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a b s t r a c t 

The high variability of atmospheric aerosol in space and time poses significant challenges for aerosol 

observation and simulation, as well as for the design of aerosol monitoring systems. Multi-Angular Po- 

larimeters (MAP) have been identified to provide highly accurate data for characterizing in detail colum- 

nar properties of atmospheric aerosol. Obtaining such multi-angular observations at high spatial resolu- 

tion is very challenging, and even more so from satellite observations. At present, the most advanced 

MAP instruments are intended to provide observations at the spatial resolution of about 2 km to 4 km. 

The practical understanding of aerosol loading and type variability at fine to moderate spatial scales is 

still limited. In this paper, we provide insight on the spatial variability of ambient aerosol by combining 

the full archive of AERONET observations with ancillary wind speeds from the Modern-Era Retrospective 

Analysis for Research Application, version 2 (MERRA-2) reanalysis dataset. First, the temporal variability 

of aerosol observations at the smallest AERONET time scale of 15-30 minutes was used to estimate max- 

imum temporal variability of the aerosol loading (aerosol optical depth - AOD), size ( ̊Angström exponent 

- AE) and absorption (single scattering albedo - SSA) over a selection of 30 typical AERONET sites. In the 

subsequent step, the derived aerosol temporal variability for AOD, AE and SSA are converted to maximum 

spatial variability using the mean wind speed from MERRA-2. In the final step, the mean aerosol variabil- 

ity difference was analyzed at spatial scales of 2 km and 4 km, which are the spatial scales considered 

for the MAP instrument to be deployed as part of the Copernicus Anthropogenic CO 2 Monitoring (CO2M) 

mission. The mean aerosol parameters obtained at these spatial scales showed very small differences: 

only 0.004 for AOD (440 nm), 0.004 for AE (440/870), and 0.0 0 05 for SSA (440 nm). The analysis of max- 

imum spatial variation of aerosol concentrations showed some non-negligible spikes, up to ∼0.2 for AOD 

(440 nm) at spatial scales of 4 km. However, those high fluctuations correspond to highly polluted urban 

sites (i.e. Beijing and Mexico City), and the maximum AOD changes per km remain at ∼6% with respect 

to the total AOD. The maximum spatial variability for AE and SSA also showed no significant deviations 

at 4 km ( < 0.2 for AE; < 0.03 for SSA). Therefore, we conclude that using a 4 km spatial resolution for 

MAP sensors is sufficient for capturing the main features of aerosol variability that is required for the 

CO2M mission. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The properties of aerosol vary with time and from one loca- 

ion to another, which is due to its short lifetime and various dy- 

amic processes, e.g. transport, advection, deposition, convection 
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Fig. 1. Schematic overview of multi-angular observations by a satellite instrument. 

The yellow lines demonstrate the reflected light path for satellite multi-angular ob- 

servations. The red lines present a typical situation where the solar zenith angle 

and satellite view zenith angle are 60 °, and the aerosol layer height is assumed to 

be 1 km. Even in this situation where the aerosol layer is quite low, the reflected 

light is scattered by aerosols in the neighborhood of 1.73 km. 
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tc. The dynamics of atmospheric aerosol is highly related with 

ocal meteorology and their emission sources. The high variabil- 

ty of aerosol poses significant challenges for interpretating aerosol 

bserved by satellite remote sensing and for modeling aerosol 

ransport [1] . Understanding of aerosol temporal and spatial vari- 

bility is vital for quantifying the climate and health effects of 

erosol [2–7] , and is also crucial for designing an aerosol obser- 

ation system. Multi-Angular multi-spectral Polarimetry (MAP) is 

roven to be suitable solution for aerosol monitoring [8,9] . Fur- 

hermore, many MAP sensors are planned to be deployed in the 

oming few years [9–13] . The understanding of aerosol spatial vari- 

bility is of particular importance for using the MAP concept for 

atellite observations, as the multi-angular observations include 

he observations corresponding to different light paths. As tro- 

ospheric aerosol is typically concentrated in elevated layers be- 

ween 1-5 km, the observations obtained by different angles are 

ffected by aerosol not only directly over the observed spatial sam- 

ling area on the ground, but also affected by aerosol in neigh- 

oring spatial samples (see Fig. 1 ). This phenomenon leads to po- 

ential inconsistencies of measurements obtained from different 

eometries (scattering angles) corresponding to the same spatial 

ample. This is one of the main challenges of multi-angular po- 

arimetry [9] . With this in mind, MAP sensors designed with very 

igh spatial resolution will have a debatable accuracy. Lang et al. 

