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Radar technology has become a powerful tool for studying animal
aeroecology in the lower atmosphere, particularly bird migration across
large spatio-temporal scales. Quantifying bird density from radar data
requires radar cross-section (RCS) estimates. Although RCS data exist
for small bird species, large birds, especially soaring and flocking
species, remain poorly characterized, partly due to technical challenges
in measuring and modelling their complex morphology. This study
introduces a practical and accessible modelling framework for estimating
species-specific RCS in large birds, using the T-matrix electromagnetic
scattering method, based on geometrically simplified representations of
bird morphology. We computed spherical RCS values for 11 large bird
species across C- and S-band radar wavelengths and compared them with
both spherical and prolate spheroidal RCS estimates obtained using the
WIPL-D software, a method previously validated for biological targets. As
expected, the spherical simplification led to a systematic overestimation of
RCS relative to a more anatomically representative model. However, the
bias was consistent and can be corrected using regression-derived scaling
factors. This approach addresses the critical lack of empirical RCS data for
large birds, offering an alternative that can be implemented in open-source
platforms. It can be integrated with automated detection tools to enhance
our understanding of migration patterns in understudied bird groups and
to support efforts to mitigate bird—aircraft collisions.

1. Introduction

Radar is a fundamental tool for studying animal aeroecology in the lower
atmosphere [1,2]. Over recent decades, advancements in radar aeroecology
have enabled large-scale, non-invasive monitoring of aerial wildlife, reveal-
ing spatio-temporal migration patterns [3,4], environmental effects on aerial
bioflow [5-8] and contributing to the reduction of bird—-aircraft collisions and
other human-wildlife conflicts [9-11].

An essential component for estimating aerial biomass and bird density
from radar reflectivity is the bird’s radar cross-section (RCS hereafter) [12-
16]. This parameter plays a central role in converting radar reflectivity (dBZ)
into biologically meaningful quantities such as bird density [13,14,17]. As
described in the standard radar equation [18] and demonstrated in biologi-
cal applications by Dokter et al. [14], this conversion depends on the radar
wavelength and the refractive index of the target. The term RCS refers
to a property of a target that quantifies the amount of electromagnetic
energy scattered from the target in all directions. It is computed based on
the backscatter cross-section (BCS hereafter), which differs from RCS by
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quantifying only the electromagnetic energy scattered directly back towards the radar, resulting in a smaller value by a factor of n
4m (equations (2.1) and (2.2)) [19,20]. Both BCS and RCS depend on several factors, including the target’s shape, its orientation
relative to the incident radar beam, the refractive index of the target and the radar wavelength [16].

Early studies that estimated birds” RCS relied mainly on theoretical calculations and laboratory measurements, mostly of
small to medium-sized bird species [16,21-26]. Over time, advanced modelling approaches have emerged, with the most widely
used method introduced by Dokter et al. [14], giving a constant bird RCS of 11 cm?, representing an average passerine [14].
Despite these developments, most data remain focused on small birds, leaving a critical gap in RCS information for larger birds,
many of which are soaring species.

To address this gap, we applied two electromagnetic scattering models commonly used in radar science—the T-matrix and
the WIPL-D methods—to estimate the RCS of large bird species across two radar wavelengths.

In electromagnetic scattering models, two main parameters that determine the calculated RCS are the target’s geometry and
the refractive index, as noted above. Both factors influence the magnitude of the scattered wave [16]. Due to the high water
content in biological targets, it is commonly assumed that their refractive index is equivalent to that of water [16,27]. In these
models, the RCS is derived from the amplitude scattering matrix, which describes how an incoming electromagnetic wave is
scattered by a target. For single-polarization weather radars, the scattering matrix is represented by a 2 x 2 matrix with four
elements, each corresponding to transmitted and received wave polarizations in the vertical and horizontal directions [18,28].
In practice, single-polarization weather radars typically operate with horizontally polarized waves, making the horizontally
received component, denoted as Sy, or Sy, the standard element used for RCS estimation.

