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	Supplementary Fig. 1 | Frozen-river field site used for full-scale LPIV-s measurements.
a, Satellite overview of the selected experimental reach on the Songhua River in Harbin, China. The red dashed box marks the open frozen-river area used for the field deployment. b, Enlarged satellite view of the test reach, showing the local river width of approximately 336 m, which provided an open fetch for the atmospheric boundary-layer inflow. c, Ground-level photograph of the frozen river surface during winter, illustrating the flat, unobstructed terrain used as a natural open-air test environment for the full-scale cube experiment.
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	Supplementary Fig. 2 | Field deployment and optical configuration of the LPIV-s system.
a, Top-view image of the frozen-river test site, showing the isolated full-scale HIT-cube deployed on the open ice surface; the inset provides an enlarged view of the 2.0 m cube. b, Side-view photograph of the experimental site, illustrating the unobstructed frozen-river fetch and the cube exposed to the natural atmospheric boundary-layer inflow. c, Schematic of the LPIV-s measurement configuration, including the incoming wind direction, snowflake tracers, anemometer, camera, laser source, light-sheet curtain and field of view. The laser sheet illuminated naturally falling snowflakes across the measurement plane around the cube and its near wake. d, Representative raw particle image acquired during the experiment, showing snowflakes illuminated by the laser sheet around the full-scale cube; the enlarged inset highlights the dense tracer distribution and the illuminated vertical and horizontal laser-sheet regions near the cube.
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	Supplementary Fig. 3 | Incoming wind conditions and boundary-layer characterization over the frozen river surface.




a, Time history of the incoming wind direction during the field experiment. The shaded interval marks the period selected for LPIV-s data processing. b, Time history of the incoming wind speed during the same period, showing relatively stable natural inflow conditions. c, Wind-rose diagram showing that the prevailing wind direction was concentrated in the west–southwest sector, approximately aligned with the laser-sheet measurement plane. d, Probability density distribution of the incoming wind direction, further confirming the directional stability of the analysed inflow. e, Time-averaged streamwise velocity field  over the frozen river surface after tracer-inertia correction, showing a horizontally homogeneous incoming boundary layer within the measurement field of view. f, Vertical profile of the mean streamwise velocity fitted with a power-law relation, yielding a power-law exponent of . g, Comparison between the measured mean velocity profile and the logarithmic law of the wall, used to estimate the surface-layer parameters over the ice-covered river. h, Vertical profile of the streamwise turbulence intensity, showing the expected decrease with height in the near-surface atmospheric boundary layer. i, Vertical distribution of the streamwise integral length scale , indicating the growth of energetic turbulent structures with height. Together, these measurements characterize the incoming flow as a high-Reynolds-number, near-neutral atmospheric boundary layer over a flat frozen surface.
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	Supplementary Fig. 4 | Turbulence statistics and spectral characteristics of the incoming atmospheric boundary layer.












a, Time histories of the streamwise velocity fluctuation  at different heights above the frozen river surface, extracted from the incoming-flow measurement region and showing statistically stationary turbulent fluctuations during the analysed period. b, Representative streamwise velocity signal at , decomposed into the instantaneous velocity, the low-frequency component  and the mean velocity, illustrating the large-scale meandering of the natural atmospheric inflow. c, Probability density function of the streamwise velocity, showing an approximately Gaussian distribution around the mean incoming velocity. d, Power spectral density of the streamwise velocity fluctuation, showing a clear −5/3 scaling range in the inertial subrange and a low-frequency energy-containing range associated with large-scale atmospheric motions. e, Vertical profiles of streamwise and wall-normal turbulence intensities,  and , highlighting the near-wall anisotropy of the incoming boundary layer. f, Vertical profile of turbulent kinetic energy, showing the distribution of incoming turbulence intensity with height. g, Vertical profile of the Reynolds shear stress , indicating downward turbulent momentum transport over the frozen river surface. h, Vertical profile of the stress-correlation coefficient , used as a measure of turbulent mixing efficiency; its nearly constant negative value supports the characterization of the incoming flow as a near-neutral equilibrium atmospheric boundary layer. Here ,  is the cube side length,  is the incoming mean velocity at cube height, and  and  denote the streamwise and wall-normal velocity fluctuations, respectively.
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	Supplementary Fig. 5 | LPIV-s image preprocessing and tracer-inertia correction for the full-scale cube wake.



a, Representative raw LPIV-s image of naturally falling snowflakes illuminated by the laser sheet around the full-scale cube. b, Preprocessed particle image after contrast enhancement, background subtraction and morphological filtering, showing improved particle visibility and reduced background noise for velocity-field reconstruction. c, d, Representative instantaneous velocity fields before and after tracer-inertia correction, respectively. The uncorrected particle velocity field in c shows a smoother and delayed wake response, whereas the corrected fluid velocity field in d recovers stronger shear-layer roll-up, near-wake recirculation and small-scale vortical structures. e, f, Time-averaged velocity fields before and after correction, respectively, showing the effect of the dynamic correction on the mean separation bubble, top recirculation region and wake recirculation structure. g, h, Correction-induced changes in the streamwise and wall-normal velocity components,   and , respectively. Coordinates are normalized by the cube side length .