14] discussed the issues of co-registration for the Multi-viewing, 

ulti-channel and Multi-polarization Imager (3MI), which will be 

n board of the Metop-SG satellites. They have considered var- 

ous uncertainties introduced by the inherent differences of the 

oncept in time and the geometry of observations at different 

ngles. Based on the obtained results Lang et al. [14] concluded 

hat, despite the co-registration limitations, the accuracy of 3MI 

bservations remains acceptable at its 4 km spatial measurement 

esolution. 

Many studies have been devoted to large-scale aerosol 

ariability, i.e. inter-continental transport [7,15–17] , inter-annual 

rends [18–23] , seasonal and monthly climatologies [24,25] , and 

esoscale variations [26] . In the air quality community, the spa- 

ial resolution of satellite AOD is crucial for prediction of the sur- 

ace particle matter (PM) concentration, since many studies in- 

icate a tendency for satellite AOD products generated at higher 

patial resolutions to provide better AOD-PM relationships over 

rban areas [27–30] . Several studies have investigated the AOD 

patial variability of satellite products ( [31,32] ), but the results 

ere limited by the product resolution; for example, many of the 

idely used MODIS Dark Target and Deep Blue products have a 
2 
patial resolution of 10 km at nadir [33,34] , and the latest prod- 

cts have a 3 km resolution [35] . The MODIS MAIAC products re- 

rieve AOD at 1 km spatial resolution [36] , which offers oppor- 

unities to analyze AOD variability at a resolution that is consid- 

red to be promising for the air quality community ( [27–30,37,38] ). 

owever, even 1 km resolution satellite AODs are affected by sur- 

ounding pixels, since the light path reaching the satellite sen- 

or must pass through more than a single 1-km column (see 

ig. 1 ). Additionally, the reflected radiation measured by orbital 

nstruments is strongly affected by multiple scattering, and this 

cattering likely includes an atmospheric domain that exceeds a 

 km column. Also, the separation of aerosol and reflectance is 

ather challenging from single-viewing satellite observations (e.g., 

ODIS), especially over heterogeneous land surfaces. Also, MAIAC 

etrievals rely on some a priori spatial and temporal constrains 

36] . Therefore, the derived AOD values over 1 km pixel are not 

ompletely independent with the values over other surrounding 

ixels and may be affected by assumptions. Moreover, the com- 

only used polar-orbiting satellite products provide rather coarse 

ime sampling, typically with a revisit time of 1-2 days per spa- 

ial sample and limited to clear sky conditions, which further lim- 

ts the temporal revisit time. Therefore, analyzing temporal vari- 

bility of aerosol even using advanced satellite products involves 

everal challenges that do not present in direct Sun ground-based 

bservations. 

Indeed, ground-based measurements such as the Aerosol 

obotic Network (AERONET) [39] affected by much fewer uncer- 

ain factors and, therefore AERONET AOD products are more ro- 

ust comparing to those from satellite measurements and pro- 

ide aerosol observations with substantially higher temporal reso- 

ution. Although AERONET observations are “point measurements”

btained over fixed sites, the temporal records with 15 min res- 

lution is a solid base for analyzing spatial variability once com- 

ined with the aerosol data with ancillary meteorological data. 

or example, Smirnov et al. [40] used the surface wind speed 

o analyse the spatial variability of columar aerosol optical prop- 

rties at the Midway Island AERONET site. The results of these 

tudies suggested a significant correlation between aerosol optical 

epth (AOD or τ ) and wind speed as well as an anticorrelation be- 

ween Ångström Exponent (AE or α) and wind speed. Additionally, 

inne et al. [41] used AERONET data to evaluate satellite products 

t mesoscale spatial ranges. Specifically, they assigned ranges and 

ther quality scores for multiple AERONET sites to calculate their 

epresentativeness at the mesoscale spatial ranges of 10 0, 30 0, 50 0 

r 900 km. However, the ranges and adopted quality scores were 

ased upon a priori operational knowledge and experience of each 

ite. 

The objective of this study is to evaluate the spatial vari- 

bility of aerosols at the scales typical for the observations re- 

uired to support the Copernicus Anthropogeneic CO 2 Monitor- 

ng (CO2M) mission. Specifically, we focus on evaluating differ- 

nces in spatial variability between 2 km and 4 km spatial res- 

lution considered for the MAP instrument [11,42] . As such, the 

xplicit objective of this study is to determine whether charac- 

erizing aerosol with a MAP at a spatial resolution of 4 km is 

ufficient for the CO2M mission. We aim to derive the mean 

erosol varibility at 2 km and 4 km and to evaluate possible 

ifferences in aerosol characterization. The analysis relies on the 

omprehensive dataset and frequent aerosol measurments col- 

ected during more than 30 years by AERONET ground-based 

easurements [39] . Specifically, we intend to convert the esti- 

ates of temporal aerosol variablity to estimates of spatial vari- 

bility by using ancillary data from the Modern-Era Retrospective 

nalysis for Research Application, version 2 (MERRA-2) reanalysis 

43] . 
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Table 1 

List of AERONET sites used in this study. The site ID, site name, location, typical aerosol type, mean AOD at 440 nm ( τ440 ), mean AE 

(440/870) ( α440 / 870 ), starting date for data collection, as well as number of observations for each site are shown in the table. The 1 σ

in the brackets for τ440 and α440 / 870 are standard deviation of the mean values. 

