
WEATHER EFFECTS ON AUTUMN NOCTURNAL MIGRATION OF PASSERINES 

ON OPPOSITE SHORES OF THE ST. LAWRENCE ESTUARY

Résumé.—Nous avons modélisé l’intensité migratoire automnale en fonction de la météo, en utilisant des mesures de la 

migration nocturne prises à la fois sur la rive nord (Côte-Nord) et la rive sud (Gaspésie) de l’estuaire du Saint-Laurent, Québec, Canada, 

à l’aide d’un radar Doppler de surveillance météorologique. Ce radar effectue des balayages à des angles négatifs, une caractéristique 

rare chez les radars météo qui permet entre autres, de relever des données de migration d’oiseaux à basse altitude et simultanément 

de chaque côté de l’estuaire. Nos résultats montrent que les précipitations et le vent avaient de forts effets sur l’intensité migratoire. 

Peu d’oiseaux migraient quand % ou plus du territoire était affecté par des précipitations, particulièrement en combinaison avec 

des vents forts. Les plus fortes intensités migratoires étaient associés avec des vents légers, peu importe la direction du vent; par vents 

forts, la migration était plus probable quand les vents avaient une composante nord. Un évènement de conditions météo adverses à 

la migration s’ensuivait d’une augmentation de l’intensité migratoire sur la Côte-Nord, mais pas en Gaspésie. Le passage d’un front 
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Abstract.—We modeled migration intensity as a function of weather, using nightly migration measurements from Doppler 

surveillance weather radar during autumn migration on the north (Côte-Nord) and south (Gaspésie) shores of the St. Lawrence 

estuary, Québec, Canada. The radar had negative elevation angles, an uncommon characteristic among weather radars, which allowed 

simultaneous low-altitude monitoring of bird migration on each side of the estuary. Precipitation and wind both had strong effects on 

the intensity of migration. Very few birds migrated when % of the area had precipitation, especially when winds were strong. Light 

winds were associated with the strongest migration intensity, regardless of wind direction; in stronger winds, migration was likely 

only when winds were predominantly from the north. Days immediately after adverse weather events, which are assumed to lead to an 

accumulation of migrants, were associated with an increase in the intensity of migration in Côte-Nord, but not in Gaspésie. Time since 

the passage of a cold front had no effect in either region. Bird flight direction and behavior in relation to wind differed on each side of the 

estuary. On Côte-Nord, birds tended to migrate in a southwesterly direction along the St. Lawrence north coast, in a direction relatively 

unaffected by wind direction; they compensated or overcompensated for wind drift by following the coast. By contrast, birds in Gaspésie 

tended to fly in a more southerly direction. They migrated partially or almost fully downwind with only limited compensation, their 

flight direction often changing with wind direction. Received  August , accepted  November .
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froid n’avait aucun effet sur la migration dans l’une ou l’autre des deux régions. La direction de vol des oiseaux et leur comportement 

relativement au vent différaient de chaque côté de l’estuaire. Sur la Côte-Nord, les oiseaux avaient tendance à migrer vers le sud-ouest, 

le long de la rive nord du Saint-Laurent; cette direction de vol était peu affectée par la direction du vent et les oiseaux suivaient la côte 

en compensant ou surcompensant pour la dérive par les vents. En opposition, les oiseaux en Gaspésie avaient tendance à voler vers le 

sud; leur migration se faisait en suivant partiellement ou pleinement le vent avec peu de compensation et avec une direction de vol qui 

changeait souvent avec la direction du vent.

The main weather factors known to influence daily depar-

ture decisions of nocturnal migratory birds are wind and precipi-

tation (Richardson , ; Åkesson and Hedenström ; 

Van Belle et al. ). Winds affect energetic needs during flight 

as well as the orientation of migration (Alerstam and Hedenström 

, Weber et al. , Liechti ). Light head winds or light-

to-moderate tailwinds are often associated with large migration 

events (Alerstam ; Richardson , ; Liechti ). 

However, flight strategies in relation to wind—in particular, de-

parture decisions and compensation for wind drift—can vary 

among species or age classes (Thorup et al. , ; Reilly and 

Reilly ) or with geography, including proximity to coastlines 

(Alerstam and Pettersson , Bingman et al. , Bruderer 

and Liechti ), and may be influenced by the previous days’ 

weather (reviews by Richardson , Liechti ). Precipitation 

can lead to partial reduction or total suppression of migration ac-

tivity (Richardson , Erni et al. , Schaub et al. ), de-

pending on its strength, amount, and duration (Van Belle et al. 

). Extensive precipitation may lower the ability of birds to ori-

ent, and may increase drag and flight costs (Schaub et al. ). 

Consequently, adverse weather (strong head winds or heavy pre-

cipitation) may cause birds to delay departure and accumulate in 

staging areas (Alerstam and Hedenström , Liechti , Van 

Belle et al. ), which may lead to intensified migration on sub-

sequent nights with good weather. Large movements of birds have 

also been linked to passage of a cold front, with birds departing in 

the evening after the front has passed (Richardson ). Associa-

tions of migration intensity with changes in atmospheric pressure, 

temperature, or relative humidity (Richardson , Zehnder et 

al. , Van Belle et al. ) may be due not to these factors 

themselves but to their correlation with wind speed and direction 

(Richardson ), which are believed to be the main factors in-

fluencing departure decisions of birds (Richardson , Åkesson 

and Hedenström , Liechti ).

The relationship between major topographical features, such 

as coastlines, and the effect of weather patterns on bird migration 

has been studied in a few areas (Alerstam and Pettersson , 

Bingman et al. , Bruderer and Liechti ) but might be ex-

pected to vary geographically—depending, for example, on the 

orientation of the coastline in relation to the migration direction, 

as well as the direction and intensity of prevailing winds. Under-

standing such relationships is important for predicting migration 

intensity. Effective forecasts of migration intensity, both in space 

and in time, can be valuable for many purposes, including assist-

ing with environmental assessment, reducing the likelihood of 

bird collisions with tall structures, avoiding risks to human safety 

such as collisions with aircraft, and contributing to a better un-

derstanding of avian migration.

