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Abstract

:

The Atmospheric Dynamics Mission ADM-Aeolus was successfully launched in August 2018 by the European Space Agency (ESA). The Aeolus mission carried a single instrument, the first-ever Doppler wind lidar (DWL) in space, called Atmospheric LAser Doppler INstrument (ALADIN). Aeolus circled the Earth, providing vertical profiles of horizontal line-of-sight (HLOS) winds on a global scale. The Aeolus satellite’s measurements filled critical gaps in existing wind observations, particularly in remote regions such as the Brazilian Amazon. This area, characterized by dense rainforests and rich biodiversity, is essential for global climate dynamics. The weather patterns of the Amazon are influenced by atmospheric circulation driven by Hadley cells and the Intertropical Convergence Zone (ITCZ), which are crucial for the distribution of moisture and heat from the equator to the subtropics. The data provided by Aeolus can significantly enhance our understanding of these complex atmospheric processes. In this long-term validation study, we used radiosonde data collected from three stations in the Brazilian Amazon (Cruzeiro do Sul, Porto Velho, and Rio Branco) as a reference to assess the accuracy of the Level 2B (L2B) Rayleigh-clear and Mie-cloudy wind products. Statistical validation was conducted by comparing Aeolus L2B wind products and radiosonde data covering the period from October 2018 to March 2023 for Cruzeiro do Sul and Porto Velho, and from October 2018 to December 2022 for Rio Branco. Considering all available collocated winds, including all stations, a Pearson’s coefficient   ( r )   of 0.73 was observed in Rayleigh-clear and 0.85 in Mie-cloudy wind products, revealing a strong correlation between Aeolus and radiosonde winds, suggesting that Aeolus wind products are reliable for capturing wind profiles in the studied region. The observed biases were −0.14 m/s for Rayleigh-clear and −0.40 m/s for Mie-cloudy, fulfilling the mission requirement of having absolute biases below 0.7 m/s. However, when analyzed annually, in 2022, the bias for Rayleigh-clear was −0.95 m/s, which did not meet the mission requirements.
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1. Introduction


Numerical weather prediction (NWP) relies on highly complex physical models to describe the dynamics of the atmosphere from an initial state. For the execution of these models and success in terms of forecast quality, a robust computational infrastructure and datasets utilizing the most recent observations of the initial state of the atmosphere are of utmost importance [1]. The increase in the number of global wind profile observations holds significant potential to enhance numerical weather prediction (NWP) [2,3,4,5,6], resulting in more precise forecasts and mitigating the impacts of adverse weather phenomena.



Since 1998, the World Meteorological Organization (WMO) has considered the vertical wind profile measurement on a global scale as a high-priority factor for improving NWP [7]. In 1999, recognizing the inadequacy of the Global Observing System (GOS) in providing satisfactory observations of wind profiles over oceans, regions with sparse populations, and hard-to-reach areas, particularly in the Southern Hemisphere [3,8], the European Space Agency (ESA) approved the Atmospheric Dynamics Mission project. Approximately two decades later, the Aeolus satellite was launched on 22 August 2018, with an estimated lifetime of three years.



ALADIN, carried by Aeolus, operated in a sun-synchronous orbit at an altitude of 320 km and an inclination of 97 degrees. Traveling at approximately 7.7 km/s, it completed 1 orbit every 90 minutes, resulting in approximately 16 orbits per day and a global scan every 7 days, totaling 111 orbits. ALADIN, a direct detection Doppler wind lidar, operated at an ultraviolet (UV) wavelength of 355 nm at a repetition frequency of 50 Hz, emitting pulses along its line of sight (LOS) at an angle of 35° to the nadir direction [2,9,10]. It provided wind measurements from the ground up to an altitude of 25–30 km and a vertical resolution of 0.25 km to 2 km. At the end of April 2023, Aeolus initiated the assisted reentry process, and on 28 July 2023, it safely burned up upon re-entering the Earth’s atmosphere over Antarctica. The Aeolus mission contributed significantly by providing global wind profiles [11,12,13], filling critical gaps in existing global wind observation systems.



Calibration and validation (Cal/Val) activities for Aeolus Level 2B (L2B) wind products, utilizing airborne Doppler wind lidars, radiosondes, ground-based instruments, and numerical weather prediction (NWP) models, are well documented in research studies [14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29].