The WIPL-D is a computational electromagnetics software based on the method of moments, which is well-suited for
simulating the scattering properties of complex three-dimensional structures [29]. The WIPL-D method was previously
validated as a reliable model for avian biological targets using both anatomically detailed shapes and simplified ellipsoidal
representations [30]. It was shown that in cases where the target’s body is large relative to the radar wavelength —specifically,
when the body length exceeds approximately four times the wavelength—anatomical details have little influence on the
magnitude and morphology of the modelled RCS [30]. In such cases, an ellipsoidal approximation becomes appropriate and
computationally efficient. This makes the method particularly suitable for modelling large bird species, where this size criterion
is met. When biological targets are represented as a prolate spheroid, they are characterized by a major axis, corresponding to
the body length, and by a minor axis, corresponding to the body width. The body length is measured excluding the head and
tail, while the body width excludes the wings, reflecting the dimensions that contribute the most to the scattering properties
[23,27,31] (figure 1).

The T-matrix method is one of the most powerful and widely used theoretical techniques for computing electromagnetic
scattering by non-spherical particles based on Maxwell’s equations [32,33], but it has never been tested for biological targets. The
method was implemented in the Fortran code [34] that was later integrated within a code in the Python programming language,
facilitating the automation of the scattering property calculations [35]. However, the T-matrix method is subject to several
limitations. Target shapes are limited to spheroids and cylinders, and large objects with very high or low aspect ratios present
convergence problems [34,35]. As large bird species often exceed the size, ratio and shape complexity that the method handles
efficiently, we implemented a spherical approximation for the birds” bodies. While spheres offer a computationally efficient
simplification, they may not fully capture the anisotropic geometry of bird bodies, which more closely resemble spheroids
elongated along the head-to-tail axis. This distinction is relevant for estimating orientation-dependent scattering, which plays
a key role in the variability of birds’” RCS measurements [36]. However, prior work has shown that such variability may
average out across large flocks [37], suggesting that the spherical model can serve as a practical approximation in some radar
ornithology applications. Moreover, the spherical simplification, though biologically limited, has been previously used in radar
ornithology, with studies modelling birds as spheres of equivalent volume based on their body mass [16,25,38-40]. Additionally,
Eastwood [25] and Urmy & Warren [38] noted that modelling birds as spheres produced reasonable agreement with measured
RCS values [25,38].

The primary objective of our study was to generate species-specific RCS estimates for large birds using a practical and
accessible modelling approach—the T-matrix method. To evaluate the applicability of this method for estimating the RCS of
large birds based on spherical approximations, we compared its outputs with those of WIPL-D, a reference method capable of
simulating more anatomically representative prolate spheroids. We mainly focused on diurnal soaring migrants, which pose the
greatest risk for bird—aircraft collisions due to their large body mass and tendency to migrate in flocks. Our analysis addressed
two key questions: (i) how does the T-matrix output compare with that of the WIPL-D method when both model birds as
spheres, and (ii) what is the expected bias introduced by modelling birds as spheres rather than ellipsoids?

To address these questions, we first computed the RCS of spherical objects with both models. This allowed us to evaluate
the reliability and accuracy of the T-matrix output compared with the WIPL-D output under identical geometric assumptions,
where both methods model spheres. Then we computed the RCS of 11 large bird species as spheres with the T-matrix method,
and as prolate spheroids with the WIPL-D method, allowing us to quantify the bias introduced by the spherical approximation,
and propose a scaling factor to convert spherical RCS values into ellipsoidal equivalents.

0LS0S707 322 pany 205y ysyjewinol/biobungsyqndisaposiefos

2. Material and methods

To estimate the RCS of large bird species, we applied two electromagnetic scattering models: the T-matrix and the WIPL-D. The
T-matrix model was used as our main method, computing RCS values by modelling birds as spheres, while the WIPL-D model
was employed to validate the T-matrix results and assess the impact of simplifying bird morphology to spheres rather than
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Figure 1. Scattering geometry of a white stork (illustration insert) modelled as a prolate spheroid (left) and as a sphere (right). The blue arrow indicates the direction
of the incident electromagnetic wave, and the orange arrow shows its polarization.

prolate spheroids. Our analysis consisted of two evaluations: the first assessed the compatibility between T-matrix and WIPL-D
outputs using spherical targets (spherical evaluation, hereafter), isolating potential effects of differences in the computational
methods of the two models; the second evaluated the limitations of spherical modelling by comparing T-matrix simulations
of spheres with WIPL-D simulations of prolate spheroids (hereafter sphere versus prolate evaluation), quantifying the error
introduced by simplifying birds as spherical shapes.