Supplementary Methods
1. Experimental Setup and LPIV-s Instrumentation
To meet the requirements for large-field-of-view, non-intrusive measurements of the flow around a full-scale cube under natural outdoor conditions, a large-scale particle image velocimetry system using snowflake tracers, hereafter referred to as LPIV-s, was developed in this study. The system consisted of a laser illumination subsystem, a long-distance imaging subsystem and a synchronized environmental monitoring module. The experimental scene and geometric arrangement of the measurement system are shown in Supplementary Fig. 2.
To simultaneously achieve wide-area illumination and sufficient signal-to-noise ratio for snowflake-particle imaging under limited laser power, a 30 W continuous-wave laser with a wavelength of 520 nm was used as the illumination source. The green-light wavelength was selected by considering both the high quantum efficiency of the camera sensor and the optical scattering characteristics of snowflake particles. The laser beam was expanded into a fan-shaped light sheet using a customized cylindrical-lens assembly. As shown in Supplementary Fig. 2c, the light sheet was projected above the centreline of the cube and covered a streamwise extent of approximately 12 m and a wall-normal extent of approximately 6.75 m. This measurement region enabled the capture of the primary flow structures, including leading-edge separation, the development of the top shear layer and the recirculating wake on the leeward side of the cube.

Because small fluctuations in the natural wind direction may cause tracer particles to move out of the illuminated plane, that is, out-of-plane loss, the light-sheet thickness at the centre of the measurement region was adjusted to approximately . This thickness represented a compromise among laser intensity density, particle-image signal-to-noise ratio and out-of-plane particle retention, rather than a complete elimination of out-of-plane errors. The influence of out-of-plane motion on the measured velocity fields was further evaluated in the subsequent uncertainty analysis.

The imaging subsystem consisted of a Sony a7S III high-sensitivity CMOS camera equipped with a 50 mm F1.2 large-aperture prime lens. Images were acquired at a resolution of  and a sampling frequency of 120 Hz. Owing to the excellent low-light performance of the sensor, the system was able to record the Mie-scattering signals of snowflake particles with a very low noise level, as illustrated in Supplementary Fig. 2d. Although the F1.2 aperture provided a substantial advantage in light collection, it also reduced the depth of field. At a camera distance of approximately 24 m, the calculated depth of field was about 80 cm. This value was much larger than the light-sheet thickness of approximately 20 cm, ensuring that all illuminated snowflake particles within the light sheet remained within the sharply focused imaging range.
The spatial layout of the LPIV-s system was designed by jointly considering optical imaging quality, measurement field of view and minimization of flow disturbance, as shown in Supplementary Fig. 2c. The laser was positioned approximately 30 m downstream of the cube and projected the light sheet in a direction approximately aligned with the mean incoming flow, thereby reducing the disturbance induced by the optical equipment in the measurement region. The camera was placed to the side of the light sheet, at an approximately 24 m perpendicular distance from the measurement plane. The optical axis was kept as close as possible to normal incidence relative to the measurement plane to reduce perspective distortion and minimize the need for Scheimpflug correction. During the experiment, the 2 m cube side length was used as an in situ calibration reference to establish the mapping between image coordinates and physical coordinates.

According to the high-Reynolds-number cube-wake measurements reported by Khan et al.1, the maximum spanwise velocity in the wake region is typically less than 15% of the incoming velocity. Therefore, even under the most severe condition in the present experiment, with a maximum incoming wind speed of approximately , the displacement of tracer particles normal to the light sheet between two consecutive frames remained below 50% of the light-sheet thickness. The correlation loss caused by out-of-plane motion within the main measurement region can therefore be considered controllable. In addition to the optical measurements, an ultrasonic anemometer was installed in a non-intrusive lateral region of the flow field, as shown in Supplementary Fig. 2c. The anemometer was used to monitor the incoming wind speed and wind direction in real time, ensuring that LPIV-s data were acquired within a quasi-stationary meteorological window.
2. Experimental Site and Meteorological Conditions

The selection of the experimental site was critical for obtaining high-quality natural inflow conditions. To acquire a relatively stable atmospheric-boundary-layer (ABL) turbulent flow field with minimal interference from complex terrain, the field experiment was conducted on an open frozen reach of a tributary of the Songhua River in Harbin, China (Supplementary Fig. 1; ). The local river width at the test reach was approximately 336 m. In the prevailing upwind direction, the site provided several kilometres of open and flat ice surface, with no obvious obstruction from trees or large buildings along the surrounding river corridor. These conditions provided a relatively homogeneous incoming flow for the near-surface atmospheric boundary layer.
The experiment was performed during a winter night in December 2024. During the measurement period, the ice surface was covered by a relatively uniform snow layer, forming an approximately flat and low-roughness lower boundary. This environment can be regarded as a natural atmospheric-boundary-layer test site over an open, flat surface, which helped reduce the influence of terrain-induced inflow inhomogeneity and unsteady disturbances.
To quantify the incoming ABL conditions during the experiment and to ensure the validity of the LPIV-s measurements, an ultrasonic anemometer was installed in an undisturbed lateral region upstream of the cube-flow measurement area for synchronized real-time monitoring. Supplementary Fig. 3a,b show the temporal evolution of wind direction and wind speed during the experiment, while Supplementary Fig. 3c,d further present the wind-rose diagram and the probability density distribution of wind direction. The results indicate that the prevailing wind direction was mainly concentrated in the west–southwest sector. During the field deployment, the LPIV-s laser-sheet plane was adjusted using the supporting frame to align with the incoming wind direction, ensuring that the tracer-particle motion was primarily along the illuminated plane. This arrangement reduced the angular misalignment between the mean incoming flow and the measurement plane.
Because natural atmospheric inflow inevitably contains temporal fluctuations, the full acquisition period was not used for statistical analysis. Instead, a data window with relatively stable wind direction and good alignment between the incoming flow and the laser-sheet plane was selected as the effective analysis interval. The shaded region in Supplementary Fig. 3a corresponds to the representative quasi-stationary period used in this study for inflow characterization and subsequent velocity-field processing.