This paper presents the validation of Aeolus L2B winds using collocated radiosonde data from stations in the Brazilian Amazon, a region characterized by dense rainforests and rich biodiversity. The interplay between the Hadley cells, Intertropical Convergence Zone (ITCZ), and trade winds creates a dynamic and complex climate system vital for the Amazon rainforest [30]. The ITCZ is a low-pressure area characterized by intense precipitation near the equator, where the trade winds from the Northern and Southern Hemispheres converge. This convergence leads to the uplift of warm, moist air, which cools and precipitates, contributing significantly to the Amazon’s high rainfall. Hadley cells, which are large-scale atmospheric circulations, transport this moist air poleward at high altitudes. As the air cools, it sinks into subtropical regions as dry air, completing the circulation cycle and influencing global weather patterns.



Trade winds are pivotal in this dynamic system as they transport moisture from the Atlantic Ocean to the Amazon. These winds, blowing consistently from east to west, bring essential humidity that sustains the rainforest’s lush and diverse ecosystem. This humid equatorial climate supports a wide variety of flora and fauna, contributing to the Amazon’s status as one of the most biodiverse regions on Earth. Therefore, understanding these atmospheric processes is vital for grasping the climatic and ecological dynamics that sustain the Brazilian Amazon. The validation of Aeolus L2B wind products enables their use in studying the atmospheric dynamics of this region, which has significant local and global climatic importance.



To achieve accurate validation, the collocation criteria between Aeolus and radiosonde winds included a maximum temporal difference of 2 h, a maximum horizontal distance of 100 km, and a maximum altitude difference of 300 m. Three stations in the Brazilian Amazon met these criteria—Cruzeiro do Sul (7.62° S, 72.67° W), Porto Velho (8.76° S, 63.91° W), and Rio Branco (10.00° S, 67.80° W)—and their locations are shown on the map in Figure 1. The correlation, biases, and random errors observed in the analyses demonstrate that ALADIN Doppler wind lidar technology effectively provided reliable wind measurements in the Brazilian Amazon, which lacks a sufficient number of wind observations.



This text is structured as follows. Section 2 describes the datasets and validation methods used. Section 3 presents the results of the validation process, with an emphasis on correlations, biases, and random errors between the Aeolus and radiosonde datasets. Section 4 presents the conclusions.




2. Dataset and Methods


This section describes the methodology for comparing the Aeolus L2B wind products, Rayleigh-clear and Mie-cloudy, with radiosonde wind measurements collected from three stations in the Brazilian Amazon, including the parameters analyzed for statistical validation. The validation covers the period from October 2018 to March 2023 for Cruzeiro do Sul and Porto Velho, and from October 2018 to December 2021 for Rio Branco.



2.1. Aeolus Data


Using a dual-channel optical receiver [9,31], ALADIN measured the wind velocity through molecular and particle (aerosol and cloud) backscatter. The Rayleigh channel received molecular backscatter, employing the double-edge technique [32], utilizing a sequential Fabry–Pérot interferometer. In contrast, the Mie channel focused on particle backscatter, relying on a fringe-imaging technique with Fizeau interferometers [33]. A single measurement, resulting from the accumulation of 20 laser pulses, corresponded to a horizontal resolution of approximately 2.9 km. One Rayleigh wind observation was obtained by averaging up to 30 individual measurements, resulting in a horizontal resolution of 87 km. For the Mie channel, the horizontal resolution decreased to approximately 10 km after 5 March 2019 [11,17]. The vertical resolution is defined by range bins within which HLOS wind measurements are accumulated. These bins vary in thickness from 0.25 km to 2 km, covering altitudes from the surface up to 25–30 km.



The atmospheric class is determined through a process known as “scene classification”, which categorizes conditions as “clear” or “cloudy”, based on atmospheric optical properties. Consequently, the Aeolus L2B processor provides four types of wind observations:




	
Mie-cloudy: Winds derived from the Mie channel, classified as cloudy, with non-zero particle backscatter.



	
Mie-clear: Winds derived from the Mie channel, mistakenly classified as clear despite the presence of particulates.



	
Rayleigh-cloudy: Winds derived from the Rayleigh channel, classified as cloudy.



	
Rayleigh-clear: Winds derived from the Rayleigh channel, classified as clear, with predominantly molecular backscatter.








A validity flag defines the quality control (QC) for the Aeolus L2B product. A valid wind measurement has the flag set to 1, while for invalid measurement, it has 0. In this study, only Rayleigh-clear and Mie-cloudy valid winds were considered.



The baselines of Aeolus products are related to the processor versions used to derive the products. In this study, the baselines used are



	
2B11 (from June 2019 to May 2021);



	
2B12 (from June 2021 to November 2021);



	
2B13 (from December 2021 to March 2022);



	
2B14 (from October 2018 to May 2019, and from April 2022 to August 2022);



	
2B15 (from September 2022 to March 2023).







