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Abstract. The European Space Agency (ESA) Earth Explorer Atmospheric Dynamics Mission Aeolus 

is the first satellite mission providing wind profile information on a global scale, and its wind products 

have been released on 12 May 2020. Here we verify and intercompare the wind observations from 15 

ESA’s satellite mission Aeolus and the European Centre for Medium-Range Weather Forecasts 

(ECMWF) fifth generation atmospheric reanalyses (ERA5) with radiosonde (RS) observations over 

China, to allow a fitting application of Aeolus winds. Aeolus provides wind observations in aerosol-

free (referred to as Rayleigh-clear winds) and cloudy atmospheres (Mie-cloudy winds). In terms of 

Aeolus and RS winds, the correlation coefficient (R) and mean difference of Rayleigh-clear (Mie-20 

cloudy) vs RS winds are 0.94 (0.97) and 0.24±7.01 (0.18±4.42) m/s, respectively. The vertical 

profiles of wind speed differences between Aeolus and RS winds are similar to each other during 

ascending and descending orbits. The comparison of ECMWF winds relative to Aeolus winds provides 

the R and mean difference of Rayleigh-clear (Mie-cloudy) winds, which are 0.95 (0.97) and 

0.16±6.78 (0.21±3.91) m/s, respectively. The Rayleigh-clear and Mie-cloudy winds are very 25 

consistent with the ECMWF winds, likely due to the assimilation of Aeolus wind observations into the 

ECMWF analysis. Moreover, we find that among the results of comparing Aeolus with RS and 
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ECMWF winds, a small difference between Rayleigh-clear winds relative to RS winds is appeared  in 

the height range of 2−3 km during descending orbits. This result may be due to the high vertical 

velocity during the descending orbits. The mean differences between Rayleigh-clear (Mie-cloudy) 

winds and RS winds during the ascending and descending orbit phase are 0.07±0.69 (0.72±1.48) 

and 0.3±1.25 (0.1±1.32) m/s. These small deviations indicate that the performance of Aeolus wind 5 

products may be unaffected by the orbit phase or HLOS wind conditions. In addition, the R and mean 

difference between ERA5 and RS zonal wind components are 0.97 and 0.46±3.12 m/s, respectively. 

Overall, the Aeolus winds over China are similar to the RS and ECMWF winds. The findings give us 

sufficient confidence and information to apply Aeolus wind products in numerical weather prediction 

in China and in climate change research. 10 

1 Introduction 

Atmospheric three-dimensional wind fields play a key role for the prediction of extreme events (Pu et 

al., 2010; Guo et al., 2018; Stettner et al., 2019), a better understanding of air pollution dispersion (Liu 

et al., 2018; Yang et al., 2019; Shi et al., 2020; Su et al., 2020; Zhang et al., 2020) and complex aerosol-

cloud-precipitation interactions (Koren et al., 2005; Fan et al., 2009; Li et al., 2011; Guo et al., 2017; 15 

Liu et al., 2020a). Moreover, assimilating atmospheric wind observations into numerical weather 

prediction models is of great significance for better predicting surface wind speed and assessing the 

trend of wind energy changes (Benjamin et al., 2004; Constantinescu et al., 2009; Simonin et al., 2014). 

Therefore, continuous global wind profile observations are desperately needed for advancing our 

knowledge of atmospheric dynamics as well as for improving the accuracy of numerical weather 20 

prediction (Houchi et al., 2010; Albertema et al., 2019; Stoffelen et al., 2005; 2020).  

The European Space Agency (ESA) Earth Explorer Atmospheric Dynamics Mission Aeolus, launched 

on 22 August 2018, is the first satellite mission designed to acquire atmospheric wind profiles on a 

global scale by employing a Doppler Wind Lidar payload, called Atmospheric LAser Doppler 
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INstrument (ALADIN, Reitebuch, 2012; ESA, 2008; Stoffelen et al., 2005). The flight altitude and 

repeat cycle of the Aeolus satellite are about 320 km and 7days, respectively (Witschas et al., 2020). 

It provides measurements of the wind vector component along the instrument's line-of-sight from the 

ground up to 30 km altitude (Rennie et al., 2020). The Aeolus wind products have been released on 12 

May 2020 (https://earth.esa.int/eogateway/news/aeolus-data-now-publicly-available, last access: 13-5 

01-2021), the vertical resolution is 0.25 to 2 km, while the wind accuracy is approximately 2 to 4 m/s, 

depending on the altitude (Tan et al., 2017; Guo et al., 2020). The most unique products are Aeolus 

L2B wind products, which include the geo-located and consolidated horizontal line-of-sight (HLOS) 

wind observations with actual atmospheric correction and bias corrections applied. It provides 

scientific wind products for public users, which contain the Rayleigh-clear and Mie-cloudy winds (Tan 10 

et al., 2008). The Rayleigh-clear and Mie-cloudy winds refer to wind observations in an aerosol-free 

or a cloudy atmosphere, respectively (Witschas et al., 2020). The European Centre for Medium-Range 

Weather Forecasts (ECMWF) started to assimilate Aeolus data in their operational forecasts as of 

January 2020, using an internal bias correction based on their model winds 

(https://earth.esa.int/eogateway/news/aeolus-winds-now-in-daily-weather-forecasts, last access: 15-15 

01-2021).  