During this period, the wind speed at the anemometer height was mainly concentrated in the range of . Within this wind-speed range, the Reynolds number based on the cube height, , reached the order of , indicating a fully turbulent flow regime. The mean wind direction remained approximately stable at , with relatively small directional fluctuations. The average misalignment angle between the instantaneous wind direction and the laser-sheet plane was less than .. According to the error analysis and cosine-effect estimation reported by Hong et al.2, the resulting projection error in the streamwise velocity component was less than 0.4%, and the particle loss associated with the out-of-plane velocity component remained within a controllable range.
3. LPIV-s Measurement of the Boundary-Layer Characteristics over the Ice Surface

Accurate characterization of the incoming boundary layer upstream of the cube is essential for interpreting the flow separation, wake development and coherent structures around the obstacle. To quantitatively evaluate the inflow conditions over the frozen river surface, the LPIV-s system was used to measure the near-surface boundary-layer flow within the height range of the cube at the experimental site. Supplementary Fig. 3e shows the time-averaged incoming velocity field over an approximately  region within the cube-height range after tracer-inertia correction. The measured velocity vectors were predominantly aligned with the main flow direction, with no evident vortical disturbances induced by local terrain irregularities. The time-averaged velocity contours clearly reveal the canonical shear structure of a flat-plate boundary layer: the streamwise velocity increases with height, indicating a typical wall-normal shear profile in the near-surface atmospheric boundary layer. This large-scale spatial coherence confirms that the flat frozen river surface in winter provided stable and relatively homogeneous quasi-two-dimensional boundary-layer inflow conditions.





As shown in Supplementary Fig. 3f, the measured velocity profile showed excellent agreement with the power-law relation, , with . The fitted wind-profile exponent was . This value is lower than the typical exponents observed over urban or forested terrain, indicating that the experimental site corresponded to a low-roughness open terrain condition, namely flat open country with . This result confirms that the incoming flow can be characterized as a fully developed, low-roughness, near-neutral atmospheric boundary layer. The near-wall portion of the velocity profile also followed the logarithmic law of the wall, as shown in Supplementary Fig. 3g. The aerodynamic roughness length inferred from the logarithmic-law fitting, , was consistent with the typical physical roughness scale of a compacted snow-covered surface, further supporting the well-defined boundary condition and the reliability of the measured data.

To characterize the fluctuating properties of the inflow, the vertical distributions of turbulence intensity and integral length scale were analysed. As shown in Supplementary Fig. 3h, the streamwise turbulence intensity decreased monotonically with height, dropping rapidly from approximately 25% near the surface to about 16% at a height of 3 m. This distribution reflects the influence of surface shear on near-ground turbulence production. Supplementary Fig. 3i presents the variation of the streamwise integral length scale with height. The integral length scale  increased with height, from approximately 3 m near the wall to around 15 m near the top of the field of view. This trend indicates that the characteristic size of energy-containing turbulent structures was jointly modulated by the wall-normal distance and the boundary-layer structure. Near the surface, turbulence was mainly dominated by smaller-scale eddies, whereas larger coherent motions became increasingly important with increasing distance from the wall. This behaviour is consistent with the growth of energy-containing structures with wall-normal distance in wall-bounded turbulence.



After establishing the mean-flow structure and its wall-normal organization, the temporal stationarity, spectral characteristics and turbulence statistics of the incoming flow were further examined, as shown in Supplementary Fig. 4. Supplementary Fig. 4a shows time series of the streamwise velocity  at different heights. Although low-frequency wind-speed drift was present in the natural inflow, the velocity fluctuations at different heights retained statistically stable characteristics within the selected analysis window. Supplementary Fig. 4b presents a representative velocity signal at , decomposed into the instantaneous velocity, the low-frequency component and the mean velocity. The blue curve denotes the low-frequency trend component with . This large-scale low-frequency component reflects the influence of large atmospheric-boundary-layer motions or slow wind-speed drift on the measurement region.