2.1. Bird species and body size modelling

For the sphere versus prolate evaluation, we modelled 11 large bird species with body masses ranging from 168 to 6100 g, and
major axis (i.e. bird’s torso length) ranging from 12 to 34.8 cm: the black and white stork (Ciconia nigra and Ciconia ciconia),
greater flamingo (Phoenicopterus roseus), European honey buzzard (Pernis apivorus), Eurasian (common) buzzard (Buteo buteo),
black kite (Milvus migrans), Levant sparrowhawk (Accipiter brevipes), lesser spotted eagle (Clanga pomarina), steppe eagle (Aquila
nipalensis), common crane (Grus grus) and white pelican (Pelecanus onocrotalus). These species are typical diurnal migrants, and
some of them are considered dangerous to aerial transportation due to their high biomass and tendency to migrate in large
flocks [9,41,42].

In conducting the sphere versus prolate evaluation, we calculated the birds’” RCS by constructing two types of geometric
representations of the birds. For the T-matrix method, birds were modelled as spheres with volumes equivalent to their actual
body volumes (figure 1). To calculate the equivolume sphere for each species, we applied the standard mass—density equation,
using the average body mass (in grams) of the focal bird species, based on Dunning [43], and assumed a body density equal
to that of a water sphere, 1 g cm™ [16,25]. Subsequently, the radius of the equivolume sphere was derived using the standard
volume-radius equation for spheres. For the WIPL-D simulations, in addition to the equivolume sphere for each species, we
generated three-dimensional models of birds as prolate spheroids, with the major axis representing torso length (excluding
head and tail) and the minor axis corresponding to torso width (excluding wings; figure 1). To derive these dimensions for
each species, we measured torso length and width dimensions from reference images showing birds viewed from directly
below, with wings and legs fully extended [44]. Measurements were performed using the image analysis software Inkscape
[45]. The measured axes were then divided by two to obtain the radius (semiaxes hereafter) used for the models (electronic
supplementary material, table S1).

2.2. T-matrix modelling

For the T-matrix modelling, we used the PyTMatrix Python package to compute the scattering matrix [35]. The computation
of the scattering matrix by the model requires defining several key parameters related to the target and radar system: (i) the
axis ratio of the target, (ii) the radius of the target, (iii) the radar wavelength, (iv) the scattering direction, and (v) the complex
refractive index denoted as m. Note that parameters (ii) and (iii) should be in the same units.

Accordingly, we constructed four models: two for the spherical evaluation, where we assessed the correspondence between
T-matrix and WIPL-D outputs using spherical targets, and two for the sphere versus prolate evaluation, where we compared
T-matrix spheres with WIPL-D prolate spheroids to quantify the bias introduced by shape simplification. Each pair of models
was run at two typical radar wavelengths, C-band and S-band.

For all models, (i) we configured the axis ratio to one to represent spheres; (ii) for the first two spherical models, we
used a range of spherical radii from 3 to 13 cm. For the second two sphere versus prolate models, we applied the calculated
equivolume sphere radius (in cm) for each bird species; (iii) we set the radar wavelength to 5.3 cm for C-band simulations and
10 cm for S-band simulations; (iv) we used the default scattering direction of the model, 90° side view, noting that for spheres,
the scattering matrix is independent of direction; and (v) we defined the complex refractive index as that of water at 40°C: for
C-band, m = (8.45, 0.74); for S-band, m = (8.52, 0.43) [42].

From the computed scattering matrix, we extracted the element Sy, which represents horizontally polarized backscatter, and
used it to calculate the BCS and RCS values using the following equations [46]:

oscs = | Sn (2.1)
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Orcs = 4T0BCs, (2.2)

where opcs denotes the BCS, Sy, denotes the scattering matrix element with horizontally polarized backscatter and orcs indicates
the RCS.

2.3. WIPL-D modelling

We employed the WIPL-D Pro electromagnetic simulation software to compute RCSs. Following the approach used in the
T-matrix analysis, we constructed four models—two spherical models for the spherical evaluation and two prolate spheroidal
models for the sphere versus prolate evaluation, where each pair of models was simulated at both C-band and S-band radar
wavelengths. All simulations were conducted using horizontally polarized waves.