# ID Site Name Location Type τ̄440 (1 σ ) ᾱ440 / 870 (1 σ ) Start Date N Obs. 

1 GSFC North America Urban 0.21 (0.21) 1.61 (0.32) 1993.05 187, 382 

2 Mexico_City North America Urban 0.38 (0.27) 1.58 (0.31) 1999.02 74, 161 

3 Guadeloup Centre America Dust 0.15 (0.14) 0.35 (0.39) 1997.02 45, 294 

4 Alta_Floresta South America Biomass burning 0.42 (0.65) 1.39 (0.44) 1993.06 84, 020 

5 Arica South America Urban 0.25 (0.12) 1.07 (0.23) 1998.05 105, 100 

6 CUIABA-MIRANDA South America Biomass burning 0.32 (0.48) 1.34 (0.39) 2001.03 66, 681 

7 Banizoumbou Africa Dust 0.46 (0.33) 0.35 (0.25) 1995.10 181, 836 

8 Capo_Verde Africa Dust 0.34 (0.26) 0.28 (0.23) 1994.10 97, 458 

9 Dakar Africa Dust/BB 0.44 (0.28) 0.35 (0.24) 1996.12 169, 199 

10 Ilorin Africa Dust/BB 0.80 (0.48) 0.66 (0.32) 1998.04 100, 815 

11 Mongu Africa Biomass burning 0.34 (0.30) 1.70 (0.34) 1995.06 110, 302 

12 Santa_Cruz_Tenerife Africa Coastal 0.18 (0.18) 0.58 (0.36) 2004.07 158, 225 

13 REUNION_ST_DENIS Africa Coastal 0.08 (0.05) 0.72 (0.40) 1997.06 85, 645 

14 FORTH_CRETE Europe Coastal/Urban 0.21 (0.11) 1.15 (0.50) 2003.01 82, 167 

15 Granada Europe Urban 0.16 (0.10) 1.11 (0.45) 2004.12 151, 660 

16 Lille Europe Urban 0.22 (0.17) 1.29 (0.41) 1994.11 88, 864 

17 Moscow_MSU_MO Europe Urban 0.24 (0.25) 1.43 (0.31) 2001.08 69, 277 

18 Rome_Tor_Vergata Europe Urban 0.21 (0.13) 1.32 (0.41) 2001.02 127, 681 

19 Thessaloniki Europe Urban 0.27 (0.16) 1.56 (0.36) 2003.06 104, 444 

20 Beijing East Asia Urban/Dust 0.67 (0.71) 1.12 (0.31) 2001.03 107, 885 

21 Shirahama East Asia Coastal 0.29 (0.20) 1.24 (0.36) 2000.10 111, 010 

22 XiangHe East Asia Urban/Dust 0.70 (0.72) 1.16 (0.31) 2001.03 139, 280 

23 Kanpur Central Asia Urban/Dust 0.72 (0.36) 0.99 (0.40) 2001.01 159, 907 

24 Silpakorn_Univ Central Asia Biomass burning 0.57 (0.37) 1.39 (0.34) 2006.08 118, 425 

25 Singapore Central Asia Urban/BB 0.51 (0.61) 1.39 (0.32) 2006.11 50, 348 

26 IMS-METU-ERDEMLI West Asia Coastal/Urban 0.29 (0.17) 1.28 (0.36) 1999.11 112, 828 

27 SEDE_BOKER West Asia Dust 0.20 (0.13) 0.93 (0.45) 1995.03 259, 871 

28 Solar_Village West Asia Dust 0.35 (0.21) 0.54 (0.34) 1999.02 182, 322 

29 Lake_Argyle Oceania Biomass burning 0.14 (0.14) 1.11 (0.45) 2001.10 151, 023 

30 Lanai Oceania Coastal 0.08 (0.06) 0.52 (0.43) 1996.08 46, 172 
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. Data description 

.1. AERONET aerosol dataset 

AERONET is a global distributed network of well-calibrated sun 

hotometers [39] . By measuring sun direct radiances, AERONET 

rovides high temporal (every ∼15 minutes in daytime) multi- 

avelength AOD products with high accuracy ( ±0.01 ∼0.02). In ad- 

ition, almucantar measurements of sky radiances can be con- 

erted by an inversion algorithm [44–46] to retrieve aerosol mi- 

rophysical properties, e.g. aerosol size distribution, complex re- 

ractive index, particle sphericity, aerosol single scattering albedo 

SSA or ω), etc. [2] . Generally, the accuracy of AERONET inversion 

roducts is related to the total aerosol loading. The SSA accuracy is 

stimated to be ±0.03 when AOD (440 nm) is higher than 0.2, and 

0.05-0.07 when AOD is lower than 0.2 [45] . 