Supplementary Fig. 4c shows the probability density function of the velocity fluctuations. The measured data, represented by the histogram, closely followed a standard Gaussian distribution, indicated by the red curve. This agreement suggests that the incoming velocity fluctuations during the selected period did not exhibit pronounced skewness or strong intermittency. Supplementary Fig. 4d presents the power spectral density of the streamwise velocity fluctuations. For frequencies, the energy spectrum clearly followed an  decay, indicating a spectral distribution consistent with the inertial-subrange energy cascade. This behaviour suggests that energy injected at large scales was effectively transferred towards smaller dissipative scales through the turbulent cascade. The observed spectral feature also demonstrates that the processed LPIV-s measurements were able to capture representative spectral characteristics of natural atmospheric turbulence over the dominant energy-containing scales and part of the inertial range relevant to the present analysis.
Supplementary Fig. 4e and Supplementary Fig. 4f show the vertical distributions of streamwise and wall-normal turbulence intensities and turbulent kinetic energy, respectively. The streamwise turbulence intensity was substantially higher than the wall-normal turbulence intensity, reflecting the anisotropic nature of near-wall atmospheric-boundary-layer turbulence. The vertical variation of turbulent kinetic energy represents the combined effects of near-surface shear production, turbulent transport and large-scale inflow fluctuations on the energy distribution, as shown in Supplementary Fig. 4f.





The profile of the vertical Reynolds shear stress, , shown in Supplementary Fig. 4g, remained negative throughout the measured height range, with values confined to a narrow interval of approximately −0.019 to −0.022 m2/s2. This indicates that turbulent momentum flux was primarily associated with the downward transport of high-momentum fluid from the upper layer towards the near-surface region, consistent with the fundamental physics of a near-ground boundary layer. Supplementary Fig. 4h shows the vertical distribution of the momentum correlation coefficient, . Across the full measurement height,  remained nearly constant in the range of approximately −0.35 to −0.40, indicating a stable negative correlation between streamwise and wall-normal velocity fluctuations. This value is comparable to the typical stress-correlation level observed in wall-bounded turbulence. According to Townsend’s attached-eddy theory3, energy-containing eddies in an equilibrium boundary layer exhibit self-similar organization, causing the ratio between Reynolds shear stress and the product of turbulence intensities to approach a quasi-constant value. This result not only supports the reliability of the LPIV-s measurements of the  and  fluctuation components, but more importantly demonstrates that the natural inflow field was dynamically close to an equilibrium state. It therefore provided a suitable flow environment for studying bluff-body flow and related fluid–structure interaction phenomena.
Taken together, the results in Supplementary Figs. 3 and 4 indicate that the incoming flow during the experiment can be characterized as a high-Reynolds-number, low-roughness, shear-dominated and near-neutral natural atmospheric boundary layer developing over a flat ice–snow lower boundary. From a thermodynamic perspective, the experiment was conducted over an open frozen river surface during a winter night in Harbin, at an ambient temperature of approximately −20 °C. Under persistent extremely cold conditions, the ice surface and near-surface air were expected to approach thermal equilibrium after prolonged heat exchange, substantially reducing the sensible heat flux that would otherwise drive convection or stable stratification. Buoyancy effects can therefore be regarded as negligible in the overall flow dynamics. These inflow conditions provided a well-defined boundary condition for the subsequent analysis of full-scale cube flow, shear-layer development and near-wake coherent structures.
4. Image Processing and Velocity Calculation
The raw LPIV-s images were acquired under nighttime natural snowfall conditions. Image quality was affected by background reflections, non-uniform laser illumination, multiple scattering from snowflake particles and sensor noise. To improve the signal-to-noise ratio of the particle images and enhance the robustness of the cross-correlation calculation, an automated image-preprocessing workflow was developed in this study. The preprocessing effect is shown in Supplementary Fig. 5a,b.
First, adaptive histogram equalization was applied to enhance the local image contrast and compensate for the intensity non-uniformity caused by light-sheet expansion and propagation. This step improved the visibility of snowflake particles in weakly illuminated far-field regions. However, the enhancement strength was carefully controlled to avoid excessive amplification of background noise.
Second, to separate moving snowflake particles from the environmental background, such as distant trees or ground reflections, a background-modelling method based on a mixture of Gaussians (MOG) was used to suppress slowly varying or quasi-stationary background components. Compared with a simple frame-difference method, the MOG-based approach provided more stable separation between moving snowflake tracers and background-intensity variations.
Finally, morphological filtering and connected-component screening were applied to remove isolated bright spots, sensor noise and false particle signals that were substantially smaller than the effective particle-image size. This procedure ensured that the signals used for cross-correlation were primarily valid physical tracer-particle images.
To address the spatial non-uniformity of particle concentration under natural snowfall conditions, a velocity-field reconstruction strategy combining ensemble correlation and multi-grid cross-correlation was adopted. This approach balanced the need for high-accuracy time-averaged flow statistics with the resolution of instantaneous turbulent structures.


First, ensemble correlation was performed by averaging the cross-correlation functions at the same interrogation-window locations over a long image sequence. This procedure increased the signal-to-noise ratio of the correlation peaks and yielded a robust time-averaged particle velocity field. Subsequently, instantaneous velocity fields were calculated using an FFT-based multi-grid iterative cross-correlation method. A multi-grid strategy was used, with the initial interrogation window set to  pixels and progressively refined to a final window size of  pixels, with 50% overlap between adjacent interrogation windows.
The final velocity field was obtained by combining the robust time-averaged velocity component with the instantaneous fluctuating component. This reconstruction strategy therefore maintained statistical stability in regions with relatively low particle concentration while preserving the ability to resolve the dominant instantaneous flow structures.
5. BBO Equation Implementation for Tracer-Velocity Correction
Because natural snowflakes have a density higher than that of air and exhibit finite inertia, LPIV-s directly measures the velocity of snowflake tracers rather than the true air-phase velocity. During their motion, snowflake particles are affected by aerodynamic drag, gravity, buoyancy and inertial effects. Therefore, a particle-dynamics-based correction is required to reduce the influence of gravitational settling and inertial lag on the reconstructed flow field.