To generate the three-dimensional objects for the models, we specified five essential parameters for all four models: (i) axis
ratio: for the spherical evaluation, we configured the axis ratio to one; for the sphere versus prolate evaluation, we calculated
species-specific axis ratios by dividing the major semiaxis by the minor semiaxis (electronic supplementary material, table S1).
(ii) Radius: for the spherical evaluation, we used radii ranging from 3 to 13 cm, identical to the T-matrix simulations; for prolate
spheroids in the sphere versus prolate evaluation, we used the major semiaxis lengths of each bird species as detailed in the
electronic supplementary material, table S1. (iii) Radar wavelength: consistent with the T-matrix models, we set 5.3 cm for
C-band and 10 ecm for S-band. (iv) Scattering orientation: for the spherical evaluation, we set a single orientation due to isotropy;
for the prolate spheroidal evaluation, we ran simulations across azimuth angles from 0° (wave impinging on the tip of the
prolate spheroid) to 90° (wave impinging on the side of the prolate spheroid). (v) Dielectric constant: we derived the dielectric
constants from the complex refractive indices used in the T-matrix modelling, as the two properties are directly related. For
C-band & =70.85-12.57i; for S-band e = 72.41-7.29i, representing water properties at 40°C.

2.4, Statistical analysis

In the spherical evaluation, we assessed compatibility between the T-matrix and WIPL-D outputs using identical spherical
targets. To quantify any differences between these two computational methods, we calculated the mean absolute error (MAE).
This metric gives the same weight to all errors and enables the precise evaluation of minor discrepancies between the model
outputs [47].

In the sphere versus prolate evaluation, we examined the potential bias introduced by approximating bird bodies as spheres.
We compared RCS values calculated using the T-matrix method, where birds were modelled as equivolume spheres, with
RCS values computed using WIPL-D, where birds were modelled as prolate spheroids. Because WIPL-D simulations produced
RCS values across a wide range of azimuth angles, we first calculated species-specific mean RCS by averaging these values
across all simulated orientations, following prior studies [29]. To quantify the error introduced by the spherical geometric
simplification, we computed the MAE between the T-matrix spherical estimates and the WIPL-D spheroidal values. This
provided a direct measure of the average deviation due to the spherical assumption. Additionally, we applied non-intercept
linear regression analyses, appropriate for comparing interdependent variables [48]. The regression analysis enables us to
characterize the spherical model in relation to the prolate spheroidal model and quantify the proportional bias introduced
by the spherical approximation based on the regression equations. Furthermore, the resulting equations provided a corrective
factor for converting spherical RCS estimates to prolate spheroid RCS values.

Both evaluations were analysed separately for the two radar bands (C-band and S-band). All statistical computations were
performed using Python with the sklearn and SciPy modules.

3. Results and discussion

3.1. Spherical evaluation

The comparison between the T-matrix and WIPL-D outputs for spherical targets showed high similarity in RCS estimates across
the full range of radii for both C-band and S-band wavelengths (3-13 cm; figure 2). For the C-band simulations, the MAE was
0.72 cm?, with a mean percentage difference of 0.67%. The largest absolute difference was observed at a radius of 12.20 cm,
where the WIPL-D estimated an RCS of 297.00 cm? and the T-matrix estimated 294.69 cm?, a difference of 0.78%. For the S-band
simulations, the MAE was 0.93 cm?, with a mean percentage difference of 0.62%. The largest absolute deviation was 3.62 cm? at
a radius of 11.70 cm, where the WIPL-D estimated an RCS of 272.98 cm? and the T-matrix estimated 269.36 cm?, corresponding
to a 1.33% difference.

The low MAE and percentage differences suggest that deviations introduced by methodological differences between the
models are minimal across the two frequency bands. The high similarity in the RCS outputs shows that the T-matrix and
WIPL-D models yield nearly equivalent RCS estimates for spherical targets, with no substantial bias or variability, despite
differing computational frameworks.
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Figure 2. RCS estimates (Y-axis) of spherical targets modelled using the T-matrix and the WIPL-D methods across a range of 3—13 ¢m radii (X-axis), under two radar
wavelengths, C-band (left panel) and S-band (right panel). Dashed lines present the results by the T-matrix model (left panel, orange; right panel, green), and the solid

lines show the results by the WIPL-D model (left panel, blue; right panel, pink).