In this study, we selected 30 AERONET sites, which rep- 

esent very different aerosol conditions to best represent the 

erosol temporal and spatial variability. Any of the 30 sites 

as at least 40, 0 0 0 direct Sun AOD measurements and has 

een operational for more than 10 years. Detailed informa- 

ion of these sites is listed in Table 1 , and their geo-location 

s shown as white circles on a global map in Fig. 2 . We

se AERONET Version 3 Level 1.5 (Last access: 2019-07-05) 

47] data in our analysis. In order to ensure the quliaty of in- 

ersion products, we further select the data satisfying the re- 

uirements for Level 2.0 but relax the AOD limits by using the 

ag ‘If_Retrieval_is_L2(without_L2_0.4_AOD_440_threshold)’. This 

ption indicates the satisfication for Level 2 requirements (i.e. 

ost-calibration, cloud-mask etc.) except for 0.4 threshold of AOD 

40 nm, which selects high quality inversion products as much as 

ossible while including low AOD conditions. We focus on three 

ain parameters: (i) AOD; (ii) Ångström Exponent (AE) and (iii) 
t

3 
SA, which represent aerosol terms of its loading, size distribution 

nd absorbing properties, respectively. 

.2. MERRA-2 reanalysis wind speed 

The newly released MERRA-2 [43] is a global earth system 

odel based reanalysis dataset with data assimilation. MERRA-2 

rovides long-term (1980 - onwards) reanalysis dataset of climate 

ystem. In this study, we will use MERRA-2 10-m wind speed data 

Last access: 2019-04-23) as ancillary data to access the aerosol 

emporal and spatial variability. The evaluation of MERRA-2 wind 

peed dataset indicates a clear improvement to its predecessor 

MERRA), which tended to underestimate winds over ocean and 

verestimate winds over land. The errors for both MERRA and 

ERRA-2 are relatively higher at coastal and land areas than in 

pen ocean [48] . Fig. 2 shows the global mean (20 0 0-2018) 10-m

ind speed and direction climatology from MERRA-2 dataset. 

Fig. 3 shows the scatter plots of mean AOD (440 nm) versus 

ean AE (440/870 nm) and the mean 10-m wind speed for all 30 

ERONET sites. Evidently, the high wind speed is mainly associated 

ith low AOD and large particles (small AE). Hence, there is a de- 

and to investigate the wind speed related aerosol temporal and 

patial variability. 

. Method 

.1. Estimation of aerosol temporal variability 

In order to study aerosol variability, we have used the most fre- 

uent AOD AERONET observations. The AOD ( τ ) and AE ( α) obser- 

ations obtained at each ∼15 min were used to evaluate aerosol 

ariability within each time window relying on linear interpola- 

ion. The obtained slopes of aerosol variability in time were inter- 
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Fig. 2. Global mean 10-m wind speed and direction from MERRA-2 reanalysis (20 0 0-2018). The geo-location of 30 AERONET sites are also shown as white circle, and the 

site numbers are corresponding to #ID in Table 1 . 

Fig. 3. Scatter plots of mean AOD (440 nm) vs. mean AE (440/870 nm) for all 30 

sites. The color represents mean 10-m wind speed of this site for the data-collecting 

period. The site number (corresponding to the #ID in Table 1 ) is present close to 

each circle. 
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reted as characteristics of aerosol temporal variability. The infor- 

ation about aerosol SSA ( ω) is provided by AERONET using sky- 

canning diffuse radiances observations [44] that are obtained less 

requently than direct Sun measurements, with the interval of ∼0.5 

our [39,49] . Correspondingly, the time windows of 0.5, 1.0, 1.5, 

.0, 3.0, 3.5 and 4.0 hour were used for analysis of aerosol (AOD, 

E and SSA) variability. 