2.2. Radiosonde Data


Radiosondes provide high accuracy and vertical resolution for wind speed   v  R S    and azimuth angle   φ  R S   . The uncertainty for radiosonde wind products estimated by the Global Climate Observing System Reference Upper-Air Network (GRUAN) is less than 1 m/s for wind speed   v  R S    and   1 ∘   for the wind direction [34]. In this context, radiosondes provide a solid reference wind dataset for validating Aeolus HLOS winds. Radiosonde data used in this work are available at http://weather.uwyo.edu/upperair/sounding.html (last access: 20 April 2023). The stations Cruzeiro do Sul (  7 .  62 ∘    S,   72 .  67 ∘    W), Porto Velho (  8 .  76 ∘    S,   63 .  91 ∘    W), and Rio Branco (  10 .  00 ∘    S,   67 .  80 ∘    W) are part of the Global Basic Observing Network (GBON) within the WMO Integrated Global Observing System (WIGOS).




2.3. Comparison of Datasets


For the comparison with radiosonde data, an Aeolus observation must meet the following collocation criteria:




	
Time: Aeolus and radiosonde wind measurements must have a maximum allowable temporal difference of 2 h;



	
Location: must have a maximum allowable horizontal distance of 100 km;



	
Height: must have a maximum allowable altitude difference of 300 m.








The time collocation criteria were extended, relative to those defined by the Working Group II in the 4th International Winds Workshop [35], to include the maximum number of stations. This extension was necessary since the radiosondes are launched at 12:00 UTC and as the Aeolus descending orbits passed over Cruzeiro do Sul on Tuesdays at 10:42 UTC, Porto Velho on Saturdays at 10:04 UTC, and Rio Branco on Sundays at 10:17 UTC. Ascending orbit overpasses were not considered for validation due to the lack of collocated radiosonde data.



Each pair of Aeolus-radiosonde winds that satisfies the collocation criteria is called a collocated pair.



For all collocated pairs, the radiosonde wind speed   (  v  R S   )   is projected onto Aeolus horizontal line of sight (HLOS). The radiosonde HLOS wind velocity   (  v  R  S −  H L O S   )   is obtained using [16,19,24]:


   v  R  S −  H L O S   =  v  R S   cos   φ  A e o l u s   −  φ  R S    ,  



(1)




where   φ  A e o l u s    is the Aeolus azimuth angle, which depends on geolocation and altitude.



To quantify the comparison’s result, the difference between Aeolus HLOS and the corresponding radiosonde HLOS wind is defined as


   v  H L O  S −  D i f  f  ( i )     =  v  A e o l u  s −  H L O  S  ( i )     −  v  R  S −  H L O  S  ( i )      



(2)




where   v  A e o l u  s −  H L O  S  ( i )      is Aeolus Rayleigh-clear or Mie-cloudy HLOS wind, and   v  R  S −  H L O S    is radiosonde HLOS (1).



For the validation process, we apply quality control criteria that balance the quality of the dataset and the number of observations passing the control. The applied criteria consider the estimated errors in Rayleigh-clear and Mie-cloudy winds. Figure 2a presents the difference between Aeolus HLOS and radiosonde HLOS (  v  H L O  S −  D i f  f  ( i )     ) versus Aeolus estimated errors for Rayleigh-clear winds. The difference remains constant until an estimated error of about 8 m/s, after which it gradually begins to increase. Figure 2b shows   v  H L O  S −  D i f  f  ( i )      versus Aeolus estimated errors for Mie-cloudy winds, remaining constant until an estimated error of about 4 m/s. Based on Figure 2 analyses and following [14], the estimated error thresholds adopted as quality controls were set to 8 m/s for Rayleigh-clear and 4 m/s for Mie-cloudy winds, represented by the red dashed vertical lines in Figure 2. Each collocated pair that satisfies the quality control criteria is called a collocated wind.



To illustrate the comparison process, Figure 3 presents HLOS wind velocity profiles for Aeolus Rayleigh-clear (blue), Aeolus Mie-cloudy (red), and radiosonde HLOS (black) (a) on 14 December 2021 in Cruzeiro do Sul, (b) on 6 July 2019 in Porto Velho, and (c) on 25 August 2019 in Rio Branco. Across all three locations, the overall agreement between the Aeolus Rayleigh-clear, Mie-cloudy, and radiosonde profiles is notable.