3.2. Spheres versus prolate evaluation

After confirming that methodological differences between the T-matrix and WIPL-D models do not contribute to substantial
variation in RCS values, we proceeded to evaluate the effect of spherical geometric simplification on RCS estimation. In this
second evaluation, we compared RCS values of 11 large bird species modelled as spheres using the T-matrix method to
corresponding prolate spheroid representations modelled using the WIPL-D method (figure 3 and table 1).

For the C-band simulation, the RCS values calculated using the T-matrix method ranged from 15 cm? for the Levant
sparrowhawk to 292 cm? for the white pelican, while the WIPL-D estimates for the same species ranged from 16 to 214 cm?. The
MAE between the two models was 39.80 cm?, reflecting the average deviation introduced by the spherical simplification. The
largest percentage difference was observed for the black kite, with a 61.43% discrepancy (WIPL-D: 46.13 cm?; T-matrix: 74.47
cm?), while the smallest difference of 5.62% occurred for the Levant sparrowhawk (table 1). A strong linear relationship was
found between the two model outputs (R?=0.997, p <0.001; figure 3), expressed by the regression equation (3.1),

RCSwc = 0.70 RCSrc, 3.1)

where RCSyc and RCStc denote the WIPL-D and T-matrix RCS, respectively, both for C-band radars, and the 0.70 value
represents the regression coefficient.

For the S-band simulation, the T-matrix RCS estimates ranged from 53 to 260 cm?, while the WIPL-D estimates ranged from
27 to 244 cm? for the same species as in the C-band simulation (table 1). The MAE was 36.98 cm?. The largest percentage
difference was found for the Levant sparrowhawk (96.75%), and the smallest was for the white pelican (6.46%). The results of
the regression analysis showed a strong linear relationship (R? = 0.979, p <0.001), described by equation (3.2),

RCSwys = 0.78 RCSs, (3.2)

where RCSys denotes the WIPL-D RCS, RCStg denotes the T-matrix RCS, both for S-band radars, and 0.78 is the regression
coefficient.

As anticipated, given the spherical simplification, the findings from the sphere versus prolate evaluation demonstrate
that modelling bird bodies as spheres leads to an overestimation of RCS compared with prolate spheroid models. However,
the spherical simplification introduces a consistent and predictable bias rather than random error, which can be effectively
corrected using the regression equations provided (equations (3.1) and (3.2)). Importantly, the biases are attributable solely to
shape assumptions, as the spherical evaluation confirmed that methodological differences between the T-matrix and WIPL-D
models are negligible.

In light of the limited availability of empirical RCS data for large birds, this approach also helps address a persistent
knowledge gap in radar aeroecology. Most available measurements focus on small species and are typically obtained under
laboratory conditions using X-, L- or S-band radars, a set-up impractical for larger species [16,21-25,49]. As a result, empirical
RCS values for large, flocking birds such as raptors and storks remain extremely limited. The few available references include
field-based X-band measurements of geese flocks (1000-10 000 cm?) [22] and generalized S-band observations of unidentified
flocks (approx. 10 000 cm?) [16], both of which reflect flock-level rather than species-specific estimates, without reporting flock
sizes. A more directly comparable estimate is reported by Horton et al. [40], who used a body-mass regression model to estimate
a spherical RCS of approximately 80 cm? for a 583 g bird. Consistent with this, our S-band simulations for a common buzzard
(690 g) yielded a spherical RCS of 99 cm? In contrast, the Federal Aviation Administration’s ‘Standard Avian Target’ assigns a
value of 250 cm? to a 500 g bird, but lacks information on species identity or radar characteristics and probably overestimates
RCS [26]. To our knowledge, no other species-specific RCS data are available for large flocking birds, further highlighting the
value of simulation-based methods for filling this critical gap.