The St. Lawrence estuary in Quebec is oriented in a northeast-

southwest direction and can act as a leading line for migration. It 

is not an absolute barrier to bird migration, in that some noctur-

nal migrants fly across it, but the majority of birds migrate in par-

allel to the shoreline (Gagnon et al. ). This may be due to an 

aversion to cross this barrier, or it may be because birds select a 

different migration route. Many bird species are believed to use 

topographical features such as shore lines to compensate for wind 

drift (Alerstam and Pettersson , Bingman et al. , Åkesson 

, Bruderer and Liechti , Zehnder et al. ), but their 

tendency to do this may depend on their location in relation to the 

shoreline, as well as their intended migration direction. By con-

trast, in areas without marked topographic features, it is possi-

ble that birds are less able to compensate for wind drift, even if 

this leads to migration along routes that are unfavorable. For these 

reasons, we might expect the influence of weather—and particu-

larly of wind direction—on the intensity and direction of autumn 

migration to differ between the north and south shores of the 

St. Lawrence.

Our objectives in the present study were threefold. First, we 

used a Canadian weather surveillance radar to estimate the influ-

ence of weather on the intensity of autumn nocturnal migration 

in passerines that migrated along the St. Lawrence. Second, we 

used graphic displays of first- and second-order circular functions 

(Anderson-Cook ) to visualize and model the influence of 

wind vector direction and speed as well as other weather variables 

on the intensity of migration to develop predictive models of mi-

gration intensity. Finally, we determined how and whether migra-

tion patterns, including intensity, direction and their relationships 

with wind, differed on both shores of the estuary.

METHODS

Study area.—Migration data were collected on both sides of the 

St. Lawrence estuary using the Doppler weather surveillance ra-

dar at Val d’Irène (XAM). XAM is located at the base of the Gaspé 

Peninsula in Quebec (  N,   W),  km south of Matane 

(Fig. ). The maximum scanning range is  km, including the 

easternmost part of the St. Lawrence estuary and the westernmost 

part of the Gulf of St. Lawrence (Fig. ). Within the area covered 

by the radar, the estuary’s width ranges between  and  km and 

the coasts are oriented approximately northeast–southwest. We 

divided the study area into two regions: Côte-Nord on the north of 

the estuary and Gaspésie on the south (Fig. ). We chose a boundary 

between these regions at one-quarter the width of the St. Lawrence 

from the south coast (minimum distance from XAM   km) 

on the basis of a preliminary examination of bird migration from 

a sample of nights. Both regions include land and sea areas, but on 

Côte-Nord most birds detected on the radar were over the estu-

ary, particularly along the north coast and flying parallel to it, thus 

depicting behaviors of birds moving in coastal environments. By 

contrast, most observations in Gaspésie were of birds over land, 
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depicting inland behaviors of birds that were flying away from the 

St. Lawrence.

Radar system.—XAM is a C-band Canadian weather surveil-

lance radar (CWSR) characterized by a wave length of . cm, a 

beam width of . , a peak power of  kW, and a gain of . dB 

(Joe et al. ). A normalization of reflectivity with range (R) of 

/R is made by the radar processor to account for the decrease of 

reflectivity with range, assuming that targets fill the radar beam. 

The radar is located on a mountaintop ( m above sea level [a.s.l.]), 

and its lowest elevation angle is at −. , which permits long-range 

scans at low altitude simultaneously on both sides of the estuary. 

A negative elevation angle is rare for weather radars; most radars 

scan at positive elevation angles above the horizon, which limits 

the detection of low-flying birds to shorter ranges (Gauthreaux et 

al. ). Like data from other CWSRs, data from XAM are col-

lected at several angles over a -min period, with -min scans in 

conventional mode and -min scans in Doppler mode.

The conventional mode provides total reflectivity data over a 

-km range for  elevation angles and has a pulse length of  μs 

(Joe and Lapczak ). The reflectivity factor (hereafter “reflec-

tivity”) refers to the sum of the power back-scattered from individ-

ual targets to the radar antenna and depends on composition, size, 

and number of targets (Eastwood , Rinehart ). Reflectiv-

ity during the nocturnal migration period was used as an index of 

bird density (believed to be mainly songbirds; Gagnon et al. ). 

The lowest end of the scale was set at the minimum (i.e., − dBZ) 

to detect the relatively weak echoes of small numbers of songbirds 

during low-intensity migration nights. We used data from the five 

lowest elevation angles (−., −., −., ., and . ) to obtain 

information on birds at various altitudes within the normal flight 

altitudes of passerines. The lower boundary of the lowest elevation 

angle reached sea level at a distance between  km and  km 

from the radar.

The Doppler mode provides radial velocity of targets (in m s−). 

It scans one elevation angle set at −.  with a -km range and 

three elevation angles set at −., −., and .  with a -km 

range. It has a pulse length of . μs (for details, see Joe and Lapzak 

). Radial velocity data were used to estimate flight directions 

of birds and also to estimate air speeds in the direction of travel to 

help discriminate birds from insects (see below).

We used the radar display software RAPID (developed at 

McGill University, Quebec), which processes raw digital radar 

data into products with a variety of scales, zoom features, eleva-

tion angle views, and animations for visualizing and analyzing the 

data (e.g., Fig. ). Pixel resolution represents a surface area of  km

for a range of – km, and  km for a range of – km. An 

exact reflectivity value, azimuth, and distance from the radar can 

be obtained for each pixel.

Identification of bird echoes.—Two main criteria were used 

to identify birds on radar (Gauthreaux and Belser , Koistinen 

, Diehl et al. ): () appearance of a pulse of echoes on the 

radar at about one half-hour after sunset, corresponding with the 

usual takeoff time of nocturnally migrating passerines, and () 

a target airspeed  m s−, which helps in discriminating birds 

from insects (Larkin ). Dual-polarization capability on a ra-

dar can also help to differentiate birds from insects on the basis of 

shape (Gauthreaux et al ), but this feature was not available 

on the XAM radar. Airspeed of targets was calculated by sub-

tracting the wind speed vector from the movement vectors of the 

targets. For this analysis, we estimated on each night the ground 

speed and direction of moving targets on the basis of the maxi-

mum observed radial velocity at  hours UTC (Coordinated 

Universal Time: local time  UTC −  hours). Wind compo-

nents (i.e., speed and direction from origin) were taken at  

hours UTC from two sounding stations: Sept-Îles (YZV), located 

 km north of XAM, and Caribou (CAR), located  km south 

of XAM (Fig. ; see Acknowledgments). These were selected as 

the most reliable stations for each shore on the basis of North 

American surface analysis charts at  Mbar- hours UTC. 

In situations where the estimates from one or both stations were 

rated with low reliability, we used the mean wind vector from 

both stations. Target vectors were compared with wind vectors at 

two elevations from among , , , and , m a.s.l. that 

corresponded most closely with the particular Doppler elevation 

angle being analyzed.