To date, the Aeolus team and related researchers across the world have carried out a series of 

verification and comparison work on the Aeolus wind products (Marksteiner et al., 2018; Rennie et al., 

2018; Kanitz et al., 2020). Rennie and Isaksen (2020) conducted the first validation of the Aeolus 

Level 2B product against the ECMWF numerical weather prediction model, which played a crucial 20 

role in the Aeolus characterization. At the same time, Witschas et al. (2020) carried out comprehensive 

validation of Aeolus measurements against airborne Doppler wind lidar observations. The mean biases 

of line-of-sight wind speeds for the airborne Doppler wind lidar and the Aeolus against the ECMWF 

model were −0.9 m/s and +1.6 m/s, respectively (Lux et al., 2020). Moreover, the Aeolus wind 

products have been compared with RS data above the Atlantic Ocean, from which the systematic and 25 
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statistical errors of the Rayleigh (Mie) winds were found less than 1.5 (1.0) and 3.3 (1.0) m/s, 

respectively (Baars et al., 2020).  Martin et al. (2020) compared the Aeolus winds with radiosonde (RS) 

observations and two numerical weather prediction model equivalents, confirming that the 

performance of Aeolus wind products can be easily affected by satellite flight direction, seasonal 

differences and geographic changes. In addition, Guo et al. (2020) evaluated the performance of 5 

Aeolus wind products over China by comparing with data from the ground-based radar wind profiler 

network of China. The above-mentioned verification exercises have deepened our understanding of 

the global Aeolus wind products and led to improvements in Aeolus products. However, since the 

radar wind profiler network of China is mainly distributed in eastern China, the performance of Aeolus 

wind products over central and western parts of China has not been specifically investigated. To fill 10 

this gap, it is worthwhile to further verify the performance of Aeolus wind products in China using the 

China’s RS observation network. This network comprises 120 RS sites homogeneously distributed 

across mainland China and provides atmospheric soundings of winds (Guo et al., 2016; 2019). The use 

of these data, together with ERA-5 reanalysis data, provides a unique opportunity to deepen our 

understanding of the performance of Aeolus wind products over all mainland China.   15 

To this end, a comparison is made of Aeolus, ERA5 and RS wind data over China. First, we analysed 

the correlations and differences between each of the three data sets, and then spatially investigated 

their wind component differences vertically and horizontally. The paper is organized as follows. First, 

the three types of wind data such as Aeolus, ERA5 and RS are briefly described (Section 2.1-2.3); the 

data matching principles are represented in detail in Section 2.4; and the statistical approach is 20 

addressed in Section 2.5. Section 3 presents a comprehensive comparison of Aeolus, ERA5 and RS 

wind observations. Finally, the main findings are summarized in Section 4. 
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2 Data and methods 

2.1 Aeolus wind data 

Aeolus is the first ever satellite designed to directly observe atmospheric wind profiles on a global 

scale (ESA, 2008; 2016). The ground tracks of Aeolus over China are shown in Fig. 1. The red and 

blue lines represent the ascending and descending ground tracks, respectively. After the Aeolus data 5 

is disclosed, there have been three data processor releases: baseline 12 (26 May 2021 – present), 

baseline 11 (8 Oct 2020 – 26 May 2021) and baseline 10 (20 Apr – 8 Oct 2020). In this study, the 

Aeolus Level 2B (L2B) wind products from 20 April 2020 to 30 September 2020 are collected for 

comparison. Therefore, the L2B processor release during this period should be the baseline 10. In 

addition, the generation of AUX_TEL files have changed from once to twice per day (based on the 10 

previous 24 hours of data) since August 10, 2020. This file is used to perform the telescope temperature 

bias correction. It should give only a small quality improvement for Aeolus wind products. Therefore, 

we think that there were no dramatic changes in the Aeolus winds from 20 April 2020 to 30 September 

2020. The L2B products contain the HLOS winds for the Rayleigh-clear winds and Mie-cloudy winds. 

The quality of the Aeolus wind data is indicated by validity flags (0=invalid and 1=valid) and estimated 15 

errors. The estimated error is the theoretical value calculated based on the signal intensity as well as 

the temperature and pressure sensitivity of the Rayleigh channel response (Dabas et al., 2008), which 

can be used as data filtering threshold (discussed in section 2.4). In addition, the orbit of Aeolus 

includes the ascending (HLOS points east) at 00:00 UTC and descending (HLOS points west) orbits 

at 12:00 UTC. More detailed descriptions of Aeolus wind products are provided in previous studies 20 