We use the AERONET dataset to calculate the maximum tem- 

oral variability of AOD, AE, and SSA. We adopt 8 time win- 

ows of �t i = 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0 hour. All

vailable measurements at a site are fragmented according to 

hese time windows, and the maximum absolute aerosol vari- 

bility of each time fragment are averaged for all available data 

t a specific site. So for example, the mean of the maximum 

bsolute temporal variability (MMAV) of AOD ( τ ) during time 

indow �t i can be expressed mathematically as MMA V τ ( �t i ) = 

 | τλ( t + �t i ) − τλ(t) | max ) . Next, we define the temporal variability 

f τλ as the slope of MMAV τ ( �t i ) vs. �t i , which we call TV AOD .

e use AERONET data to obtain this slope from the following lin- 
4 
ar regression: 

MA V τ ( �t i ) = ( | τλ( t + �t i ) − τλ( t ) | max ) 

= T V AOD ( λ) × �t i + βτ ( λ) , (1) 

Likewise, the AE ( α) and SSA ( ω) temporal variabilities TV AE 

nd TV SSA are estimated using the corresponding regressions: 

MA V α( �t i ) = ( | α( t + �t i ) − α( t ) | max ) = T V AE × �t i + βα, 

(2) 

nd 

MA V ω ( �t i ) = ( | ω λ( t + �t i ) − ω λ( t ) | max ) 

= T V SSA ( λ) × �t i + βω ( λ) , (3) 

here λ denotes the wavelength; t reprensents time for each in- 

ividual measurement. We found that the significance level of the 

erived T V AOD ( λ), T V AE and T V SSA ( λ) are always greater than 99%

i.e. p-values are less than 0.01). The units for T V AOD ( λ), T V AE and

V SSA ( λ) are �AOD/hour, �AE/hour and �SSA/hour respectively. 

Fig. 4 shows the estimation of aerosol temporal variability over 

he AERONET sites Alta_Floresta (# 4) and Beijing (# 20) for spec- 

ral AOD (at 440, 675, 870 and 1020 nm), AE (440/870) and spec- 

ral SSA (at 440, 675, 870 and 1020 nm). The circles represent the 

ean of the maximum absolute temporal variabilities for AOD, AE 

nd SSA for each �t i . The number of data points used for calcu- 

ating the mean at each �t i is presented by the crosses and right 

xis. The dotted line indicates the linear fit of these time depen- 

ent means of maximum variabilities, and the slopes of the lin- 

ar fit can be interpreted as temporal variability (T V AOD ( λ), T V AE 

nd T V SSA ( λ)). T V AOD (4 40 nm) indicates the AOD (4 40 nm) tem-

oral variability, which is 0.024 per hour (/h) over Alta_Floresta 

# 4) and 0.047/h over Beijing (# 20) respectively. By taking into 

ccount the mean AOD (440 nm) of 0.42 (Alta_Floresta) and 0.67 

Beijing) respectively, the relative AOD variability in an hour are 

6%-7%. The TV AE (440/870) over Alta_Floresta (# 4) and Beijing 

# 20) are 0.048/h and 0.031/h respectively, which account for 

3% of the mean AE. At the same time, the absolute values of the 

pectral TV SSA ( λ) over these 2 sites is low, ∼0.0 04-0.0 06. In gen-

ral, the aerosol loading, i.e. AOD, varies more than the parame- 

ers for aerosol size (AE) and absorption (SSA). It should be noted 

hat the direct Sun data of AOD and AE are much more frequent 

han the SSA. The number of AOD and AE time windows decreases 
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Fig. 4. T V AOD ( λ), T V AE and T V SSA ( λ) estimation over Alta_Floresta (site ID # 4, left column) and Beijing (site ID # 20, right column). The circles represent the mean of the 

MMAV τ , MMAV α and MMAV ω (top to bottom, respectively) for each time window �t i . The number of data points used for calculating the MMAV at each �t i is presenedt by 

crosses and right axis. The dotted line indicates the linear fit of these time dependent MMAV, and the slopes of the linear fit can be interpreted as the temporal variabilities 

(T V AOD ( λ), T V AE and T V SSA ( λ)). 
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ith the increasing of �t i . While for SSA the number of time win-

ows rapidly increases going from �t i = 0.5 h to �t i = 2 h , where it

eaches its maximum and then even sligthly decreases going to 

t i = 4 h . This is due to a consequence of the sky-scanning Almu-

antar measurements which are carried out hourly from 9:00 to 

5:00 local time or optical air mass equals to 4, 3, 2, and 1.7 both

n the morning and the afternoon. 