Data used to test and describe migration patterns.—Radar 

data were collected over  nights ( July– October ), but 

technical problems on four nights reduced our sample to  nights. 

Six of these nights were dominated by unknown targets that were 

likely insects and were considered nights with no migration. Even 

on nights with extensive precipitation, the intensity of bird mi-

gration could be estimated on the basis of areas within the radar 

range where there was no precipitation. For each night, we com-

puted several variables, including a bird migration activity index, 

flight track direction, and predictor variables. We computed the 

bird migration activity index (BMA) from both the average reflec-

tivity (on a linear scale) and the duration of peak activity. We exam-

ined radar displays at -min time intervals throughout the night 

to determine the extent and intensity of echoes that appeared to be 

FIG. 1. Map of the study area. The circle approximates the 256-km radius 
of the scanning range for the weather radar at Val d’Irène (XAM), Que-
bec. The dashed line indicates regional boundaries: Côte-Nord, north; 
Gaspésie, south, including northern New Brunswick and Maine. Sound-
ing stations for the wind data are identified by their codes: Sept-Îles, YZV; 
Caribou, CAR.
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birds. When peak activity was reached, we estimated the average 

reflectivity as the modal value (in dBZ) for the area of bird echoes 

in each region. The duration of peak activity was defined as the pe-

riod over which this modal value remained essentially unchanged. 

Reflectivity was sampled in all areas that were free of ground, sea, 

or rain echoes. This area varied with the elevation angle (there were 

more ground echoes at lower angles) and, in the case of sea or rain 

echoes, varied among nights, depending on weather. For this anal-

ysis, we used reflectivity values from the conventional mode rather 

than the Doppler mode because they were available at a much lon-

ger range. Modal reflectivity was transformed to linear reflectivity 

Z, where Z  dBZ/, which was then used to calculate the BMA 

index, defined as the sum of reflectivity values multiplied by their 

duration over the five elevation angles:

BMA Z * duration

angle i

j

This index was computed separately for each region. We then 

transformed the BMA index into four migration intensity catego-

ries to be used as response variables in statistical analyses: strong, 

medium, weak, and no migration. Thresholds of BMA between the 

categories were selected to somewhat balance the number of nights 

in each category, and differed between regions because migration 

was often weaker in Gaspésie (Côte-Nord: strong  ; medium 

 − .; weak   − .; none  ; Gaspésie: strong  .; medium 

. − .; weak  . − .; none  ).

Hereafter, “flight direction” refers to the bearing toward which 

birds were flying and “wind direction” refers to the direction from 

which the wind originated. The “direction of origin” of the birds 

was used for some analyses to match the definition of wind direc-

tion and represents the direction from which the birds were flying. 

Modal flight directions and speeds for all echoes in each region were 

estimated from the Doppler mode, twice per night,  min after 

sunset and at one-third of night length (to reflect the sampling time 

of wind data at the strongest moment of migration) at two elevation 

angles (−. and −. ). These measurements reflect the dominant 

direction of the movement of birds at each time frame and angle in 

each region. These four measurements were averaged (using circu-

lar statistics) to produce a single flight direction for each region on 

each night. Sample sizes were smaller for flight direction data than 

for migration categories, especially at low migration intensities, be-

cause the Doppler mode radar has a shorter pulse length that lim-

its its range, particularly with low target densities (Joe and Lapczak 

). Hence, there were some nights when birds could be detected 

in the conventional mode but not the Doppler mode.

As an index of wind-drift compensation by birds, we com-

puted the smallest absolute value  of the difference in angle 

FIG. 2. Sample radar imagery of the Val d’Irène Canadian weather surveillance radar (XAM) during one night of heavy migration as displayed with the 
software RAPID. The legend appears on the right panel of the image. The image shows conventional mode reflectivity at the 240-km range at the low-
est elevation angle (−0.5 ) on a night of heavy migration, 04:09 hours after sunset (0239 hours UTC, 22 September 2003). Range circles are 40 km 
apart, and the underlying contour map can be compared with Figure 1 to locate geographic features. On this image, warm-colored pixels represent 
strong echoes from ground clutter, whereas green and blue pixels represent weaker echoes, mainly from birds. These were identified by their appear-
ance shortly after sunset, as well as their radial velocity as determined from the Doppler product (not shown).
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between the direction of origin of the birds and the wind direc-

tion, where   is a tailwind,   a head wind, and   a cross wind 

from either the left or right side.

The predictor variables that we focused on for our analyses 

were precipitation and wind, the two variables that have previously 

been shown to be most relevant for predicting migration behavior 

(see above). The proportion of precipitation coverage in each re-

gion (%) was taken from the XAM product referred to as “CAPPI 

. km” (Constant Altitude Plan Position Indicator at . km a.s.l.), 

which shows precipitation over the entire radar range. Coverage 

was estimated to the nearest % (  –%,   –%, etc.) 

 min after sunset, which is around the mean time that birds be-

gin nightly flights (Gagnon et al. ).

Wind components were speed (m s−) and direction (in de-

grees, where north   ) taken at  hours UTC from sounding 

stations (see above). For each region, wind was selected from the 

sounding station that had the greatest reliability given the synop-

tic situation on North American surface analysis charts at  

Mbar– hours UTC. In ambiguous situations in which nei-

ther station was completely reliable, the mean wind vector from 

both sounding stations was used.

Wind data were taken at the nearest altitude correspond-

ing to half the nightly highest altitude of flight. The latter corre-

sponded to the mean upper boundary altitude of the three highest 

elevation angles (of the five we analyzed) at which migration was 

detected in each region in our analyses. Upper boundaries were 

computed using the beam height equation from Rinehart () 

for the average range of bird detections during peak activity esti-

mated on each night for each conventional elevation angle in each 

region. For nights without migration, wind at the nearest avail-

able altitude to  m a.s.l. was used, because that was the most 

frequently used altitude by birds in both regions during the study 

period (F. Gagnon unpubl. data).