(Reitebuch et al., 2012; ESA, 2016; Rennie et al., 2018).  
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2.2 Radiosonde wind data 

The L-band RS is a new-generation sounding system that can provide fine-resolution profiles of 

atmospheric parameters (Guo et al., 2016). Its principle is to carry the radiosonde to high altitude 

through balloons to measure meteorological parameters such as temperature, pressure, humidity, wind 

direction and wind speed (Liu et al., 2019). Moreover, it also records the sampling time, altitude and 5 

geographic coordinates of each sampling point. The RS in China are launched twice per day at around 

0000 and 1200 UTC (Zhang et al., 2020). The spatial distribution of the RS stations used in this study 

is shown in Fig. 1, indicated by the yellow dots. The green line approximates 90 E, which is the 

approximate position of Aeolus at 12:00 and 0:00 UTC. Note that at the launch times, RS in eastern 

China are taken about 2.5 hours after the Aeolus overpass time. This is, if at all, eastern RS will mostly 10 

match with later Aeolus tracks slightly to the west of the RS station. In this study, the RS wind data 

over China from 20 April 2020 to 30 September 2020 were collected for comparison.  

2.3 ERA5 wind data 

The ECMWF produces global numerical weather predictions for Member and Co-operating States and 

reanalysis data for the broader community (Hoffmann et al., 2019; Belmonte et al., 2019). The fifth 15 

generation ECMWF atmospheric reanalysis system (ERA-5) provides hourly wind fields on a 0.25 x 

0.25-degree latitude/longitude grid (Hersbach et al., 2020). The zonal, u, and meridional, v, component 

of wind can be downloaded from https://cds.climate.copernicus.eu (last access: 13-01-2021), and the 

speed and direction of the horizontal wind can be calculated from the u and v component of wind (Liu 

et al., 2020b). The ERA5 data over China from 20 April 2020 to 30 September 2020 were downloaded 20 

for the comparison with RS data.  Note that the ERA5 data has a total of 28 layers in the height range 

of 0–20 km, which can be used to compare with L-band RS data. However, it is not appropriate to use 

the value of a certain layer to match the corresponding Aeolus bin value. Therefore, following the 
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study of Lux et al. (2020), the operational ECMWF wind data from the Aeolus Level 2C (L2C) wind 

product are obtained to compared with Aeolus winds.  

The Aeolus L2C wind product contains the wind fields from the ECMWF operational prediction model 

assisted by Aeolus. It provides the corresponding HLOS wind of the ECMWF wind vector for each 

Aeolus bin, which can be used to compare with the Aeolus HLOS winds. The L2C wind product adds 5 

two assimilation data modules on the basis of the L2B wind product: “L2C Mie Assimilation Product 

Confidence Data” and “L2C Rayleigh Assimilation Product Confidence Data”. These two data 

modules are generated by the ECMWF model that has assimilated the Aeolus observation data. It 

contains reference information such as the observation error, background error and data assimilation 

quality flags, among others. The observation operator and expectations of 4D-var data assimilation are 10 

described in TN file (ECMWF TN 864, 

https://www.ecmwf.int/file/288329/download?token=y9cKewWP).  Here, the analysed wind data 

from the L2C product has been utilized  to directly compare with L2B wind data. The Aeolus L2C 

wind product is first published on 9 July 2020. Therefore, the Aeolus L2C products from 9 July 2020 

to 30 September 2020 are also collected to provide the ECMWF HLOS winds.  15 

In addition, the difference between the ERA5 and ECMWF wind data is likely caused by the fact that 

the ERA5 dataset is entirely independent of the Aeolus winds 

(https://confluence.ecmwf.int/display/CKB/ERA5%3A+data+documentation#ERA5:datadocumentat

ion-Observations: last access: 15-01-2021), but the ECMWF winds are a compromise between 

assimilated Aeolus winds and the ECMWF short-range forecast (background) 20 

(https://earth.esa.int/eogateway/news/aeolus-winds-now-in-daily-weather-forecasts: last access: 15-

01-2021). Although the ERA5 model is not identical to the ECMWF model used in operation, its upper 

air characteristics are very similar, since ECMWF uses a recent model cycle for ERA5, but runs it at 

a slightly lower resolution than that in operation. It should also be noted that the Chinese RS data at 

standard or significant levels have been assimilated in both ECMWF and ERA5 models. 25 
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2.4 Data matching procedures 

Due to the quite different spatial-temporal resolutions and sampling of Aeolus, RS and ERA5 data, 

data matching procedures have to be defined before performing comparison analysis. The 

corresponding flowchart is presented in Fig. 2, and its detailed procedures are presented below. 