To accurately recover the fluid-phase velocity field, , from the measured snowflake-particle velocity field, , the actual air velocity can be inferred from the reconstructed particle velocity using the particle-motion equations from two-phase flow theory. One of the most widely used equations for describing the motion of an isolated spherical particle in a flow is the Basset–Boussinesq–Oseen equation4. Maxey and Riley5 further extended this framework and proposed a more complete particle-motion equation:
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Here,  and  are the densities of the fluid and the solid particle, respectively;  is the snowflake-particle diameter;  and  denote the fluid and particle velocities, respectively;  and  are the dynamic and kinematic viscosities of the fluid, respectively;  is the particle drag coefficient;  is the added-mass coefficient; and  is the Basset history-force coefficient. The terms on the right-hand side of Eq. 3 represent, respectively, the gravitational force, , buoyancy force, , fluid drag force, , added-mass force, , Basset history force, , and pressure-gradient force, , acting on a tracer particle suspended in the flow.



Under field snowfall conditions, directly solving the complete particle-motion equation is computationally expensive, and several terms, such as the history force, may introduce substantial numerical instability. In the present experiment, the effective density of snowflakes was much higher than that of air, and the analysis focused primarily on cube-scale and near-wake large-scale structures. Following the theoretical analysis of Tchen6, when the particle density is much greater than the fluid density, the added-mass force, , Basset history force, , and pressure-gradient force, , are negligible compared with the inertial and drag terms, with an estimated error below 1%. The governing equation can therefore be simplified to a form dominated by inertia, gravity and aerodynamic drag:
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Here,  is the gravitational-acceleration vector,  is the equivalent particle diameter, and  is the drag coefficient.





The accuracy of the correction depends critically on the choice of the drag coefficient, . In general,  is a function of the particle Reynolds number, , and is also influenced by particle shape. Because snowflakes have complex polyhedral morphologies, such as hexagonal plates or dendritic crystals, their drag characteristics differ from those of ideal spheres. In this study, the particle Reynolds number was estimated from the mean settling velocity of snowflakes measured by LPIV-s, , giving . 
Furthermore, regarding the drag coefficient of snowflake particles, if a snowflake is approximated as an equivalent sphere of equal mass, the force balance among gravity, buoyancy and aerodynamic drag under terminal settling yields:






Substituting ,  and , gives an equivalent-sphere drag coefficient of .




However,  represents only the baseline value for a smooth equivalent sphere under terminal settling. Natural snowflakes exhibit pronounced non-spherical, irregular and porous morphologies, and their aerodynamic drag is further modulated by particle shape, projected area, orientation and degree of riming. Consequently, they cannot be simply treated as ideal spherical particles. Köbschall7  experimentally measured the drag of artificial snowflakes, defining the Reynolds number by the volume-equivalent diameter and computing  from the terminal force balance. By comparing snowflakes with spheres at the same Reynolds number, they explicitly demonstrated that the equivalent drag coefficient of natural snowflakes is generally higher than that of smooth spheres under matched Reynolds-number conditions. Magono and Nakamura8, based on field observations of natural snowfall, reported a drag coefficient of approximately  for dry snow and noted that the irregular geometry and complex surface of snowflakes generate stronger aerodynamic disturbance than smooth spheres, thereby substantially increasing the aerodynamic drag. Ishizaka9 conducted systematic field measurements of the settling velocity, size, mass, cross-sectional area and degree of riming of natural snowflakes, obtaining a variation range of , which further confirms the pronounced morphology dependence of the snowflake drag coefficient.



[bookmark: _GoBack]Based on the above literature evidence, the present study adopts  obtained through CFD simulation, as the effective ensemble-averaged drag coefficient for the snowflake-particle population. This value is higher than  obtained from the equivalent-sphere force balance—consistent with the conclusion of Köbschall et al. that the sphere serves as a lower bound—and is simultaneously close to  reported by Magono and Nakamura for dry snow. It can therefore be regarded as a first-order effective correction parameter that accounts for the non-spherical and complex morphology of natural snowflakes. This treatment aims to describe the overall aerodynamic response of the snowflake-particle ensemble in the experiment using a single representative mean dynamic parameter. Under the above simplification, the dynamic response of snowflake particles is governed primarily by particle inertia, aerodynamic drag and gravity. The purpose of adopting this simplified BBO model in the present study is to compensate for the systematic bias introduced into LPIV velocity measurements by snowflake settling and finite inertia, rather than to recover the complete motion state of individual snowflake particles across all spatial and temporal scales. With this parameterization, the BBO dynamic correction can reasonably reconstruct the large-scale energy-containing structures at the cube scale and in the near-wake region that are of primary interest in this study from the measured snowflake-particle velocity field.