Two circular regression functions were used to model the ef-

fect of wind. () The first-order circular wind function has two pa-

rameters and models the response variable as a tilted disk with a 

single symmetric maximum and minimum. () The second-order 

circular wind function has four parameters, which accentuates 

the additive nature of the model and provides additional curva-

ture by allowing up to two, potentially asymmetric, maxima and 

minima (Anderson-Cook ). Because wind is a vector that has 

both an inherent direction (  in radians) and a length (speed [ ]

in m s−) component, we always expressed it as an interaction fac-

tor. The first-order wind function was calculated as

sin( ) v cos( )

whereas the second-order wind function was calculated as

sin(2 ) cos(2 ) [0.5-0.5cos( )] [0.5 0.5cos( )]

We included three additional predictor variables in the anal-

yses. Date were transformed to a numerical variable from  

July (  ) until  October (  ), and then entered into a second-

order polynomial orthogonal function to model the bell-shaped 

progression of bird migration activity during the whole season 

(Gagnon et al. ).

An adverse weather event was defined as a night with unfa-

vorable weather for migration (i.e., extensive rain or strong head 

winds) that has the potential to delay departure and create an ac-

cumulation of birds ready to take off (Liechti ). We analyzed 

the relationship between the number of nights since the last ad-

verse weather event in each region and bird migration. An adverse 

weather event was defined as precipitation coverage % or a 

head wind (– ) with speeds  m s− at  hours UTC at 

the closest altitude to  m a.s.l. at sounding stations. The choice 

of a threshold for the precipitation coverage came from a graphic 

exploration of the average BMA in relation to precipitation within 

our data: BMA in each region drops to near zero at precipitation 

classes of % and % for Côte-Nord and Gaspésie, respectively. 

The head-wind speed threshold was selected on the basis of pub-

lished values of flight speeds of passerines (Larkin , Bruderer 

and Boldt ). Unfavorable wind directions were determined by 

examining the relationship between migration intensity and wind 

direction in our data (which were similar to those in the literature 

for other areas of eastern North America; e.g., Lowery and New-

man ; Richardson , ; Gauthreaux et al. ).

Cold fronts were also analyzed, because ornithologists often 

link strong migration events to passage of a cold front. We ana-

lyzed the effect of the number of nights since the last cold front 

passage at the Sept-Iles weather station (YZV) at sunset, using the 

same predictor variable for both regions. Cold-front passages were 

identified from surface analyses, using front charts provided by 

the Meteorological Service of Canada.

Statistics.—Our directional data analysis used circular statis-

tical methods (Batschelet , Fisher , Jammalamadaka and 

SenGupta ) to analyze relationships among flight direction, 

flight intensity, and predictor variables. The dispersion parameter 

r̄ indicates the scatter in directions about a circular mean, where 

r̄  , the maximum value, indicates that all directions are aligned 

to the mean (i.e., zero variance). The Rayleigh test of uniformity 

was used to test whether the hypothesis of random (uniform) dis-

persion of directions around the compass could be rejected in 

favor of a “preferred” direction. Confidence intervals around cir-

cular means (which may be asymmetrical) were calculated using 

maximum-likelihood estimates of a von Mises distribution fitted 

to parameters of each data set using , bootstrap samples. To 

evaluate whether mean directions differed between regions for 

identical periods, we used Rao’s test of homogeneity (Jammalama-

daka and SenGupta ) on data collected on the same nights.

Circular correlation (Fisher and Lee ) was used to test for 

relationships between bird flight direction and wind direction, and 

whether they differed between regions. This was done before cal-

culating the wind drift parameter ( ), which for better understand-

ing was reported on the half circle from   (tailwind) to   (head 

wind). Distributions of observed  values were generally skewed, 

so we used the median rather than the mean as a central-tendency 

parameter and generated confidence intervals on the median us-

ing the percentile method on , nonparametric bootstrap repli-

cates (Davison and Hinkley , Carpenter and Bithell ). We 

also examined whether counts of side winds were predominantly 

from the left or right side of the  values for each migration cate-

gory using two-sided binomial exact tests (Zar ).

We analyzed most data using proportional-odds models, which 

are cumulative logistic regressions for ordered categorical data 

(Agresti ). These were preferred over models that treated BMA as 

a continuous response variable, because the continuous BMA index 
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followed a gamma distribution with outliers that could not justifiably 

be removed. We followed Fox’s () recommendation for interpret-

ing the effects of a chosen predictor variable by using a graphic dis-

play while controlling for other variables. This is easier to understand 

than the coefficients themselves in the presence of interactions.

Our candidate models included two sets of  models that we 

ran separately for each region. All models included date (as a sec-

ond-order term). Precipitation was included in all models except the 

base model (model ). The models included various combinations of 

days since an adverse weather event, days since the last cold front, a 

first-order circular wind function, or a second-order circular wind 

function. To limit the number of models, we restricted the set to a 

maximum of two of these three variables within the same model.

We used Akaike’s information criterion corrected for small 

sample sizes (AIC
c
; Burnham and Anderson ) to rank and 

compare models. We used Akaike weights (w
i
) to assess the 

strength of evidence in support of each model. To assess the im-

portance of each explanatory variable for explaining migra-

tion intensity and to generate predictive models, we performed 

model averaging (Burnham and Anderson ). Model-averaged 

coefficients are reported with their unconditional standard error 

and % confidence intervals (CI). All statistics were performed in 

the R statistical environment (R Development Core Team ).

RESULTS

Weather.—During the study period, from  July to  October 

, % of nights were precipitation-free or nearly so in both 

regions (–% precipitation coverage), and % were strongly af-

fected by precipitation (–%; Table A). Wind direction was 

related to precipitation coverage, being predominantly westerly 

to northwesterly during periods with little precipitation and pre-

dominantly easterly to southwesterly during high precipitation 

coverage (Table A). In both regions, westerly winds predomi-

nated and winds from the northeast were the least frequent (Table 

B). Wind speed varied with wind direction, but winds  m s−

were infrequent. On the first night after an adverse weather event, 

winds usually blew from the west (ranging between southwest and 

northwest). On the first night after passage of a cold front (< day), 

winds were predominantly south to west (Table C).

TABLE 1. Summary of weather conditions from 29 July to 31 October 2003 (n = 91 nights) on the north (Côte-Nord) and south (Gaspésie) shores of the 
St. Lawrence estuary. Precipitation coverage was the proportion of a region covered by precipitation as seen on the XAM radar product CAPPI 1.5 km, 
40 min after sunset. Wind direction (0° = north) and speed were taken from sounding-station data at 0000 hours UTC (see text). The dispersion param-
eter r measures the strength of the consistency of the wind direction, with 0 representing complete dispersion and 1 indicating perfect directionality. 