The bias and standard deviation (SD) are calculated, for a dataset with a sample of size N, using the following:


  b i a s =   1 N    ∑  i = 1  N   v  H L O  S −  D i f  f  ( i )      



(3)






  S D =     1  N − 1     ∑  i = 1  N     v  H L O  S −  D i f  f  ( i )     − b i a s  2     



(4)







Pearson’s correlation coefficient   ( r )   between Aeolus HLOS winds and radiosonde HLOS winds is calculated using the following:


  r =     ∑  i = 1  N    v  R  S −  H L O  S  ( i )     −   v ¯   R  S −  H L O S      v  A e o l u  s −  H L O  S  ( i )     −   v ¯   A e o l u  s −  H L O S        ∑  i = 1  N     v  R  S −  H L O  S  ( i )     −   v ¯   R  S −  H L O S    2   ∑  i = 1  N     v  A e o l u  s −  H L O  S  ( i )     −   v ¯   A e o l u  s −  H L O S    2       



(5)







Pearson’s correlation assesses the relationship between Aeolus and radiosonde wind data. A strong correlation indicates that the Aeolus wind measurements are in good agreement with the reference data, suggesting high accuracy and reliability. Conversely, a weak correlation implies significant discrepancies between the datasets, potentially highlighting issues in the Aeolus measurements.





3. Results and Discussion


The initial analysis comprehensively uses all available data from three selected stations in the Brazilian Amazon (Cruzeiro do Sul, Porto Velho, and Rio Branco) from October 2018 to March 2023. By incorporating data from all overpasses, this analysis captures a wide range of wind conditions, providing a robust foundation for assessing the Aeolus’ performance and behavior over this period.



3.1. Overall Intercomparison


Figure 4 shows the time series of monthly bias, considering an all-analyzed period for Aeolus Rayleigh-clear (blue squares) and Mie-cloudy (red triangles), including data from all three stations. The time series data are derived from monthly mean values, which balance temporal sequence and sample size, thereby improving statistical robustness. The bias generally remains within an absolute value of 2 m/s, except for Rayleigh-clear in October 2020 and October 2022, where there is a significant overestimation. Additionally, for Mie-cloudy, there is a notable instance in September 2022 where there is considerable underestimation. Some discrepancies are also observed in April 2019, February 2021, and September 2021, with overestimation for Rayleigh-clear and underestimation for Mie-cloudy during these periods. The error bars for Rayleigh-clear are larger in some periods, pointing to higher uncertainty. In contrast, the Mie-cloudy winds have smaller error bars, indicating lower variability and higher confidence in these measurements.



Figure 5 presents a vertical analysis of the bias and standard deviation for Rayleigh-clear (blue) and Mie-cloudy (red) wind, including all available collocated winds. The bias plot (Figure 5a) shows that Rayleigh-clear and Mie-cloudy observations below 10 km underestimate wind speeds, with more pronounced underestimations around 5 km and slight overestimations between 15 km and 20 km. The standard deviation plot (Figure 5b) indicates that Rayleigh-clear observations have greater variability than Mie-cloudy for all altitudes.



Figure 6 presents scatter plots of Aeolus HLOS versus radiosonde HLOS winds for (a) Rayleigh-clear and (c) Mie-cloudy winds for all collocated observations, including all years and all stations. Figure 6b,d show the distribution of   v  H L O  S −  D i f  f  ( i )      for Rayleigh-clear and Mie-cloudy winds, respectively. The analyzed winds, 10,837 (6717) for Rayleigh-clear (Mie-cloudy), resulted in a correlation of 0.73 (0.85) and bias of −0.17 m/s (−0.40 m/s). These strong correlations, particularly notable in the Mie-cloudy observations, suggest that Aeolus was capable of accurately capturing winds that were highly consistent with those obtained from radiosondes. Moreover, the negative bias values indicate a slight underestimation of wind speeds by Aeolus.



Figure 7 presents scatter plots of Aeolus HLOS versus radiosonde HLOS winds for (a–d) Rayleigh-clear and (e–f) Mie-cloudy winds, including all stations over the years 2019 to 2023. In 2019, the analysis of 2600 Rayleigh-clear and 1699 Mie-cloudy observations produced a correlation of 0.75 (0.83), bias of 0.06 m/s (−0.28 m/s), and a random error of 6.23 m/s (3.91 m/s). These strong correlations, particularly for Mie-cloudy observations, reflect excellent consistency with the reference winds, indicating Aeolus’s capability to provide reliable and accurate wind measurements. The Rayleigh-clear bias was minimal at 0.06 m/s, suggesting that Aeolus measurements closely matched the reference winds. For Mie-cloudy winds, the bias in this case was −0.28 m/s, indicating a slight underestimation of wind speeds by Aeolus. In 2020, the analysis of 3058 Rayleigh-clear and 1862 Mie-cloudy observations produced a correlation of 0.71 (0.85), bias of 0.18 m/s (−0.25 m/s), and a random error of 7.41 m/s (4.38 m/s). The strong correlation persists, underlining the reliability and accuracy of Aeolus’s wind measurements. The bias for Rayleigh-clear observations suggests a slight overestimation, while the bias for Mie-cloudy observations indicates a slight underestimation. For 2021, the analysis of 2202 Rayleigh-clear and 1116 Mie-cloudy observations yielded a correlation of 0.70 (0.88), bias of −0.22 m/s (−0.41 m/s), and a random error of 8.29 m/s (4.27 m/s). The correlation again confirms the reliability and accuracy of Aeolus’s wind measurements. The bias for both types of observations suggests an underestimation. In 2022, the analysis of 2046 Rayleigh-clear and 944 Mie-cloudy observations resulted in a correlation of 0.76 (0.90), bias of −0.95 m/s (−0.70 m/s), and a random error of 7.02 m/s (3.48 m/s). This year shows the highest correlation for Mie-cloudy observations, indicating exceptional consistency with the reference winds and demonstrating Aeolus’s strong capability in providing reliable wind measurements. However, the bias is slightly higher, suggesting a more significant underestimation of wind speeds, with Rayleigh-clear observations not meeting the mission requirements. The correlations for Rayleigh-clear observations remained relatively stable over the years, ranging from 0.70 to 0.76. This consistency, combined with the high correlations in Mie-cloudy results, indicates robust performance, suggesting that Aeolus wind products were reliable for capturing wind profiles in the studied region across different years. Table 1 summarizes the statistical results.