The reconstruction of the fluid velocity field, , is essentially a numerical inversion based on the particle-dynamics equation. Starting from the high-spatial-resolution particle velocity field  measured by LPIV-s, the simplified BBO equation was solved to compensate for tracer-following errors. To evaluate the particle inertia term, the material derivative of the particle velocity, that is, the particle acceleration , was first calculated. Taking advantage of the high spatial resolution of the LPIV-s measurements, the spatial-gradient tensor of the particle velocity field, , was computed using a finite-difference method. The convection-dominated acceleration term was then approximated as . This evaluation is performed point by point over the entire field, enabling the inertial effects in regions with strong velocity gradients, such as the wake shear layer, to be effectively captured. On this basis, given that the density of snowflakes is much greater than that of air, the added-mass force, Basset history force and pressure-gradient force can be neglected. The particle-motion governing equation is therefore simplified to a balance among inertia, gravity and aerodynamic drag:, where  is the effective gravitational acceleration after accounting for the buoyancy effect of the displaced air. By rearranging terms and defining , the above equation can be explicitly cast as an algebraic equation in terms of the relative-velocity magnitude, thereby permitting a direct analytical solution for the fluid velocity  without the need for computationally expensive iterative procedures. 
It should be emphasized that this correction method was designed primarily to compensate for systematic bias caused by gravitational settling and finite inertia of snowflake tracers. It is particularly suitable for the large-scale energy-containing structures and mean-flow topology considered in this study. For dissipative-scale or high-frequency small-scale turbulence, the finite inertial response of snowflakes may still introduce a low-pass filtering effect. Therefore, the related conclusions should be interpreted within the spatial and temporal scales resolvable by the LPIV-s system.
6. Evaluation of BBO-based Velocity Correction
Using the inversion procedure described above, the raw particle velocity field was corrected point by point to obtain the corrected fluid-phase velocity field. The velocity fields before and after correction are compared in Supplementary Fig. 5c–h. First, the streamline patterns in the upstream inflow region, Region A, and in the outer free-stream region, Region D, provide a direct indication of the correction effect. In the uncorrected particle velocity field, the streamlines exhibit a pronounced downward inclination across the field, primarily due to the gravitational settling of snowflake particles. After applying the inversion-based correction, the streamlines in the free-stream region recover an approximately horizontal orientation parallel to the ground. This demonstrates that the corrected velocity field successfully decouples the gravitational settling component from the fluid advection component and removes the systematic bias induced by gravity.


For the reconstruction of instantaneous and time-averaged flow structures, the corrected instantaneous velocity field, shown in Supplementary Fig. 5d, no longer appears as a set of overly smooth streamlines. Instead, it exhibits strongly curved and distorted streamline patterns, clearly revealing the multiscale turbulent structures generated by the interaction between the high-Reynolds-number atmospheric-boundary-layer inflow and the cube, as well as the instability of the separated shear layer. Meanwhile, the corrected time-averaged velocity field, shown in Supplementary Fig. 5f, reproduces the canonical topology of bluff-body flow. The streamline pattern is highly consistent with direct numerical simulation results: the flow separates at the windward leading edge of the cube, subsequently bends and tends to reattach over the top region, Region B, and forms a low-speed recirculation zone behind the cube, Region C, with a characteristic size comparable to the cube height. Although slight differences remain in the exact location of the top vortex core compared with idealized DNS results, these discrepancies are mainly attributable to the natural fluctuations of inflow turbulence intensity in the field experiment and to Reynolds-number effects, as the present experiment reached , which is much higher than the typical DNS range of .


To further quantify the correction mechanism in different flow regions, Supplementary Fig. 5g,h show the spatial distributions of the correction-induced changes in the streamwise and wall-normal velocity components, respectively, defined as  and . The wall-normal correction field in Supplementary Fig. 5h shows a spatially extensive and relatively uniform positive velocity compensation in the free-stream regions, such as Regions A and D, with a magnitude of approximately 0.6 m/s. This value agrees well with the measured terminal settling velocity of snowflakes, indicating that the correction method effectively removes the systematic wall-normal velocity bias caused by gravitational settling.
In contrast, the streamwise correction field in Supplementary Fig. 5g exhibits strong spatial non-uniformity. The largest correction magnitudes are concentrated near the leading-edge separation region of the cube and in the wake core, where strong shear and large velocity gradients are present. This indicates that, in these high-gradient regions, rapid variations in fluid convective acceleration induce non-negligible inertial slip of the snowflake particles. By accounting for the particle acceleration derived from the spatial velocity gradients, the correction algorithm successfully compensates for the streamwise velocity lag caused by particle inertia.
Overall, the BBO-corrected velocity field exhibits more physically consistent characteristics in terms of mean-flow topology, free-stream direction and the major wake structures. The corrected results therefore provide a reliable basis for the subsequent analysis of large-scale coherent structures, shear-layer evolution and wake dynamics in the full-scale cube flow.
Supplementary Notes
1. Snowflake Traceability and Visibility
Traceability








[bookmark: _Hlk220932812]The traceability of snowflake particles is the core metric for evaluating the measurement accuracy of the LPIV-s system. Natural snowfall offers advantages such as broad spatial coverage, a stable supply of tracer particles and strong optical scattering, making it well suited for large-scale field LPIV measurements. While natural snowfall offers advantages such as wide distribution, high uniformity, and excellent optical properties suitable for LPIV, the density of snowflakes exceeds that of air; therefore, their flow-following ability is evaluated using the Stokes number (). The Stokes number is defined as, where  is the particle relaxation time,  and  is the characteristic time scale of the flow. Since this study involves large-scale experiments in natural incoming flow, the Kolmogorov time scale within the atmospheric near-surface boundary layer is selected to characterize the flow time scale:, where  is the kinematic viscosity of the fluid and ε is the turbulent kinetic energy dissipation rate.