(A) Mean wind direction on nights with different levels of precipitation coverage 

Precipitation coverage (%)

Région Statistics 0 10 20 30–40 50–70 80–100

Côte-Nord Number of nights 35 25 10 11 6 7
Mean wind direction (°) 302 288 263 208 174 120
r̄ 0.56 0.57 0.72 0.46 0.75 0.66

Gaspésie Number of nights 48 15 8 7 9 4
Mean wind direction (°) 283 274 296 172 186 89
r̄ 0.5 0.62 0.63 0.67 0.39 0.75

(B) Number of nights with different wind speed and direction

Wind direction

Region Wind speed N NE E SE S SW W NW

Côte-Nord 0–6 m s–1 2 1 1 1 6 4 6 5
6–12 m s–1 4 1 3 6 0 7 9 9
12–18 m s–1 2 0 1 1 2 3 5 7
>18 m s–1 0 0 1 1 0 0 2 1
Total 8 2 6 9 8 14 22 22

Gaspésie 0–6 m s–1 2 0 2 1 5 6 5 5
6–12 m s–1 5 1 3 5 0 7 10 7
12–18 m s–1 2 0 1 2 2 3 6 7
>18 m s–1 0 0 1 1 0 0 1 1
Total 9 1 7 9 7 16 22 20

(C) Number of occurrence of each wind direction on the night following an adverse weather event or a cold front

Type of event Région
Total 

occurrence

Wind direction

N NE E SE S SW W NW

Adverse weather Côte-Nord 17 1 0 0 1 1 3 5 6
Gaspésie 17 0 0 1 1 0 4 4 7

Cold front Both regions 19 1 1 2 3 4 3 5 0
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Migration.—Bird migration activity was detected on  nights 

in Côte-Nord and  in Gaspésie. The greater number of nights 

with no migration in Côte-Nord may have been partly related to its 

greater distance from the radar, and partly to the lower probability of 

detecting small numbers of targets at greater ranges from the radar 

(Rinehart ).

Mean flight directions differed between regions on nights 

when migration was detected in both areas (Rao’s test of angular 

homogeneity for equality of mean: test  ., df  , P  ., n

). Mean flight directions over Côte-Nord were southwest and west-

southwest for strong and medium migration, respectively, and had 

low dispersion around the mean (r̄ values near ), which indicates that 

they were similar on most nights (Table A); during weak migration, 

the mean directions were south-southwest with slightly higher dis-

persion. In Gaspésie, flight directions were to the south during strong 

migration and south-southeast during medium migration (Table B); 

during weak migration, flights did not show consistent directions.

Relation between flight and wind directions.—Within each 

category of migration intensity, we found no significant correlation 

between flight and wind directions over Côte-Nord (Table A). Me-

dian observed  values indicated that, on average, birds were flying 

with winds nearly at right angles to their direction of flight during 

heavy migration, most frequently from the right side (west-north-

west to north), primarily reflecting the dominant wind directions. 

In Gaspésie, there was a strong positive correlation between flight 

origin and wind directions during weak migration (P  .), a 

weaker and marginally nonsignificant correlation (P  .) during 

nights of medium migration, and no correlation during nights of 

strong migration (Table B). Median observed  values suggested 

that birds were most likely to be flying with right-side-tailwinds 

(northwest to north) during strong migration, and with following 

winds from any side during medium and weak migrations.

In Gaspésie, when birds were flying in inappropriate directions 

(northerly or easterly, –  and – ), which happened on 

some nights with medium and low migration intensities, the wind 

was typically blowing from the west or southwest with a mean di-

rection of   (r̄  ., P  ., % CI: – , n  ).

If we consider only nights when the wind had a northerly 

component (combining all wind strengths and migration catego-

ries), the mean direction of bird migration was   (r̄  ., P

., % CI: – , n  ) on Côte-Nord and   (r̄  ., 

P  ., % CI: – , n  ) in Gaspésie. When the wind 

had a southerly component, the mean direction on Côte-Nord was 

fairly similar ( ; r̄  ., P  ., % CI: – ; n  ), 

but there was a widely scattered nonsignificant mean direction of 

  (r̄  ., P  ., n  ) in Gaspésie.

Modeling migration: Model selection.—For Côte-Nord, the 

most parsimonious model included date, precipitation, a sec-

ond-order wind function, and time since the most recent adverse 

weather event (Table A). For Gaspésie, models that included 

date, weather, and either a first- or second-order wind function 

received very similar support (Table B). Because several varia-

tions on these models also received some support, we used model 

averaging to derive predictive equations incorporating each of the 

parameters of interest (Table ). Within these functions, date, pre-

cipitation coverage, and wind (first- and second-order wind func-

tions) had coefficients with % CIs that did not overlap zero. The 

direction and effect of these parameters are described below and 

illustrated in Figures –.

Date.—At Côte-Nord, the probability of strong migration 

peaked between mid-September and mid-October (Fig. ). Under 

favorable weather conditions, the probability of strong migra-

tion was ~% in late September (Fig. A). Moderate migra-

tion was most likely early in the season under favorable weather 

TABLE 2. Summary of the number of nights with different levels of migra-
tion on Côte-Nord and Gaspésie between 29 July and 31 October 2003, 
as measured on XAM weather radar, and the relation between the inten-
sity of migration and the mean flight directions measured during the first 
half of the night, giving the dispersion parameter (r̄, a measure of the con-
sistency among nights in flight direction), the significance of a Rayleigh 
test for uniformity of flight direction (P), and the 95% confidence inter-
vals on the mean direction (requires a significant Rayleigh test).

Migration 
intensity
Category

Flight direction

na
Mean 

direction ( ) nb r̄ P 95% CI( )

(A) Côte-Nord
Strong 17 221 17 0.92 0.001 209–231
Medium 19 246 16 0.98 0.001 240–253
Weak 19 207 6 0.74 0.030 170–240
None 36

(B) Gaspésie
Strong 14 187 14 0.87 0.001 172–204
Medium 27 161 25 0.47 0.003 129–196
Weak 32 96 29 0.26 0.141 NA
None 18

aNumber of nights with each level of migration intensity.
bNumber of nights that flight direction could be measured from the Doppler radar.

TABLE 3. Relationships between bird origin (flight directions − 180 ) and 
wind direction on Côte-Nord and Gaspésie for each category of migra-
tion intensity. The left side of the table presents results of circular correla-
tions (r, Z-test, P) between bird origin and wind directions (sample sizes 
match the Doppler sample sizes in Table 1) over a complete compass. 
The right side of the table presents median observed  (angle between 
bird origin and wind direction reported on a half-circle from 0  [tailwind] 
to 180  [head wind]) with confidence intervals of medians computed 
using 1,000 bootstrap replicates. Counts of nights with left or right side 
winds in relation to bird directions were tested for the possibility of equal-
ity using binomial exact tests (P).