Our study highlights the practical value of the T-matrix method as a tool for estimating species-specific RCS in large birds. It
is computationally efficient, implemented in open-source Python libraries, and can be easily integrated into
automated processing pipelines. Nonetheless, certain limitations should be considered when interpreting RCS values derived
from simplified geometries. In the absence of anatomically detailed models, prolate spheroids serve as a useful approximation
of avian body shape. However, their accuracy decreases when the bird’s body length is less than approximately four times the
radar wavelength for anatomical versus ellipsoidal models [30]. Under such conditions, particularly for smaller birds in S-band
radar simulations, where the wavelength is longer, anatomical details may still influence scattering behaviour and affect the
precision of both the WIPL-D RCS values and the correction factor derived from them. To additionally examine the influence of
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Figure 3. RCS values (cm?) calculated using the T-matrix method (X-axis) compared with RCS values (cm?) obtained from the WIPL-D method (Y-axis). The data
represent 11 large bird species, modelled as spheres in the T-matrix method and as prolate spheroids in the WIPL-D method, with calculations performed for C-band
(black) and S-band (blue) radars. The bird species names are written as abbreviations: BS, black stork; WS, white stork; GF, greater flamingo; EHB, European honey
buzzard; BK, black kite; LS, Levant sparrowhawk; (B, common buzzard; LSE, lesser spotted eagle; SE, steppe eagle; CC, common crane; WP, white pelican. The dots
represent the calculated RCS, and the regression line shows the model fit with a (I of 95%, shown by the shaded area (C-band regression equation: RCSyy¢c = 0.7 X
RCStc, p < 0.001, R2=0.997; S-band regression equation: RCSys = 0.78 X RCSt, p < 0.001, R = 0.979).

Table 1. Calculated RCS values (cm?) for 11 large bird species, using the T-matrix method and the WIPL-D software for C- and S-band radars. The RCS values were
computed for birds in a sphere shape for the T-matrix method while considering body mass. The body mass is the female—male average body mass, derived from
Dunning [43].

common name scientificname WIPL-D T-matrix
RCS (em?) RCS (em?)
C/Shand C/Shand

black stork Ciconia nigra 3100 116/136 173/188

body size on model bias, we analysed the relationship between body length and percentage bias between the models using a
Pearson correlation. The results for the S-band model showed a strong negative relationship (r = —0.79, p = 0.003). Smaller-bodied
species, such as the Levant sparrowhawk and common buzzard, exhibited the largest relative differences between spherical and
prolate spheroid models (96.3 and 83.3%, respectively; electronic supplementary material, table S2), whereas the largest species,
including the white pelican and common crane, showed much smaller biases (6.6 and 16.8%, respectively; electronic supplemen-
tary material, table S2). In C-band, where most species fall within the four-wavelength threshold, no significant relationship
between body length and model bias was found (p = 0.2). These results reinforce the notion that spherical simplifications may be
less appropriate for smaller birds, particularly at longer wavelengths, highlighting the importance of considering size-wave-
length ratios when using simplified geometries for RCS estimation.

In addition, the spherical T-matrix model does not account for orientation-dependent scattering, which can be significant
for isolated individuals [27]. However, its utility increases in applications involving large flocks, where variation in orientation
tends to average out [37]. This is especially important for flocking and soaring migrant species that are understudied in radar
ecology, yet pose a disproportionately high risk for bird—aircraft collisions. The consequences of these collisions can result in
billions of euros annually, in damaged aircraft, and most importantly, in the loss of human lives [9,10,42].

Our findings provide a flexible modelling framework that extends current radar aeroecological capabilities, particularly for
large bird species lacking empirical RCS measurements. The accessibility and adaptability of the T-matrix method make it
especially appealing for researchers seeking to estimate species-specific RCS without the complexity of high-fidelity electromag-
netic models. By quantifying the limitations of spherical simplifications and proposing practical solutions, this study contributes
to the development of applied radar aeroecology. Integrated with recent advances in automated detection algorithms [50], this
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modelling framework forms a foundation for estimating the density of migrating soaring bird flocks, using weather radars
across large spatial and temporal scales, while supporting both ecological monitoring and bird-aircraft collision mitigation.

Further work is recommended to improve RCS accuracy for medium-sized species whose body length to wavelength
ratio falls below the threshold for prolate spheroidal approximation [29]. One potential direction is the construction of more
anatomically detailed three-dimensional models using WIPL-D, from which new correction factors can be derived and applied
across a wider range of medium-sized birds. Such developments would expand the scope and precision of simulation-based
RCS estimation and help close remaining gaps in the representation of avian targets in radar systems. Furthermore, since
anatomical details also become negligible when modelling targets smaller than one quarter of a radar wavelength [30], the
modelling strategy proposed here may also be useful for estimating insect RCS and should be further investigated.
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