Based on in situ microscopic observation and sampling of fresh snowflakes, the mean effective diameter of the snowflakes in this experiment was approximately 0.4 mm. According to measurement and weighing experiments on snowflakes with similar morphology by Li et al.10, the effective density is approximately . During the experiment, the measured mean settling velocity of snowflakes was approximately . Using the thermophysical properties of air at the experimental temperature of approximately -20℃, the air density was taken as  and the dynamic viscosity as .Based on the above particle diameter, density and air-property parameters, the dynamic response time of the snowflake particles was recalculated, yielding a particle relaxation time of approximately . In the atmospheric near-surface boundary layer, the Kolmogorov time scale estimated from measured turbulence parameters is . The resulting Stokes number is . Although this value is slightly higher than the ideal tracer threshold ()11, indicating some attenuation in the response of snowflakes to extremely small-scale dissipative eddies, it remains within an acceptable range. Based on the principle of critical traceability, combined with the BBO particle motion equation to correct and reconstruct the measured particle velocity field, large-scale flow field measurements can be achieved.







Furthermore, we evaluated the minimum eddy scale resolvable by the LPIV-s system itself. The final interrogation window in this experiment corresponds to a physical scale of . Taking the maximum fluctuating velocity , the minimum flow time scale resolvable by the system is  . The corresponding Stokes number is . This indicates that the snowflake particles act as a low-pass filter. Despite a certain degree of attenuation in response to high-frequency micro-scales, for the large-scale coherent structures (scale ) that are the core focus of this study, the effective  number drops rapidly to the order of . Therefore, snowflakes are capable of following and recording the primary dynamic characteristics of the flow around the cube with high fidelity, satisfying the requirements for turbulence measurements of bluff body wake structures within the atmospheric boundary layer.
Visibility
In PIV flow field measurement, the light-scattering ability of tracer particles is a critical factor in obtaining high signal-to-noise ratio (SNR) images. The ability of the LPIV-s system to acquire large-FOV, high-SNR images at long distances is largely attributed to the superior optical scattering performance of snowflakes.













Snowflake particle scattering falls within the geometric scattering regime; however, due to their complex and diverse crystal structures, exact solutions for their scattering characteristics cannot be obtained via theoretical calculation. This study indirectly evaluated the scattering quality of snowflakes by comparing their scattering characteristics with traditional tracer particles from the perspective of camera imaging. For the same image acquisition system, Adrian et al. 12 proposed a formula for calculating the scattered light energy collected by a camera: , where  is the incident light intensity,  is the aperture area,  is the object distance, s is the scattering index and  is the wavelength. For small particles (1–10 ) under fixed wavelength illumination, the collected energy is typically proportional to the cube of the particle diameter (). However, as the particle size increases into the geometric scattering regime (Mie parameter ), the collected energy transitions to being proportional to the square of the diameter ()12.Assuming a standard experimental setup using a  laser source, we compared a typical laboratory tracer (an olive oil droplet,) with the natural tracer used in this study (a snowflake,). The calculation results indicate that the scattering intensity of a single snowflake particle is approximately 3000 times that of an olive oil droplet, demonstrating an optical response far superior to traditional tracers. Furthermore, the polycrystalline ice crystal structure of snowflakes yields exceptionally high side-scattering efficiency. At a  observation angle, the complex internal reflection and refraction effects within the ice crystals significantly enhance the apparent brightness. This optical advantage allows the LPIV-s system to clearly extract particle signals from strong background noise even under relatively low laser power densities, thereby ensuring the feasibility of high-precision measurements in large-scale field environments. 
2. Experimental Uncertainty Analysis

In this study, the comprehensive uncertainty of the LPIV-s measurement system was systematically quantified in accordance with the PIV uncertainty analysis guidelines of the Visualization Society of Japan and the European communities, as well as the error assessment standards for PIV systems by Raffel et al. 13 14 . The total measurement uncertainty  is derived from the synthesis of systematic errors and random errors using the Root-Sum-Square (RSS) method.
Systematic errors primarily stem from imaging calibration, geometric deviations in the experimental setup, and inherent biases in the physical model correction process. The statistical parameters regarding the error sources for the full-scale flow around the cube are presented in Supplementary Table 1.


Calibration and Imaging Errors (): In the large-scale field of view (FOV), imaging calibration error is determined by the measurement accuracy of the physical reference, lens distortion, and camera installation angle deviation. According to the error propagation formula, the relative uncertainty of the velocity calibration factor  (unit: mm/pixel) is expressed as:






where the physical calibration error () is determined based on the standard cube edge length of  as the reference, following the standard tape measure error formula , .