3.2. Cruzeiro do Sul


Figure 8 shows the time series of monthly bias at Cruzeiro do Sul from October 2018 to March 2023 for Aeolus Rayleigh-clear (blue squares) and Mie-cloudy (red triangles). The bias for Rayleigh-clear observations fluctuates around the zero line, showing general alignment with the reference winds. However, there are periods with significant deviations, suggesting instances of overestimation or underestimation of wind speeds. The Mie-cloudy bias values also fluctuate around the zero line but are smaller in magnitude throughout the study period. The smaller error bars suggest that Mie-cloudy observations have lower variability and higher confidence in their measurements compared to Rayleigh-clear observations.



Figure 9 presents scatter plots of Aeolus HLOS versus radiosonde HLOS winds at Cruzeiro do Sul for (a–d) Rayleigh-clear and (e–f) Mie-cloudy winds, from 2019 to 2023. In 2019, the analysis of 302 Rayleigh-clear and 165 Mie-cloudy observations produced a correlation of 0.75 (0.82), bias of −0.10 m/s (−0.05 m/s), and a random error of 6.28 m/s (3.21 m/s). This high level of correlation indicates that Aeolus provided reliable wind measurements that closely matched the reference data. Moreover, the biases in Rayleigh-clear and Mie-cloudy observations indicate only minor underestimations in the measured winds, highlighting the effectiveness of Aeolus in capturing accurate and consistent wind profiles. In 2020, the analysis of 202 Rayleigh-clear and 102 Mie-cloudy observations produced a correlation of 0.75 (0.72), bias of 0.45 m/s (0.93 m/s), and a random error of 6.60 m/s (4.23 m/s). The correlation decreases in Mie-cloudy observations, and bias values considerably increase compared to the previous year. These correlations indicate that Aeolus maintained a reliable performance in capturing wind measurements. However, the bias values suggest a considerable underestimation in Mie-cloudy observations and overestimation in Rayleigh-clear observations. In 2021, the analysis of 725 Rayleigh-clear and 244 Mie-cloudy observations produced a correlation of 0.67 (0.77), bias of −0.10 m/s (−0.10 m/s), and a random error of 8.47 m/s (4.38 m/s). The first correlation above 0.70 was observed for Rayleigh-clear; in contrast, bias values remained low. Despite the decrease, these correlations still indicate a reasonably reliable performance in capturing wind measurements. The bias values highlight a slight underestimation of wind speeds in Rayleigh-clear and Mie-cloudy observations. In 2022, the analysis of 1384 Rayleigh-clear and 545 Mie-cloudy observations resulted in a correlation of 0.76 (0.90), bias of −1.06 m/s (−0.80 m/s), and a random error of 7.01 m/s (3.37 m/s). Despite the correlation values being the best compared to previous years, the bias for both products did not meet the mission requirements of absolute values below 0.7 m/s. These high correlation values indicate that Aeolus continued to provide reliable wind measurements closely aligned with the reference wind. However, the bias values revealed notable underestimations in Rayleigh-clear and Mie-cloudy winds measurements. Table 2 summarizes the statistical results.