2.4.1 Aeolus and RS data 5 

Both RS and Aeolus data have been collected for the period from 20 April 2020 to 30 September 2020. 

The RS winds firstly should be converted to Aeolus vertical bin. The RS wind vector in each bin is 

projected onto the Aeolus HLOS wind using the following equation (Witschas et al., 2020): 

𝑣𝑅𝑆𝐻𝐿𝑂𝑆 = cos(𝜓𝐴𝑒𝑜𝑙𝑢𝑠 −𝑊𝐷𝑅𝑆) ∙ 𝑊𝑆𝑅𝑆                                      (1) 

where 𝜓𝐴𝑒𝑜𝑙𝑢𝑠  represents the Aeolus azimuth angle; 𝑊𝑆𝑅𝑆  and 𝑊𝐷𝑅𝑆  are the RS wind speed and 10 

direction, respectively. Moreover, for the Aeolus bins, the height interval of each bin should be covered 

by RS measurements, and the average of 𝑣𝑅𝑆𝐻𝐿𝑂𝑆  in each Aeolus vertical bin are taken in attempt to 

compare with the corresponding Aeolus HLOS winds. 

Next, for Aeolus winds, the Aeolus official documentation pointed out that the validity flag and 

estimated errors should be used to conduct quality control (Dabas et al., 2008; Tan et al., 2017). A 15 

sensitivity analysis on the estimated errors can be seen in Fig. S1. The difference between Mie-cloudy 

(Rayleigh-clear) wind and RS wind is large when the estimated error is larger than 6 (10) m/s. 

Therefore, following previous studies (Guo et al., 2020; Witschas et al., 2020), the Aeolus wind data 

are accepted only when the validity flag equals 1 and the estimated errors for wind are, respectively, 

less than 7 and 5 m/s for Rayleigh and Mie channels. 20 

Finally, we pose constraints on the time and geographical matches before comparison. Specifically, 

the time difference between the RS and Aeolus wind profiles should be minimum. Due to the fact that 
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there are only two RS wind profiles (i.e., at 00:00 and 12:00 UTC) every day for a given site, setting 

the time difference threshold too small will result in a small number of matching stations (Fig. 1). 

Therefore, the time difference between the RS and Aeolus wind profiles is set within one hour. Note 

that 1 hour corresponds to an earth rotation of 15 degrees, i.e., a maximum distance to the Aeolus track 

of about 1500 km. Meanwhile, following the well-established geographical matching principle (Guo 5 

et al., 2020), the distance between an Aeolus wind profile and an RS site should be less than 75 km. 

After temporal and spatial collocation, the closest Aeolus wind profile to each RS profile is adopted 

for comparison.  

In addition, it should be noted that RS has the problem of time and space drift in measuring the vertical 

wind profile (Baars et al., 2020; Martin et al., 2020). As shown in Fig. 3, there are some time and space 10 

differences between each pair of samples in collocating the profiles, due to the extended measurement 

cycle of a RS profile. Figs. 3a and 3b show, as an example, the distance and time difference between 

Aeolus and a RS wind profile, respectively. Although we use the start coordinates and start time of the 

RS to conduct the time and space matching with Aeolus data, the drift of a RS balloon may break these 

matching rules, especially at high altitude (above 15 km). It is not certain whether this drift will have 15 

a significant impact on the comparison results. Therefore, we analyse the impact of distance and time 

mismatches on the differences between Aeolus and RS wind speed, as shown in Fig. 4. Moreover, 

these data have also been screened for validity and estimated error thresholds. The blue and red boxes 

represent the Mie-cloudy and Rayleigh-clear winds, respectively. The text labels represent the mean 

of the differences between the Aeolus and RS HLOS wind speeds in the corresponding box. The box 20 

size shows the upper margin, upper quartile, median, lower quartile, lower margin of the difference in 

each bin. For Mie-cloudy winds (Figs. 4a and 4b), the difference between Mie-cloudy wind and RS 

winds is relatively constant with the distance and time differences increased. Similar to Mie-cloudy 

wind, the difference between Rayleigh-clear wind and RS wind is constant with the distance and time 

differences increased (Fig. 4c and 4d). These results indicate that the drift of the RS has rather small 25 
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effect on the data that we use for comparison, the impact of RS drift can be excluded on subsequent 

comparisons.  

2.4.2 Aeolus and ECMWF data 

For the comparison of Aeolus and ECMWF data, the Aeolus L2C wind product contains the HLOS 

wind of ECMWF wind vector at each Aeolus bin. It means that we can obtain these two sets of data 5 

directly based on the Aeolus bin. The data for comparison is then filtered based on validity flag and 

the estimated errors. Note that the Aeolus L2C wind product is first published on 9 July 2020. 