Distortion and Reading Errors (): Using a  high-quality fixed-focus lens, the residual distortion and pixel reading error are conservatively estimated to sum to .


Optical Axis Perpendicularity Error (): Despite using a high-precision level, an installation angle uncertainty of  remains. 



The combined calculated absolute error of the calibration factor is . Corresponding to a typical flow velocity of , the velocity error component introduced by calibration is approximately .







Flow Misalignment and Projection Errors (): PIV measurements represent the 2D projection of 3D velocity vectors onto the light sheet plane. Although the laser sheet was aligned with the mean prevailing wind direction during the experiment, the natural wind direction exhibited instantaneous fluctuations of . The resulting systematic bias in velocity magnitude is estimated as . For the maximum deviation angle , this projection error is approximately . For a reference flow velocity of , the bias introduced by this term is . This error term is included in the total error as a conservative systematic bias.



Dynamics Model Correction Error (): This term reflects the model deviation of the simplified BBO equation when inverting for fluid velocity. Validated against synchronous data from the Sonic Anemometer within the observation window , the Mean Absolute Deviation (MAD) between the BBO-corrected LPIV-s velocity and the anemometer measurement is .



Timing Interval Error (): The exposure time interval error, determined by the precision of the synchronous controller, is approximately , resulting in a velocity error of only , which is negligible in magnitude.
Random errors are primarily limited by particle image quality, tracer distribution uniformity, and the sub-pixel resolution capability of the cross-correlation algorithm.





Cross-correlation Algorithm Error ():Referencing assessments by Keane & Adrian12 and Hong et al.2 for similar large-scale PIV, for an interrogation window of  pixels and the current particle concentration, the displacement detection uncertainty of the cross-correlation algorithm is approximately . In this study, a conservative value of  is adopted. The resulting random error in velocity measurement is: .




Out-of-plane Displacement Effect (): According to Khan et al., the maximum spanwise velocity in the wake region is approximately 15% of the incoming flow. The light sheet thickness of this system is designed to be ; thus, the maximum out-of-plane displacement within the exposure interval is only  of the light sheet thickness, far below the threshold of . Therefore, the loss of correlation peak intensity caused by out-of-plane motion is negligible and is not counted as an additional error component.

Assuming each error component is independent, the total combined standard uncertainty  is calculated as follows:



Substituting typical values (reference flow velocity ):


The resulting relative expanded uncertainty is approximately 6.6%. Considering the complexity of the uncontrolled field environment, this error level demonstrates that the LPIV-s method and the corresponding correction workflow in this study possess high accuracy and reliability.


Supplementary Tables
[bookmark: _Ref194794962]Table 1 LPIV Experiment Parameters
	Parameters
	Value
	Parameters
	Value

	Calibration
	Particle information

	Calibration length Lr
	2000 mm
	Particle type
	Snowflake

	Calibration pixelslr
	583.06 pixels
	Particle diameter dp
	0.4 mm

	Magnification factor α
	3.430 mm/pixel
	Particle density ρ
	0.05-0.15 g/cm3

	Camera
	Laser infomation

	Shooting resolution
	3840×2160
	Laser wavelength
	520 nm

	Shooting frequency
	120 Hz
	Light curtain thickness
	200 mm

	Shooting distance
	24000 mm
	Energy instability
	≤ 3%

	Focal length
	50 mm
	Reference Wind Speed U0

	Camera tilt angle θ
	0°
	Downwind Velocity
	2.0 m/s


[bookmark: _Hlk195015923]




Table 2 LPIV Experiment Valid Data Acquisition Period
	Dataset
	Start Time
	End Time
	Data Length

	#1
	20:55:39
	20:56:41
	1:02

	#2
	20:56:56
	20:57:14
	0:20

	#3
	21:03:51
	21:13:42
	9:51

	#4
	21:13:54
	21:25:57
	12:03

	#5
	22:45:01
	22:48:40
	3:39

	#6
	22:50:49
	22:53:12
	2:23

	#7
	22:53:17
	22:55:51
	2:34

	#8
	23:03:21
	23:06:49
	3:28

	#9
	23:10:31
	23:12:34
	2:03

	#10
	23:17:10
	23:19:28
	2:18

	#11
	23:22:23
	23:24:30
	2:07










[bookmark: _Hlk220676155]Table 3 LPIV Experimental Error Statistics
	Sources of Error
	Uncertainty Source
	Symbol
	Magnitude / Description
	Velocity error（m/s）

	Systematic Errors (Bias)
	Calibration & Imaging
	

	0.7 mm
	


	
	Flow Misalignment
	

	

	


	
	Dynamics Model (BBO)
	

	Validated vs. Sonic Anemometer
	


	
	Timing Accuracy
	

	

	


	Random Errors
	PIV Cross-Correlation
	
 
	~0.2 pixel
	


	
	Out-of-plane Motion
	
 
	

	Negligible

	Total Combined Uncertainty
	
	

	
	

m/s ()



Supplementary Videos
Video 1：Experimental Video of Particle Motion Around a Cube.
Video 2：Dynamic flow field video with superimposed velocity vectors (demonstrating wake oscillation and vortex shedding).
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