3.3. Porto Velho


Figure 10 shows the time series of monthly bias at Porto Velho from October 2018 to March 2023 for Aeolus Rayleigh-clear (blue squares) and Mie-cloudy (red triangles). The bias for Rayleigh-clear and Mie-cloudy observations fluctuates around the zero line, indicating periods of overestimation and underestimation of wind speeds from Aeolus. These fluctuations are accompanied by varying sizes of error bars; some larger error bars in Rayleigh-clear during certain periods indicate higher uncertainty and less reliable data, while smaller error bars present in Mie-cloudy suggest more consistent and reliable measurements. This pattern suggests that Mie-cloudy observations tend to provide more stable and reliable wind measurements compared to Rayleigh-clear winds, which show greater variability and associated uncertainty in the wind measurements over time.



Figure 11 presents scatter plots of Aeolus HLOS wind versus radiosonde HLOS wind for Porto Velho from 2019 to 2022 for Rayleigh-clear (a–d) and Mie-cloudy (e–h) winds. In 2019, the analysis of 1333 Rayleigh-clear and 959 Mie-cloudy observations yielded a correlation of 0.74 (0.84), a bias of 0.28 m/s (−0.20 m/s), and a random error of 6.35 m/s (4.08 m/s). These high correlation values indicate that Aeolus provided reliable and consistent wind measurements. For Rayleigh-clear observations, the bias suggests a slight overestimation of wind speeds by Aeolus. In contrast, the bias for Mie-cloudy observations indicates an underestimation. In 2020, the analysis of 1432 Rayleigh-clear and 956 Mie-cloudy observations resulted in a correlation of 0.70 (0.79), a bias of 0.12 m/s (−0.35 m/s), and a random error of 7.50 m/s (4.31 m/s), suggesting a moderate correlation and slightly higher bias compared to the previous year. These results indicate that Aeolus maintained reliable performance in capturing wind measurements. For Rayleigh-clear observations, the bias suggests a small overestimation of wind speeds; for Mie-cloudy, the bias indicates an underestimation. In 2021, the analysis of 984 Rayleigh-clear and 587 Mie-cloudy observations resulted a correlation of 0.70 (0.90), a bias of −0.23 m/s (−0.30 m/s), and a random error of 8.40 m/s (4.08 m/s), indicating a maintained correlation level with slight fluctuations in bias. The correlation reflects Aeolus’ ability to provide reliable wind profiles, while the biases indicate that Aeolus underestimates the observed wind speed for both Rayleigh-clear and Mie-cloudy regimes. In 2022, the analysis of 659 Rayleigh-clear and 398 Mie-cloudy observations yielded a correlation of 0.76 (0.90), a bias of −0.74 m/s (−0.57 m/s), and a random error of 7.03 m/s (3.64 m/s). These strong correlations with the reference winds indicate that Aeolus continued to provide reliable and accurate wind measurements. However, the bias again indicates that Aeolus underestimates the wind for both Rayleigh-clear and Mie-cloudy regimes. Table 3 summarizes the statistical results.




3.4. Rio Branco


Figure 12 shows the time series of monthly bias at Rio Branco from October 2018 to December 2021 for Aeolus Rayleigh-clear (blue squares) and Mie-cloudy (red triangles) winds. The bias for Rayleigh-clear and Mie-cloudy observations fluctuates around the zero line, indicating periods of overestimation and underestimation of wind speeds compared to the reference winds. For Rayleigh-clear observations, the bias exhibits significant variability, with larger error bars in certain months, pointing to less reliable data. In contrast, the Mie-cloudy observations show generally smaller error bars, indicating lower variability and higher confidence in the measurements. Mie-cloudy observations tend to provide more stable and reliable bias estimates compared to the more variable and uncertain Rayleigh-clear observations.



Figure 13 presents scatter plots of Aeolus HLOS wind versus radiosonde HLOS wind at Rio Branco from 2019 to 2021 for Rayleigh-clear (a–c) and Mie-cloudy (d–f) winds. In 2019, the analysis of 965 Rayleigh-clear and 575 Mie-cloudy observations produced the following results: correlation 0.74 (0.80), bias −0.19 m/s (−0.50 m/s), and random error 6.05 m/s (3.81 m/s). These results suggested a reasonably strong correlation despite variations in bias, indicating that Aeolus provided reliable but slightly underestimated winds for both regimes in Rayleigh-clear and Mie-cloudy winds. In 2020, the examination of 1424 Rayleigh-clear and 804 Mie-cloudy observations produced the following findings: correlation 0.71 (0.89), a bias of 0.20 m/s (−0.29 m/s), and random error 7.42 m/s (4.46 m/s). These high correlation values indicate that Aeolus maintained reliable in providing consistent wind profiles. The bias for Mie-cloudy observations indicates an underestimation; for Rayleigh-clear observations, the bias reveals an overestimation. In 2021, the analysis of 493 Rayleigh-clear and 285 Mie-cloudy observations unveiled a correlation of 0.74 (0.88), bias of −0.36 m/s (−0.90 m/s), and random error 7.79 m/s (4.54 m/s), suggesting a consistent correlation with significant variations in bias. These high correlation values suggest that Aeolus continued to provide reliable wind measurements. The increased underestimation highlighted by the bias values in Mie-cloudy observations and the moderate underestimation in Rayleigh-clear suggests the need for further bias calibration to enhance the accuracy. Table 4 summarizes these statistical results.