Therefore, the matching period of Aeolus and ECMWF data is from 9 July 2020 to 30 September 2020. 

2.4.3 RS and ERA5 data 

In order to get more samples, the RS profile is directly matched with the gridded ERA5 data. The 10 

matching principle is to ensure that the time and space differences are minimized. Because of the daily 

launch time of RS twice per day at around 00:00 and 12:00 UTC, the gridded (0.25 x 0.25 degrees) 

ERA5 data at 00:00 and 12:00 UTC were downloaded. Meanwhile, according to the RS site 

coordinates, the ERA5 wind profile on the nearest grid position is obtained to match the RS wind 

profile. In the vertical direction, the ERA5 data has a total of 28 layers in the range of 0-20 km. For 15 

each layer, the data were matched with the closest sample point on the RS profile according to the 

pressure coordinates. Note that to be more compatible and comparable with the HLOS statistics, the 

RS winds are converted to zonal components to compare with ERA5 zonal components. In addition, 

the impact of RS drift on the difference between RS and ERA5 zonal wind components was also 

analysed as shown in Fig. S2. The wind difference (ERA5-RS) gradually grows with the distance, so 20 

does the time difference. This indicates that the RS drift may affect the comparison between RS and 

ERA5, resulting in a slightly higher RS zonal wind as compared to the ERA5 zonal wind. 
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2.5 Statistical method 

For the Aeolus-ECMWF and RS-Aeolus comparison, the wind data were both converted to the Aeolus 

HLOS wind component. Only for the comparison of RS and ERA5 data, the wind data were converted 

to the zonal wind component. The wind component difference between wind component sample A and 

wind component sample B is given by: 5 

𝑣𝑑𝑖𝑓𝑓 = 𝑣𝐴 − 𝑣𝐵                                                                (2) 

Moreover, the mean difference (MD) and standard deviation (SD) of 𝑣𝑑𝑖𝑓𝑓 for n samples are estimated 

according to: 

MD =
1

𝑛
∑ 𝑣𝑑𝑖𝑓𝑓
𝑛
𝑖=1                                                              (3) 

and 10 

SD = √
1

𝑛−1
∑ (𝑣𝑑𝑖𝑓𝑓 −𝑀𝐷)2𝑛
𝑖=1                                                      (4) 

The correlation coefficient (R) between wind component sample A and wind component sample B is 

calculated using: 

R =
∑ (𝑥𝑖−𝑥̅)(𝑦𝑖−𝑦̅)
𝑛
𝑖=1

√∑ (𝑥𝑖−𝑥̅)
2𝑛

𝑖=1 √∑ (𝑦𝑖−𝑦̅)
2𝑛

𝑖=1

                                                         (5) 

where 𝑥𝑖 and 𝑦𝑖 represent the i-th sample point of A and B wind component dataset, respectively.  𝑥̅ 15 

and 𝑦̅ represent the mean wind component of the A and B wind component datasets, respectively. 

3 Results and discussion 

3.1 Overall intercomparison 

The results of the comparison between Aeolus, RS and ERA5 (ECMWF) are shown in Fig. 5. The red 

and blue dots represent the Rayleigh-clear and Mie-cloudy winds, respectively. Figure 5a and 5d show 20 

that the Aeolus Rayleigh-clear and Mie-cloudy wind products over China are on average consistent 
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with RS wind observations. The mean difference of RS HLOS relative to Rayleigh-clear and Mie-

cloudy HLOS are 0.24±7.01 and 0.18±4.42 m/s, respectively. Figure 5b and 5e illustrate the 

comparison between the Aeolus and ECMWF HLOS. The mean difference is 0.16±6.78 and 

0.21±3.91 m/s for ECMWF winds relative to Rayleigh-clear and Mie-cloudy winds, respectively. As 

expected, since the HLOS observation data of Aeolus were assimilated in ECMWF operations, the 5 

wind values of Aeolus and ECMWF agree well. As a matter of fact, the comparison results between 

Aeolus and ECMWF winds depend (only) on the observation operator and expectations of 4D-var data 

assimilation. The 4D-var uses 3D spatial kernels for background (B) error representation, which spread 

the Aeolus observation (O) increments (O-B) in the ECMWF model domain. The kernels are based on 

the spread in an ensemble of forecasts and all observations in the temporal 4Dvar window (12 hours) 10 

are considered to produce an ECMWF model trajectory that is consistent with all observations. The 

analysis weight of the Aeolus observations O depends on the local ratio of the estimated background 

and observation error covariances. The Rayleigh-clear winds have (variable) estimated errors 

associated with them, but these are inflated before data assimilation in accordance with the estimated 

Aeolus Rayleigh errors. The Mie-cloudy winds are on the 10-km scale and can be closely spaced 15 

horizontally. ECMWF followed the arguments from Stoffelen et al. (2020) on observation density and 

spatial representativeness and found benefit in the forecasts by weight inflation of the Mie winds by a 

spatial representativeness error. In addition, the values of R and mean difference of RS vs ERA5 zonal 

winds are 0.97 and 0.46±3.12 m/s, respectively (Fig. 5c and 5f). 