.2. Estimation of aerosol spatial variability 

We base our aerosol spatial variability estimation over each 

ERONET site on the aerosol temporal variability (see Section 3.1 ) 

nd the mean wind speed v̄ (unit: km/h), which is adopted from 

ERRA-2 reanalysis (20 0 0-2018) (see Fig. 2 ). The AOD spatial vari- 

bility (SV AOD , with as unit �AOD/km), the AE spatial variability 

SV AE , with as unit �AE/km) and the SSA spatial variability (SV SSA , 

ith as unit �SSA/km) are estimated based on the following equa- 
5 
ions: 

 V AOD ( λ) = T V AOD ( λ) / ̄v (4) 

 V AE = T V AE / ̄v (5) 

 V SSA ( λ) = T V SSA ( λ) / ̄v (6) 

Thus, aerosol spatial variability is linked with the derived tem- 

oral variability using wind speed in Eqs. (4–6) ; here, we assume 

hat the spatial variability changes gradually with distance in the 

ownwind direction. Note that Eqs. (4–6) also indicate that high 

erosol temporal variability and low wind speed correspond to 

igh aerosol spatial variabilities. 
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.3. Estimation of aerosol mean variability difference in 2 km and 4 

m grid boxes 

The typical spatial resolution under consideration for the next 

eneration multi-angular polarimeter is 2 to 4 km. Therefore, we 

eed to evaluate the aerosol spatial variability difference at these 

cales and identify possible important differences in aerosol char- 

cterization associated with such grid box sizes. Here, the mean 

patial variability differences (MSVD AOD , MSVD AE and MSVD SSA ) 

re estimated by the conversion of the targeted spatial resolution 

 d i ) to a time window: 

t i = 

d i 
v̄ 

, { d i = 2 or 4 km } (7) 

here d i is the distance in kilometer (e.g. 2 km and 4 km) and v̄ is
he mean wind speed (unit: km/h). The δt i is the time window 

ith respect to the corresponding distance, and δt i differs from 

ite to site. A higher mean wind speed at a site corresponds to a 

maller time window. Then the mean spatial variability differences 

re estimated as follows: 

SV D AOD ( λ) = 

〈
τλ( t + δt 4 km 

) − τλ( t + δt 2 km 

) 
〉
, (8) 

SV D AE = 

〈
α( t + δt 4 km 

) − α( t + δt 2 km 

) 
〉
, (9) 

SV D SSA ( λ) = 

〈
ω λ( t + δt 4 km 

) − ω λ( t + δt 2 km 

) 
〉
, (10) 

here τλ( t + δt 4 km 

) and τλ( t + δt 2 km 

) are the mean AOD at 4 km 

nd 2 km; α( t + δt 4 km 

) and α( t + δt 2 km 

) are the mean AE at 4 

m and 2 km; and ω λ( t + δt 4 km 

) and ω λ( t + δt 2 km 

) represents the 

ean SSA at 4 km and 2 km, respectively. Note that the mean 

ariability of 2 km and 4 km windows are used here, which is 

ifferent from the temporal and spatial variability as estimated in 

ections 3.1 and 3.2 , where the maximum variability was derived. 

. Results and discussions 

Based on the approach described in Section 3 , we can now esti- 

ate the aerosol temporal variability, the maximum aerosol spatial 

ariability and the mean aerosol spatial variability difference at 2 

m and 4 km sized grid boxes for the full archive of AERONET sites, 

s listed in Table 1 . 

.1. Aerosol temporal variability 

The results for T V AOD and T V SSA were derived for all 30 

ERONET sites at four wavelengths: 440, 675, 870 and 1020 

m. The values of TV AE were estimated using the AOD at two 

avelengths: 440 and 870 nm. We already presented the results 

or Alta_Floresta and Beijing in Fig. 4 of Section 3 . We selected 

hese sites because their aerosol temporal variability ( �AOD/h and 

AE/h) is among the highest of all AERONET sites. The TV AOD 

as significantly higher values at the 440 nm wavelength. There- 

ore, the following illustrations will be focused on TV AOD (440 nm). 

hile the TV SSA values are generally higher at the longest wave- 

ength 1020 nm, the TV SSA varies only slightly with wavelength by 

bout 0.0 01-0.0 02 per hour, which is very small. Therefore, the il- 

ustrations of TV SSA are also provided at 440 nm for consistency 

ith the TV AOD . 

The mean TV AOD (440 nm) for the 30 sites is ∼0.018 per hour 

1 σ= 0.011). Fig. 5 a shows the AOD temporal variability at 440 

m over all considered AERONET sites. The site numbers cor- 

espond to the #ID in Table 1 . The AOD temporal variability 

V AOD ( �AOD/hour) is relatively high over urban sites (e.g. #2- 

exico_City, #20-Beijing and #22-Xianghe), while TV AOD is low 

ver oceanic sites (e.g. #13-REUNION_ST_DENIS and #30-Lanai). 
6 
he highest value is ∼0.047/h over Beijing and the lowest value 

s ∼0.005/h over REUNION_ST_DENIS. Conclusions like these are 

s expected and logical since Beijing has one of the highest mean 

OD values, while REUNION_ST_DENIS on the other hand is the 

leanest AERONET site with the lowest mean AOD (see Table 1 ). 