4. Conclusions


This study validated the Aeolus Level 2B (L2B) Rayleigh-clear and Mie-cloudy wind products using radiosonde data from three stations in the Brazilian Amazon. The high correlation coefficients of 0.73 for Rayleigh-clear winds and 0.85 for Mie-cloudy winds, between the Aeolus and radiosonde measurements, suggest that Aeolus wind products are reliable for capturing wind profiles in the studied region, which can improve numerical weather prediction (NWP) models.



Observed biases for all collocated winds, including all years and stations, were −0.14 m/s for Rayleigh-clear winds and −0.40 m/s for Mie-cloudy winds, which met the mission requirements to have absolute values of bias below 0.7 m/s. Although the overall biases met these requirements, certain stations and years showed biases exceeding them for Rayleigh-clear or Mie-cloudy products, in line with the results obtained in previous Aeolus validation studies [16,17,19,24]. It is important to note that validation studies rely on data availability and local conditions. The strong agreement among datasets from three different validation stations further supports the robustness of the results.



The monthly bias time series, both aggregated and per station, reveal numerous instances where the Rayleigh-clear and Mie-cloudy biases closely coincide despite there being minor inconsistencies. This alignment strongly indicates consistent performance across both regimes during these periods.



The Aeolus wind products demonstrated solid performance in this validation study conducted in the Brazilian Amazon. These results highlight the importance of the Aeolus mission in providing accurate wind observations, particularly over regions that play important roles in global atmospheric circulation.
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Figure 1. Map showing the locations of radiosonde stations in the Brazilian Amazon used for the validation of Aeolus L2B winds. The red circles represent regions with a 100 km radius. 
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Figure 2. Difference between Aeolus HLOS and corresponding radiosonde HLOS winds versus Aeolus estimated error for (a) Rayleigh-clear and (b) Mie-cloudy winds, considering all collocated pairs. The red dashed vertical lines are the threshold for estimated errors 8 m/s for Rayleigh-clear and 4 m/s for Mie-cloudy. 
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Figure 3. HLOS wind velocity profiles for Aeolus Mie-cloudy (red), Aeolus Rayleigh-clear (blue), and radiosonde (black) (a) on 14 December 2021 in Cruzeiro do Sul, (b) on 6 July 2019 in Porto Velho, and (c) on 25 August 2019 in Rio Branco. 
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Figure 4. Time series from October 2018 to March 2023 of bias observations in Aeolus Rayleigh-clear (blue squares) and Mie-cloudy (red triangles), considering all collocated wind. 
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Figure 5. Vertical analysis of Aeolus and radiosonde wind products for all collocated wind. (a) bias and (b) standard deviation, considering Rayleigh-clear (blue) and Mie-cloudy (red) winds. 
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Figure 6. Aeolus HLOS wind versus the radiosonde HLOS wind, for all available collocated winds, separated by (a) Rayleigh-clear and (c) Mie-cloudy winds. The   y = x   is represented by the red dashed line. Frequency distribution of difference between Aeolus HLOS and corresponding radiosonde HLOS winds for all available collocated winds are separated by (b) Rayleigh-clear and (d) Mie-cloudy winds. 
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Figure 7. Aeolus HLOS wind versus the radiosonde HLOS wind, for all available collocated winds over the years 2019, 2020, 2021, and 2022, separated by (a–d) Rayleigh-clear and (e–h) Mie-cloudy winds. The   y = x   is represented by the red dashed line. 
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Figure 8. Time series from October 2018 to March 2023 of bias observations in Aeolus Rayleigh-clear (blue squares) and Mie-cloudy (red triangles) winds at Cruzeiro do Sul. 






Figure 8. Time series from October 2018 to March 2023 of bias observations in Aeolus Rayleigh-clear (blue squares) and Mie-cloudy (red triangles) winds at Cruzeiro do Sul.