The spatial distributions of the correlation coefficients between the Aeolus, RS and ERA5 (ECMWF) 20 

wind speed data set are shown in Fig. 6. The comparison period for Aeolus vs RS is from 20 April to 

30 September 2020, but for Aeolus vs ECMWF and RS vs ERA5 is from 9 July to 30 September 2020. 

In addition, the spatial distributions of the number of paired data samples are shown in Fig. S3. Figure 

6a and 6b show the comparison results between Aeolus and RS HLOS winds. For Mie-cloudy winds, 

the correlation coefficients of most sites (51 out of 54, i.e., 94 %) are exceeding 0.8, lowest value (0.59) 25 
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are observed at Xinjiang. Similar to Mie-cloudy winds, also for the Rayleigh-clear winds, the R at 

most of the sites (50 out of 54, i.e., 93 %) is higher than 0.8, and the R values for the other four sites 

range from 0.7 to 0.8. As for the comparison result of Aeolus and ECMWF winds (Fig. 6c and 6d), we 

can see that the correlation between Rayleigh-clear (Mie-cloudy) and ECMWF winds along the ground 

track is very large. This result again indicates the consistency of Aeolus and ECMWF HLOS winds, 5 

mainly due to the assimilation of the Aeolus observation data. The similar results occur in the 

comparison results of zonal wind components between RS and ERA5 (Fig. 6e). The correlation 

between RS and ERA5 zonal wind components is very high (with R larger than 0.85) at all sites. 

Overall, the performance of Aeolus, RS and ERA5 wind products over China is similar to each other. 

3.2 Vertical distribution of wind differences 10 

The vertical distributions of the wind speed differences between Aeolus, RS and ERA5 (ECMWF) for 

ascending and descending orbits are shown in Fig. 7. The vertical distribution of the number of paired 

data samples is shown in Fig. S4. To ensure the validity of the statistics, we removed the paired data 

samples that were less than 20. For the comparison of Aeolus and RS HLOS data, the mean wind 

difference between the Mie-cloudy (Rayleigh-clear) and the RS winds is less than 2 m/s in the height 15 

range of 1−15 km during all observation times. During ascending and descending orbits, the vertical 

distributions of the HLOS differences are similar to that during all observation times. The maximum 

mean HLOS difference of the Mie-cloudy and Rayleigh-clear relative to RS winds during ascending 

(descending) orbits is 1.27±3.73 (-1.39±4.17) and 0.87±6.99 (1.26±8.07) m/s, respectively. At the 

same time, it is noted that the wind speed difference between Rayleigh-clear and RS winds is mainly 20 

appeared in the height range of 2−3 km during the descending orbits. This is consistent with our 

previous validation work (Guo et al., 2020). Khaykin et al. (2020) also analyzed one wind profile of 

Aeolus with the Doppler lidar and found a good agreement between the two measurements, but below 

5 km above ground level, a stronger deviation was observed, which was likely caused by horizontal 
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heterogeneity of the atmosphere. Moreover, Wu et al. (2021) compared the wind measurements in the 

atmospheric boundary layer with Aeolus and ground-based coherent Doppler lidar network over China, 

and pointed out that the vertical velocity could impact the HLOS wind velocity retrieval from Aeolus.  

Hence, considering the influence of turbulence and convection in the planetary boundary layers, the 

small difference between Rayleigh-clear and RS winds in the height range of 2−3 km may be due to 5 

the high vertical velocity during the descending orbits (12:00 UTC). For Aeolus and ECMWF data 

(Figs. 7d, 7e and 7f), due to the Aeolus assimilation at ECMWF, the HLOS difference between Aeolus 

and ECMWF along the vertical profile is small. There is no obvious deviation between Aeolus and 

ECMWF data. For the comparison of RS and ERA5 zonal wind components (Figs. 7g, 7h and 7i), the 

vertical distributions of the wind differences are similar during all time, ascending and descending 10 

orbits. The RS zonal winds are highly consistent with the ERA zonal winds in the height range of 1-

13 km, and tend to be larger than ERA5 zonal winds above 13 km. As described in section 2.4.3, the 

difference between RS and ERA5 at high altitudes mainly caused by the RS drift. Overall, the three 

types of wind data have good consistency along the vertical profile. 