Observed 

Category

Correlation
Median

( )
95% CI 

( )

Side of wind

r̄ Z P Left Right P

(A) Côte-Nord
Strong −0.32 −1.67 0.095 79 61–120 4 13 0.049
Medium 0.31 1.358 0.175 144 123–152 2 14 0.004
Weak 0.43 1.099 0.272 49 7–118 3 3 1.000

(B) Gaspésie
Strong −0.14 −0.452 0.652 44 34–73 1 13 0.002
Medium 0.40 1.869 0.062 27 9–37 10 15 0.424
Weak 0.57 3.001 0.003 29 17–35 12 17 0.458
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TABLE 4. Comparison of proportional-odds logit models predicting nocturnal migration intensity during autumn 2003 on Côte-Nord and Gaspésie, 
showing the log likelihood, number of parameters (K), corrected Akaike’s information criterion (AICc), the change in the AICc value compared with the 
best model ( AICc, where models with AICc  2 are in bold), and the Akaike weights (wi). Variables: wind1 = first-order wind function and wind2 = 
second-order wind function.

ID Model Log likelihood K AICc AICc wi

(A) Côte-Nord

1 date −118.156 5 247.019 35.175 0.000
2 date precip −101.148 6 215.297 3.453 0.050
3 date precip adverse −99.081 7 213.511 1.667 0.123
4 date precip coldfront −101.111 7 217.571 5.727 0.016
5 date precip adverse coldfront −99.061 8 215.878 4.034 0.038
6 date precip wind1 −98.132 8 214.02 2.176 0.095
7 date precip wind1 adverse −96.676 9 213.574 1.730 0.119
8 date precip wind1 coldfront −98.055 9 216.332 4.488 0.030
9 date precip wind2 −94.941 10 212.631 0.787 0.191

10 date precip wind2 adverse −93.251 11 211.844 0.000 0.283
11 date precip wind2 coldfront −94.915 11 215.173 3.329 0.054

(B) Gaspésie

1 date −118.156 5 247.019 22.468 0.000
2 date precip −107.307 6 227.614 3.063 0.057
3 date precip adverse −106.847 7 229.042 4.491 0.028
4 date precip coldfront −107.3 7 229.95 5.399 0.018
5 date precip adverse coldfront −106.753 8 231.262 6.711 0.009
6 date precip wind1 −103.397 8 224.551 0.000 0.265
7 date precip wind1 adverse −102.963 9 226.148 1.597 0.119
8 date precip wind1 coldfront −103.337 9 226.896 2.345 0.082
9 date precip wind2 −100.93 10 224.611 0.060 0.257

10 date precip wind2 adverse −100.684 11 226.711 2.160 0.090
11 date precip wind2 coldfront −100.862 11 227.065 2.514 0.075

TABLE 5. Model-averaged estimates of coefficients, variance, and 95% confidence intervals for all parameters included in candidate models for Côte-
Nord and Gaspésie. Parameters in bold have strong evidence for an effect, because zero is excluded from the 95% confidence interval (CI). For higher-
order variables (i.e., date and wind), if any term has confidence intervals that exclude zero, the entire variable should be considered to have strong 
evidence for an effect on migration. Parameters in italics indicate variables in which zero is marginally included within the 95% CI.

Variable Parametera Coefficient Variance 95% CI

(A) Côte-Nord

Date Polynomial, first order 4.933 2.413 0.204 9.661
Polynomial, second order −4.605 2.399 −9.308 0.098

Precipitation Coverage (%) –0.629 0.164 –0.951 –0.307
Adverse weather event Days since last event −0.141 0.078 −0.295 0.012
Cold front Days since last front −0.002 0.085 −0.168 0.164
Wind, first order sin( a 0.050 0.036 −0.021 0.121

cos( 0.079 0.040 0.001 0.158
Wind, second order sin(2 −0.028 0.040 −0.106 0.051

cos(2 −0.004 0.042 −0.087 0.078
0.5 0.5cos(2 −0.253 0.096 −0.441 −0.064
0.5 0.5cos(2 −0.080 0.072 −0.221 0.061

(B) Gaspésie

Date Polynomial, first order 0.374 2.090 −3.722 4.471
Polynomial, second order −5.916 2.248 −10.323 −1.509

Precipitation Coverage (%) −0.320 0.114 −0.544 −0.097
Adverse weather event Days since last event −0.052 0.061 −0.172 0.068
Cold front Days since last front −0.026 0.076 −0.174 0.123
Wind, first order sin( −0.007 0.032 −0.070 0.056

cos( 0.092 0.035 0.024 0.160
Wind, second order sin(2 0.002 0.033 −0.063 0.067

cos(2 0.004 0.034 −0.062 0.070
0.5 – 0.5cos(2 −0.211 0.070 −0.349 −0.073
0.5 0.5cos(2 −0.006 0.065 −0.133 0.120

a  wind direction, v  wind speed.
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FIG. 3. Effects of date and precipitation coverage (A–F, in %) on predicted probabilities for four migration intensities (legend in A) based on the best 
model for Côte-Nord (Table 4A, model 10). Other variables were set at the following values: wind direction  333 ; wind speed  1 m s−1; number 
of days since last adverse weather event  1.

FIG. 4. Effects of wind direction in relation to wind speed on predicted probabilities of each category of migration intensity (legend in A) for Côte-Nord 
based on the best model (model 10; Table 4A). Other variables were set at the following values: date  28 September, precipitation coverage  0%, 
number of days since last adverse weather event  1.
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FIG. 5. Effects of wind direction in relation to wind speed on predicted probabilities of each category of migration intensity (legend in A) for Gaspésie, 
based on the two best models (see Table 4B): model 6 with the first-order wind function (A, B, C) and model 9 with the second-order wind function 
(D, E, F). Other variables were set at the following values: date  15 September, precipitation coverage  0%.

FIG. 6. Combined effects of precipitation coverage, wind speed, and wind direction on predicted probabilities of each category of migration intensity 
(legend in A) for Côte-Nord based on model 10 (Table 4A). Displays of 0% precipitation coverage are found in Figure 3. Other variables were set at 
the following values: date  28 September, number of days since last adverse weather event  1.
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conditions, but as the precipitation levels increased, moderate 

migration was more likely in late September or early October 

(Fig. ). For Gaspésie (not illustrated), the pattern was similar, 

but the probability of strong migration peaked somewhat earlier 

in mid-September.