The AE (440/870) temporal variability (TV AE ) over the 30 

ERONET sites is presented in Fig. 5 b. The mean TV AE over all sites

s 0.034 per hour (1 σ= 0.010). Relatively low values are observed 

ver sites #8 Capo Verde ( ∼0.014/h), #7 Banizoumbou (0.016/h) 

nd #9 Dakar ( ∼0.017/h). The highest TV AE ( ∼0.051/h) is observed 

t the island site #30 Lanai, which is expected to be a result of 

he high mean wind speed that causing an influx of large sea salt 

articles [40] . 

Fig. 5 c presents the TV SSA (440 nm) over the 30 AERONET sites. 

ll the sites show low variability, as all the values are close or 

ven within the AERONET Level 2 standard accuracy of ∼0.03. The 

ean TV SSA (440 nm) is 0.0 03/h (1 σ= 0.0 02). The maximum value

f ∼0.008/h is observed over the site #29 Lake Argyle, which is 

eneally affected by biomass buring. 

.2. Aerosol spatial variability 

As presented in Section 3 , in this study we estimated the 

erosol spatial variability from the aerosol temporal variability us- 

ng mean wind speed. This section shows the results of SV AOD 

 �AOD/km), SV AE ( �AE/km) and SV SSA ( �SSA/km), which can pro- 

ide important information on aerosol spatial variability as needed 

or optimizing the design of MAP sensors. 

The mean SV AOD (440 nm) is estimated at 0.008 per km 

1 σ= 0.009). The AOD spatial variability over the 30 AERONET 

ites is shown in Fig. 6 a. High AOD spatial variability is observed 

ainly over urban sites (e.g. #20 Beijing ∼0.036/km, #22 Xianghe 

0.023/km, #2 Mexico City ∼0.023/km, #26 IMS-METU-ERDEMLI 

0.023/km and #19 Thessaloniki ∼0.020/km). Low spatial vari- 

bility can be found over costal oceanic sites (e.g. #3 Guade- 

oup ∼0.0 0 03/km and #30 Lanai ∼0.0 0 03/km), which suggests that 

erosol is there more homogeneous than in other regions. Corre- 

pondingly, the AOD (440 nm) variability at a 4 km scale (by a 

actor of 4 to SV AOD ) is ∼0.032 (the mean over 30 AERONET sites), 

hich is of the same order of magnitude as the AERONET AOD un- 

ertainty ( ±0.01-0.02). Nevertheless, over regions with high aerosol 

oading, the AOD (440 nm) variability at 4 km scale can reach val- 

es of ∼0.1-0.15, which represent for ∼10-20% of the typical AOD 

t these places. In order to compare with satellite AOD variability, 

e performed a case study using MODIS/AQUA 1 km AOD from 

AIAC algorithm over Beijing and REUNION_ST_DENIS (see Ap- 

endix). 

The AE is a qualitative indicator of aerosol particle size; the 

maller the AE, the larger the particle size [50,51] . The spatial vari- 

bility of AE is high over sites where both the fine and coarse 

ode particles have strong effects. The mean SV AE (440/870 nm) 

s 0.012 per km (1 σ= 0.012). The distribution of the SV AE over 

0 AERONET sites is shown in Fig. 6 b. The highest value is ob- 

erved over #19 Thessaloniki with ∼0.049/km, where coarse mode 

ceanic aerosol and fine mode urban aerosol alternate dominance. 

ultiplicating by a factor of four the SV AE , then the AE variabil- 

ty over 4 km is on average ∼0.048 over 30 sites with the highest 

alue ∼0.2. For SV AE , we found high AE temporal variability over 

anai #30 ∼0.051 per hour, but here the spatial variability is low 

 ∼0.003 per km), which means that the aerosol particle size varies 

uickly in time due to high wind speed; however, high wind speed 

lso spatially distributes aerosol homogeneously. 

The mean SV SSA (440 nm) is 0.001 per km (1 σ= 0.001). Fig. 6 c

hows the SSA spatial variability over 30 AERONET sites. The 

ighest SV SSA (440 nm) is observed at #19 Thessaloniki with 

0.006/km, and the lowest values are at #30 Lanai with 
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Fig. 5. Aerosol temporal variability represented in Panel a. by TV AOD (440 nm), in Panel b. by TV AE (440/870 nm) and in Panel c. by TV SSA (440 nm), over 30 AERONET sites. 