3.3 Horizontal distribution of wind differences 15 

To investigate the performance of Aeolus wind data in spatial distribution, the averaged value of 

Aeolus HLOS winds, RS zonal winds and ERA5 zonal winds during ascending and descending orbits 

are investigated from 9 July 2020 to 30 September 2020. The spatial distributions of the averaged 

value of Aeolus HLOS winds and RS zonal winds during ascending and descending orbits are 

presented in Fig. 8, where the ERA5 zonal wind data is used as the background values. The average 20 

HLOS result is only provided when the number of valid samples for Aeolus Rayleigh-clear and Mie-

cloudy winds at each bin is larger than 10. The average wind is calculated from all valid winds on the 

Aeolus or RS profile during the corresponding observation period. During ascending orbits, the 

average winds of Rayleigh-clear and Mie-cloudy are similar to those of ERA5, with the average 

Rayleigh-clear HLOS wind is slightly higher in northwest China. The spatial distribution of average 25 
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zonal winds of RS follows a similar pattern as that of ERA5 (Fig. 8e). Similarly, during descending 

orbits, the spatial distributions of the average winds of Rayleigh-clear, Mie-cloudy and RS are similar 

to that of ERA5. These results indicated that the Aeolus HLOS winds have a good performance in 

China area. Previous study indicates that there are differences in bias between the ascending and 

descending orbit phase, which mainly occur for the Rayleigh channel in late summer and autumn 5 

(Martin et al., 2021). One reason is that the Aeolus field of view direction points to the right of the 

spacecraft into the dark side of the earth, implying that the viewing direction during the ascending 

(HLOS points east) and descending (HLOS points west) orbits are different. Another reason may be 

that the meteorological conditions such as wind speeds, BLH, air temperature and aerosol distributions 

during the ascending and descending orbits are different (Sun et al., 2014). However, in this study (Fig. 10 

S5 and S6), the mean differences between Rayleigh-clear (Mie-cloudy) winds and RS winds during 

the ascending and descending orbit phase are 0.07±0.69 (0.72±1.48) and 0.3±1.25 (0.1±1.32) m/s. 

These small deviations (less than 0.8 m/s) indicate that the performance of Aeolus wind products may 

be unaffected by the orbit phase or HLOS wind conditions. Overall, the Aeolus HLOS winds are 

similar to the RS (ECMWF) winds during all observation times, and the mean differences for Mie-15 

cloudy and Rayleigh-clear winds are − 0.2±1.32 (0.19±0.89) and 0.19±71 (0.13±1.01) m/s, 

respectively (Fig. S7). The mean differences between RS and ERA5 zonal winds are 0.91±0.35 m/s. 

These small differences are acceptable for application of wind products. 

The comparison results obtained in this study, by and large, agree well with most of the validation 

work of Aeolus wind products, although the data sources and regions of interest vary a lot. For instance, 20 

Baars et al. (2020) revealed that the random errors were about 4 and 2.2 m/s for Rayleigh-clear and 

Mie-cloudy wind, respectively, by utilizing the RV Polarstern cruise from Bremerhaven to Cape Town. 

Lux et al. (2020) compared the Aeolus Rayleigh-clear wind observations to winds measured with the 

airborne demonstrator and the ECMWF model in central Europe. They reported a bias of 1.6 (2.53) 

m/s with random errors of 2.5 (3.57) m/s for the comparison against the ECMWF model (airborne 25 
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demonstrator). In a recent comparison analysis based on a combination of Aeolus, RS and numerical 

weather prediction model on a global scale, the mean absolute bias is found to be approximately 1.8–

2.3 m/s for the Rayleigh winds and 1.3–1.9 m/s for the Mie winds (Martin et al., 2021). 

4 Summary and conclusions 

This study presents a comprehensive intercomparison analysis between the wind observations from 5 

Aeolus, ERA5 model winds and RS over China during the period 20 April 2020 to 30 September 2020. 

The correlation and difference between each set of data have been analysed to evaluate the Aeolus 

wind product characteristics. Furthermore, the spatial vertical and horizontal distributions of wind 

differences between each set of data have been investigated. 

First, for the Aeolus and RS HLOS winds, the R and mean difference between the Rayleigh-clear (Mie-10 

cloudy) and RS winds are 0.94 (0.97) and 0.24±7.01 (0.18±4.42) m/s, respectively. The vertical 

profiles of the HLOS differences are similar to each other during ascending and descending orbits. 