Precipitation.—Increased precipitation coverage led to a 

gradual suppression of migration intensity on Côte-Nord (Fig. ) 

and Gaspésie (not illustrated). The highest probabilities of strong 

migration were observed between  and % precipitation cov-

erage. At % coverage, the probability of strong migration was 

reduced to about half. Above –% coverage, any level of mi-

gration was unlikely, although light migration still sometimes oc-

curred during the timing of peak migration.

Wind.—We examined the effect of wind by standardizing 

the model for midseason with no precipitation. For Côte-Nord, 

the probability of strong migration was very high when wind 

speed was low, regardless of wind direction (Fig. A). As the wind 

speed increased, the overall probability of strong migration de-

creased (Fig. B–F), whereas the influence of wind direction 

became more important. At  km h−, winds directly from the 

south suppressed migration, whereas above  km h−, any wind 

with a southerly component suppressed migration. There was 

also moderate east–west asymmetry, with greater suppression 

of migration with winds from the east than with winds from the 

west (Fig. D, E, F).

The patterns at Gaspésie were similar to those at Côte-Nord 

(Fig. ), though details differed somewhat for the models using the 

first-order (Fig. A–C) or second-order (Fig. D–F) wind func-

tions. Because these models were equally well supported in the 

model selection process, this reflects some of the uncertainty in 

our ability to predict migration. The suppression of strong migra-

tion by moderate ( km h−) or high northerly winds (  km h−)

appeared to be rather weaker than on Côte-Nord. Otherwise, 

suppression of any migration activity by high southerly winds is 

weaker than on Côte-Nord and results were more symmetrical on 

the east–west axis.

Adverse weather events.—On Côte-Nord, the negative coef-

ficient for days since an adverse weather event (Table ) indicated 

that the probability of strong migration was higher immediately 

after an adverse weather event (as might be expected if the adverse 

weather had caused an accumulation of birds ready to migrate), 

and decreased subsequently. The slope of the relationship was in 

a similar direction for Gaspésie, but the effect was weaker and not 

statistically significant.

Cold fronts.—There was no evidence that the number of days 

since the last cold front was a significant predictor for migration 

intensity in either region (Tables  and ).

Interactions between precipitation and wind.—On Côte-

Nord (Fig. ) and Gaspésie (not illustrated), migration was un-

likely to be strong, with a combination of increasing precipitation 

coverage and wind speed, particularly for southerly winds. How-

ever, the winds had to be stronger and precipitation coverage more 

extensive in Gaspésie before the probability of no migration ex-

ceeded that of weak migration. Overall, as wind speed increased, a 

lower level of precipitation coverage was sufficient to suppress any 

migration activity (Fig. ); when both increased, probabilities for 

no migration rose more rapidly in early autumn than during mid-

season (not illustrated).

DISCUSSION

We found, as have many previous studies, that precipitation and 

wind both strongly influence the extent and intensity of bird migra-

tion. Extensive rain suppressed migration, although the extent of 

suppression interacted with date and wind. Light winds (regardless 

of direction) or stronger winds in a favorable direction (generally 

from the north) were associated with the heaviest migration. These 

general findings are similar to those of Richardson (, ), 

Zehnder et al. (), Erni et al. (), Schaub et al. (), and Van 

Belle et al. () and make sense from an energetic perspective 

(Liechti ). Extensive precipitation may lower the ability of birds 

to orient, may increase drag and flight costs, or may affect thermo-

regulation (Schaub et al. ). Strong adverse winds can greatly 

reduce ground speed and can lead to drift. We found some evidence 

to support the notion that migration intensity may be highest dur-

ing favorable conditions immediately after adverse weather, pre-

sumably due to a build-up of migrants ready to move (Baumgartner 

 in Liechti and Bruderer ). We did not find support for the 

notion that cold fronts promote strong nocturnal migration. This 

may have been due to variable effects of cold fronts on wind direc-

tion. If a cold front passes an area well before it reaches the occlu-

sion phase (i.e., when it overtakes a warm front), trailing winds are 

usually northwesterly or westerly, which promotes migration; how-

ever, if it passes close to the occlusion phase, wind directions shift 

closer to the southwest, which represses migration.

An innovative component of our analyses is the use of second-

order circular functions to model the migration intensity of birds 

in relation to wind, especially combined with the use of graphic 

displays that illustrate interactions among variables (e.g., Figs. –). 

The second-order circular functions allow the modeling of asym-

metric minima and maxima and more complex curvatures, and al-

lowed us to better understand some of the observed differences in 

migration behavior between regions (see below). For example, de-

spite their greater complexity, models with a second-order circular 

function were preferred by AIC for Côte-Nord (Table A), because 

they allowed us to model the asymmetry (  angle) between the 

most and least favorable winds under strong wind conditions that 

promoted high migration intensity (Fig. C–F). By contrast, for 

Gaspésie, the most and least favorable winds were almost symmet-

rically opposite ( ; Fig. F); thus, the second-order wind func-

tion (model ) and the first-order function (model ) performed 

equally well (Table B). We suggest that biologists should consider 

using these higher-order functions whenever dealing with circu-

lar data when asymmetric effects may be involved.

We found several differences in migration behavior between 

birds migrating on opposite shores of the St. Lawrence. Although 

the weather conditions that prompted medium or strong migra-

tion were similar in both areas, on Côte-Nord the average migra-

tion directions on nights of medium to strong migration were in 

a west-southwest to south-southwest direction, whereas in Gas-

pésie they were predominantly south-southeast, a difference of 

≤ . In addition, on Côte-Nord the dominant flight directions 

were less variable among nights, with birds often flying with cross 

winds (high  values), and there was no correlation between wind 

direction and migration direction. In Gaspésie, the birds tended 

to migrate downwind, on average, with lower  values; migration 

direction was less consistent and varied with wind direction.
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One of the factors that may have driven the different migra-

tion behavior on the north and south sides of the St. Lawrence is 

a difference in migration routes for birds on the opposite sides of 

the estuary. Birds flying over Côte-Nord most likely originated 

from throughout central and northern Quebec and Labrador, 

whereas those over Gaspésie likely were a combination of locally 

originating birds and those from northern and eastern Quebec 

that crossed the estuary or the Gulf of St. Lawrence. Tracing or-

thodrome routes (i.e., the shortest route between two points on a 

sphere; Gudmundsson and Alerstam ) from the Côte-Nord 

along the mean flight direction during strong migration sug-

gests that birds may fly along the St. Lawrence before following 

the western slope of the Appalachian ridge to the Gulf of Mexico. 

