (i.e. –33 dBZ) and estimated heading only for ranges with more than 300 azimuthal samples. We 

Figure 4. Heading and track distributions. Migrating birds’ tracks and headings for winds east (a,b) and west 
(c,d) of the preferred direction of movement (PDM). The area of each sector is proportional to the frequency of 
directions in that sector, weighted by migration intensity (dBZ). Mean directions plotted as tick marks on the 
circle border, 95% confidence intervals shown as transparent rectangles behind tick marks. Mean heading and 
track directions were calculated from decile samples.
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visually inspected all heading extractions to 125 km in range (2 km a.g.l.) to ensure that automation captured 
well-defined symmetry axes. We then projected range measures (125 km) to height above ground level at 10 m 
intervals. This process yielded multiple extractions (three to five) per height interval. At each interval we included 
heading extractions that explained, on average, greater than 15% of the variance33 (when fitting ρ HV to a sinusoid) 
and an average standard deviation in heading direction that was less than 20°. These criteria typically removed 
scans with light migratory movements, movements in which birds may have oriented in many different directions 
(i.e., low directional alignment), and those in close proximity to weather systems.

Relative migration intensity and abundance. To assess relative nightly migration intensity we calcu-
lated average reflectivity factor (dBZ) from the ~0.5° tilt angle from 5–150 km from each radar. To reduce under-
estimates of migration intensity, we omitted all clear-air echo returns (– 33 dBZ) in our averaging process. We 
weighted all statistical analyses by migration intensity.

To estimate migrant abundance, we derived the number of birds for each ~0.5° tilt angle sweep from 20 to 
125 km following Chilson et al.50. To mitigate clutter contamination we used more distant starting range gates 
and omitted volumes with greater than 35 dBZ. Reflectivity factor (dBZ) was converted to dBη  following: 
η [dB] =  Z[dBZ] +  β  (4), where β  =  10log10(103π 5|Km|2/λ 4) (5). We used an average WSR-88D wavelength (λ ) of 
10.7 cm and |Km|2 for liquid water of 0.93, the dielectric constant. This yielded β  =  13.37. We chose a cross section 
(σ ) of 17.5 cm2, representative of songbirds51, to convert η  to birds/km3. To extract the number of birds per sweep 
we calculated the volume of each range gate as follows:

π π θ φ
=
. 
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where ro
2 is the mid-range of the range gate, Δ r equals the range gate spacing (250 m), and θ1 and φ1 the half power 

beam width (0.96°). We aggregated measures of bird abundance to nightly averages.

Quantifying wind speed and direction. We gathered nightly pressure level gridded North American 
Regional Reanalysis (NARR, http://wwwt.emc.ncep.noaa.gov/mmb/rreanl/index.html) pressure and monolevel 
data to estimate winds aloft within the radar coverage areas52. Wind speed and direction are mapped at a 32 km 
spatial resolution and updated every three hours. We used pressure level measures to calculate speed and direc-
tion of winds aloft from u (zonal velocity; east-west) and v (meridional velocity; north-south) measures from 2 
isobaric levels: 900 and 950 hPa. We used monolevel surface geopotential height data to determine site-specific 
ground-level pressure levels. We linked all radar measures with the closest temporal wind measurements. 
Because coastal and inland sites differed in height above sea level (mean height above sea level ±  SD; inland: 
593.0 ±  125.8 m; coastal: 28.3 ±  15.3 m), we used 950 hPa winds (mean height ±  95% CI, 573.14 ±  2.34 m a.g.l.) 
for coastal sites and 900 hPa for inland sites (mean height ±  95% CI, 630.77 ±  3.57 m a.g.l.). For analyses of wind 
scenarios east and west of the PDM (Fig. 4), only winds with speeds greater than 5 m/s were included because they 
yielded consistent (low standard deviation) wind directions within the sampling region.

Statistics. We conducted statistical analyses in R, version 3.0.253, with GAMM implemented using the mgcv 
package54 and linear mixed models implemented using the lme4 package55.

Generalized additive mixed model (GAMM). To examine the temporal variation of migrant heading 
and track, we used a generalized additive mixed model. Because migrant behavior tends to covary with winds 
aloft, we used a non-parametric spline fit for wind direction, and decile as a fixed effect. We used a single random 
effect of the interaction of year, radar station, and ordinal date.

Linear mixed models (LMM). Alpha, the difference between a bird’s track and its heading, provides infor-
mation about the extent to which birds compensate for wind drift32. This relationship defines migrants’ preferred 
direction of movement (PDM)6,56 and measures migrant flight strategy via the slope of alpha (0 =  complete com-
pensation, 1 =  complete drift; Fig. 1a,b). Intermediate values represent a mixture of these behaviors (i.e. partial 
compensation for drift). Our two fixed effects addressed the temporal and site-specific features of drift propen-
sity: 1) region (coastal or inland) and 2) the interaction of alpha, region, and decile. We used multiple levels of 
random effects to account for non-independence among samples. We included three random slope and intercept 
terms: 1) interaction of year, radar station, and ordinal date, 2) interaction between year and radar station, and 3) 
ordinal date. In addition to accounting for pseudoreplication from temporally correlated samples, this random 
effect structure statistically incorporated variation in drift propensity and PDM over time and space, leaving the 
fixed effects to describe the average patterns in which we were interested. We used 2000 bootstrapped replicates 
to estimate 95% confidence intervals.

We implemented a similar mixed model approach to test for mean differences in heading and track across 
coastal and inland regions, modeling heading or track as a function of region. We included random intercepts fol-
lowing the same structure as above with the addition of decile as a random effect. To calculate means of migrant 
heading and track, we used mixed models, accounting for non-independence of samples by designating random 
effects of decile and sampling period for each station.
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