[image: Atmosphere 15 01026 g008]







[image: Atmosphere 15 01026 g009] 





Figure 9. Aeolus HLOS wind versus the radiosonde HLOS wind for Cruzeiro do Sul over the years 2019, 2020, 2021, and 2022, separated by (a–d) Rayleigh-clear and (e–h) Mie-cloudy winds. The   y = x   is represented by the red dashed line. 
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Figure 10. Time series from October 2018 to March 2023 of bias observations in Aeolus Rayleigh-clear (blue squares) and Mie-cloudy (red triangles) winds at Porto Velho. 
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Figure 11. Aeolus HLOS wind versus the radiosonde HLOS wind, for PORTO VELHO over the years 2019, 2020, 2021, and 2022, separated by (a–d) Rayleigh-clear and (e–h) Mie-cloudy winds. The   y = x   is represented by the red dashed line. 
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Figure 12. Time series from October 2018 to December 2021 of bias observations in Aeolus Rayleigh-clear (blue squares) and Mie-cloudy (red triangles) winds at Rio Branco. 
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Figure 13. Aeolus HLOS wind versus the radiosonde HLOS wind, for Rio Branco over the years 2019, 2020, and 2021, separated by (a–c) Rayleigh-clear and (d–f) Mie-cloudy winds. The   y = x   is represented by the red dashed line. 






Figure 13. Aeolus HLOS wind versus the radiosonde HLOS wind, for Rio Branco over the years 2019, 2020, and 2021, separated by (a–c) Rayleigh-clear and (d–f) Mie-cloudy winds. The   y = x   is represented by the red dashed line.



[image: Atmosphere 15 01026 g013]







 





Table 1. Statistical comparison between Aeolus HLOS winds and radiosonde HLOS winds. Aeolus Rayleigh-clear and Mie-cloudy observations across all stations from 2019 to 2022.
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Rayleigh-Clear

	
Mie-Cloudy






	

	
2019

	
2020

	
2021

	
2022

	
2019

	
2020

	
2021

	
2022




	
N

	
2600

	
3058

	
2202

	
2046

	
1699

	
1862

	
1116

	
944




	
r

	
0.75

	
0.71

	
0.70

	
0.76

	
0.83

	
0.85

	
0.88

	
0.90




	
bias (m/s)

	
0.06

	
0.18

	
−0.22

	
−0.95

	
−0.28

	
−0.25

	
−0.41

	
−0.70




	
SD (m/s)

	
6.23

	
7.41

	
8.29

	
7.02

	
3.91

	
4.38

	
4.27

	
3.48
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Rayleigh-Clear

	
Mie-Cloudy






	

	
2019

	
2020

	
2021

	
2022

	
2019

	
2020

	
2021

	
2022




	
N

	
302

	
202

	
725

	
1384

	
165

	
102

	
244

	
545




	
r

	
0.75

	
0.75

	
0.67

	
0.76

	
0.82

	
0.72

	
0.77

	
0.90




	
bias (m/s)

	
−0.10

	
0.45

	
−0.10

	
−1.06

	
0.05

	
0.93

	
−0.10

	
−0.80




	
SD (m/s)

	
6.28

	
6.60

	
8.47

	
7.01

	
3.21

	
4.23

	
4.38

	
3.37











 





Table 3. Statistical comparison between Aeolus HLOS winds and radiosonde HLOS winds. Aeolus Rayleigh-clear and Mie-cloudy observations from 2019 to 2022 at Porto Velho.
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Rayleigh-Clear

	
Mie-Cloudy






	

	
2019

	
2020

	
2021

	
2022

	
2019

	
2020

	
2021

	
2022




	
N

	
1333

	
1432

	
984

	
659

	
959

	
956

	
587

	
398




	
r

	
0.74

	
0.70

	
0.70

	
0.76

	
0.84

	
0.79

	
0.90

	
0.90




	
bias (m/s)

	
0.28

	
0.12

	
−0.23

	
−0.74

	
−0.20

	
−0.35

	
−0.30

	
−0.57




	
SD (m/s)

	
6.35

	
7.50

	
8.40

	
7.03

	
4.08

	
4.31

	
4.08

	
3.64











 





Table 4. Statistical comparison between Aeolus HLOS winds and radiosonde HLOS winds. Aeolus Rayleigh-clear and Mie-cloudy observations from 2019 to 2021 at Rio Branco.






Table 4. Statistical comparison between Aeolus HLOS winds and radiosonde HLOS winds. Aeolus Rayleigh-clear and Mie-cloudy observations from 2019 to 2021 at Rio Branco.





	

	
Rayleigh-Clear

	
Mie-Cloudy






	

	
2019

	
2020

	
2021

	
2019

	
2020

	
2021




	
N

	
965

	
1424

	
493

	
575

	
804

	
285




	
r

	
0.74

	
0.71

	
0.74

	
0.80

	
0.89

	
0.88




	
bias (m/s)

	
−0.19

	
0.20

	
−0.36

	
−0.50

	
−0.29

	
−0.90




	
SD (m/s)

	
6.05

	
7.42

	
7.79

	
3.81

	
4.46

	
4.54
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