Moreover, for the Rayleigh-clear winds, the average HLOS differences are negative during ascending 

orbits (0.07±0.69 m/s), whereas they are positive during descending orbits (0.3±1.25 m/s). These 

small deviations indicate that the performance of Aeolus wind products may be unaffected by the orbit 15 

phase or HLOS wind conditions. For the Aeolus and ECMWF winds, as expected, due to assimilation 

of the Aeolus wind products in the ECMWF model, the wind results of Aeolus and ECMWF show 

good consistency spatially. The R and mean difference of Rayleigh-clear and Mie-cloudy HLOS winds 

relative to ECMWF winds are 0.95 (0.97) and 0.16±6.78 (0.21±3.91) m/s, respectively. The 

correlation and difference between Aeolus and ECMWF winds mainly depend on the data assimilation 20 

settings. In addition, a small difference between Rayleigh-clear winds relative to RS winds is appeared 

in the height range of 2−3 km during descending orbits. This result may be due to the high vertical 

velocity during the descending orbits (12:00 UTC). For the RS and ERA5 zonal winds, the mean 
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difference and R of ERA5 and RS zonal winds are 0.46±3.12 m/s and 0.97, respectively. Along the 

vertical, the wind speed differences are very small in the height range of 0-13 km and positive in the 

height range of 13-16 km. The difference between RS and ERA5 at high altitudes mainly caused by 

the RS drift. Overall, the Aeolus HLOS winds, RS zonal winds and ERA5 zonal winds are similar to 

each other during all observation times. 5 

Our work comprehensively compares the wind products form Aeolus, RS and ERA5 (ECMWF) over 

large regional spatial scales in mainland China. From the perspective of correlation and magnitude of 

difference between samples, we conclude that the winds form Aeolus, RS and ERA5 (ECMWF) are 

similar to each other. Some profile biases warrant further investigation however. The information 

collected is helpful to improve our confidence of applying Aeolus wind products in numerical weather 10 

prediction over China and in research on climate change. 
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Figure 1. Geographic distribution of RS sites and Aeolus ground tracks superimposed on the 

GoogleEarth map of China (© Google Maps). Red and blue lines represent the Aeolus ground tracks 

for ascending and descending orbits, respectively. The yellow dots denote the RS sites. The green line 

approximates 90E, which is the approximate position of Aeolus at 12:00 and 0:00 UTC, the launch 

times of the radiosondes. Eastern RS are taken about 2.5 hours after Aeolus overpass time. 10 
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Figure 2. Flowchart showing the main processing procedures used to compare the wind observations 

from Aeolus, RS and ERA5 (ECMWF). 

  5 

https://doi.org/10.5194/amt-2022-26
Preprint. Discussion started: 26 January 2022
c© Author(s) 2022. CC BY 4.0 License.



27 

 

 

Figure 3. The examples on 24 Apr 2020 illustrating how the Aeolus HLOS profile is matched with 

RS HLOS profile in terms of (a) distance and (b) time difference between paired samples, which is 

based on the collocated time and space of Aeolus sampling grid as described in the text. 
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Figure 4. Difference between the Aeolus and RS HLOS as a function of (a, c) time difference and (b, 

d) distance. Blue, red box and gray dots indicate the Mie-cloudy, Rayleigh-clear winds and the 

corresponding sample points, respectively. The text labels represent the mean difference of the 5 

differences between Aeolus vs RS for each individual bin. The box size shows the upper margin, upper 

quartile, median, lower quartile, lower margin of the difference in each bin.  
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Figure 5. Scatterplots and histograms for (a, d) RS and Aeolus HLOS winds, (b,e) ECMWF and 

Aeolus HLOS winds and (c,f) ERA5-RS zonal wind components comparison results. Corresponding 

least-square line fits are indicated by the solid lines. The fit results are shown in the insets. The 

histogram plots show the mean and standard deviation in the insets. Blue and red indicate the Mie-5 

cloudy and Rayleigh-clear winds, respectively. The 1:1 line is represented by the gray dashed line. 
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Figure 6. Geographic distribution of correlation coefficients between (a) Mie and RS, (b) Rayleigh 

and RS, (c) Mie and ECMWF, (d) Rayleigh and ECMWF and (e) RS and ERA5 winds. Note that the 

comparison period for Aeolus vs RS is from 20 April to 30 September 2020, but for Aeolus vs ECMWF 

and RS vs ERA5 is from 9 July to 30 September 2020. The black circles indicate the RS sites where 5 

the correlation coefficients between each data pair passed the statistic significance test (P<0.05). 
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Figure 7. Vertical distributions of the wind HLOS difference between Aeolus, RS and ECMWF for 

(a, d) all time, (b, e) ascending, and (c, f) descending orbits and similar for RS and ERA5 zonal wind 

components at the different categories (resp. g, h and i). The altitude is above sea level. 
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Figure 8. The average value of Aeolus HLOS wind and RS zonal wind components during (a, c, e) 

ascending and (b, d, f) descending orbits from 9 July 2020 to 30 September 2020. The color circles 

represent the average value of corresponding Aeolus HLOS wind or the RS zonal wind components. 

The ERA5 zonal wind component data (color shading) are shown as the background values. 5 
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