For these birds, crossing the estuary may represent an unwanted 

detour, with the St. Lawrence acting as a leading line along the in-

tended route. In Gaspésie, the mean flight direction during strong 

migration would lead birds to the Atlantic coast, where most of 

them presumably change direction to follow the ocean coast, al-

though some may subsequently fly over the ocean to the Carib-

bean or South America (e.g., Nisbet et al. ).

These results do not imply that there was no variation among 

individuals or among species within each region. It is important 

to note that our direction data were taken over areas where re-

flectivity from birds was the highest in each region on each night, 

representing the modal behavior. On Côte-Nord, even though 

the dominant direction for most birds was southwest along the 

coast, we also observed weaker movement of birds flying in a more 

southerly direction across the estuary. These birds would arrive in 

Gaspésie and then, presumably, have the migration pattern and be-

haviors described in this region. The St. Lawrence is not a very wide 

barrier and can be readily crossed in  to . h of flying (Gagnon et 

al. ). There are many technical challenges related to quantify-

ing the relative numbers of birds flying in each direction that were 

beyond the scope of the present study. The different flight direc-

tions may result from variation in migration routes among species 

(Ball ) or age classes (Murray ; Ralph ; Thorup et al. 

, ; Reilly and Reilly ). Alternatively, they may simply 

be contingent on the different geographic locations where the birds 

find themselves, or on local differences in wind patterns at the time 

of migration. Weather radar is not suitable for identifying species 

of birds and, thus, cannot be used to test these hypotheses.

The other major difference between regions was in the ex-

tent to which the birds compensated for wind drift. Compensation 

for wind drift occurs if birds fly at an angle to the wind, to correct 

for displacement in relation to their destination (Alerstam ). 

On Côte-Nord, the birds appeared to compensate very strongly to 

maintain their migration direction. On average, during strong mi-

gration, the birds were flying at ~  to the wind (Table A), with 

the wind coming predominantly from the right side (i.e., northwest 

when the birds were flying to the southwest). The observed  during 

medium migrations on Côte-Nord ( ) suggests that there may 

even have been some overcompensation (i.e., shifting too much 

into the wind of the average track direction; Alerstam ). This 

strong compensation suggests that the birds avoided crossing the 

estuary, given that mean flight directions corresponded roughly to 

the axis of the north shore (Table A). Compensation near large 

rivers or distinct topographical features along preferred migratory 

directions to avoid wind displacement have been reported in others 

areas (Alerstam and Pettersson , Bingman et al. , Åkesson 

, Bruderer and Liechti , Zehnder et al. ).

During strong migration in Gaspésie, the observed  value 

( , predominantly on the right side) and the lack of correlation be-

tween wind and flight directions suggest some level of compensa-

tion, although when the wind was stronger, the wind direction with 

the highest probability of migration was in essentially the same di-

rection as the migration path, such that compensation would not 

be required (Table B; Fig. ). For medium and weak migrations 

in Gaspésie, the data suggest drift, with flight direction correlated 

with wind, including some downwind flights toward seasonally in-

appropriate eastward directions. “Reverse migration” in the United 

States has often been associated with downwind flights in a sea-

sonally inappropriate direction (Richardson ). Partial drift 

may also occur, if birds make some corrections without fully com-

pensating for wind displacement, whereas “drift” refers to birds 

flying without correcting for wind (Alerstam ). Some of the 

observed “drift” may also have been pseudo-drift—that is, the cor-

relation between wind and the average direction of bird migration 

that arises as a consequence of selective departures under different 

wind conditions of migrants with different preferred track direc-

tions and destinations (Alerstam and Hedenström ). Because 

we do not know the species and their migratory goals, this cannot 

be fully discriminated, though it is likely that most nocturnal mi-

grants in these regions had destinations roughly to the south.

Given bird migration theory, compensation and overcompen-

sation should occur when wind velocity is low and consistently from 

a single direction, whereas drift and partial drift should be expected 

when the wind speed and direction vary among nights or at higher 

wind velocities (Alerstam , Alerstam and Hedenström ). 

The ability of birds to compensate for wind drift depends on wind 

speed (Alerstam ). Thus, stronger side winds should limit the 

ability of birds to compensate on Côte-Nord and may involve sig-

nificant risks of drifting toward Gaspésie. This may explain why the 

modeled relationships with wind suggested that high wind speeds 

suppressed strong migration activity on Côte-Nord more than they 

did in Gaspésie. Our weather data (Table ) show that in fall , 

wind velocities were mainly  m s− (the average air speed of pas-

serines) in both regions, which suggests that birds should be able to 

compensate, at least to some degree, most of the time.

The more consistent compensation and the concentration of 

flight directions along Côte-Nord suggest that flight behavior in 

relation to wind may be influenced by the availability of geographic 

landmarks. Liechti () suggested that birds could more accu-

rately estimate wind displacement, as well as their speed and fuel 

consumption, by using landmarks. Birds have a large lateral view 

and preferentially fixate objects in their lateral view (Güntürkün 

), which permits them to estimate the relative motion of dis-

tant landmarks without the need to inspect the motion of a single 

landmark (Liechti ). On the south coast, the more scattered 

flight directions and drift-related flight suggest that their flight be-

havior may have been governed by navigational factors other than 

geographic cues, which limited their ability to compensate.

In conclusion, the results of our study demonstrate the enor-

mous, largely unrealized potential of weather radars to develop 

predictive models of bird migration in North America and to 

further our understanding of geographic variation in migration 

behavior. Only a limited number of studies have previously used 
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weather radar to look at large-scale migration patterns in relation 

to geographic features (e.g., Gauthreaux and Belser , Diehl 

et al. , Gauthreaux et al. ), often for only a few nights. 

Our analyses over a complete season enabled us to develop mod-

els that quantified how migration changed with weather, and also 

to detect major differences in migration patterns on each side of a 

major geographic feature (the St. Lawrence River). The broad geo-

graphic coverage of weather radars, combined with ongoing im-

provements to software for processing the large volumes of data 

they generate, provide many new opportunities to undertake re-

search to understand migration patterns in North America.
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