The site numbers correspond to the #ID in Table 1 . 
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0.0 0 0 05/km and #3 Guadeloup with ∼0.0 0 0 06/km. Even when

onverting the SSA (440 nm) spatial variability to 4 km scales, 

y multiplying a factor of 4 the �SSA SV (440 nm), the mean vari- 

bility is 0.008 and the highest value observed is ∼0.032, which 

s within or comparable to the retrieval uncertainty of the SSA 

 ±0.03). Overall, the SSA variability is small at scales varying from 

 to 4 km. 

.3. Aerosol mean variability difference from 2 km to 4 km 

Here we discuss the results of the aerosol variability between 

ean AODs calculated for 2 km and 4 km grid boxes. Specifically, 
7 
he MSVD AOD , MSVD AE and MSVD SSA were estimated for the square 

rid box of 2 km and larger grid boxes extending up to 4 km. The

SVD AOD , MSVD AE and MSVD SSA are the most appropriate param- 

ters, for characterizing mean aerosol values, for evaluating the po- 

ential uncertainty introduced by changing the sampling resolution 

rom 2 to 4 km scale. The MSVD AOD , MSVD AE and MSVD SSA were 

alculated for 30 selected AERONET and the details are provided 

elow. 

The MSVD AOD (440 nm) over 30 AERONET sites is shown in 

ig. 7 a. The average MSVD AOD (440 nm) over all sites is 0.004 

1 σ= 0.005). The highest MSVD AOD (440 nm) is observed over #20 

eijing at ∼0.019, which represents ∼2.8% of the mean AOD (440 
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Fig. 6. Aerosol spatial variability, a. SV AOD (4 40 nm), b. SV AE (4 40/870 nm) and c. SV SSA (440 nm) (top to bottim), over 30 AERONET sites. The site numbers correspond to the 

#ID in Table 1 . 
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m) over Beijing. Over other urban sites, such as #1 GSFC, #2 Mex- 

co_City, #22 Xianghe and #23 Kanpur, the MSVD AOD (440 nm) is 

lightly higher than 0.01. Nevertheless, even the highest value of 

0.019 over Beijing is within the practical uncertainty of AOD mea- 

urements by AERONET ( ±0.01-0.02). In conclusion, the uncertain- 

ies of this level in AOD variability can be considered nearly negli- 

ible. 

The average MSVD AE (440/870 nm) over 30 sites is 0.004 

1 σ= 0.003), which is ∼0.4% of the mean AE. The MSVD AE over 

ll AERONET sites is shown in Fig. 7 b. The highest AE variability 

s over sites affected by biomass buring, e.g. at #11 Mongu the 

SVD AE is ∼0.011 (0.6% of the mean) and at #24 Silpakorn Univ 
8 
t is ∼0.014 (1.0% of the mean), which can be understood by the 

act that air affected by biomass burning is dominated by fine par- 

icles leading to high AE values. At the same time, even these ap- 

arently high values are within the AE uncertainty limits ( ± 0.1–

.3) of AERONET. 

The average MSVD SSA (440 nm) over 30 sites is 0.001 

1 σ= 0.001), which is smaller than 0.1% of the mean SSA. The 

SVD SSA over all AERONET sites is shown in Fig. 7 c. Similar to 

SVD AOD (440 nm), the highest values of MSVD SSA (440 nm) are 

ainly observed over urban and biomass burning affected sites, 

uch as at #20 Beijing with ∼0.002, at #6 CUIABA-MIRANDA 

ith ∼0.001 and at #4 Alta_Floresta with ∼0.001. Nevertheless, 
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Fig. 7. Aerosol spatial variability, a. MSVD AOD (440 nm), b. MSVD AE (440/870 nm) and c. MSVD SSA (440 nm) (top to bottim), over 30 AERONET sites. The site numbers corre- 

spond to the #ID in Table 1 . 
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imilarly to situation with MSVD AOD and MSVD AE , the values of 

SVD SSA are clearly within the SSA uncertainty limits ( ±0.03) of 

ERONET. 

The mean spatial variability between 2 km and 4 km grid boxes 

MSVD AOD , MSVD AE and MSVD SSA ) are generally lower than the 

erosol variability at 4 km scale, multiplying by a factor 4 the 

V AOD , SV AE and SV SSA , which can be interpreated as aerosol vari- 

bility per 4 km in Section 4.2 . This is due to that aerosol spatial

ariability is calculated from maximum temporal variability during 

he time windows. Nevertheless, the mean spatial variability be- 

ween 2 km and 4 km grid boxes are derived differences of the 
9 
ean variability for 2 time windows representing for 2 km and 4 

m ( Eq. (7 )). 

Table 2 summarizes the statistics of aerosol (AOD(440 nm), 

E(440/870) and SSA(440 nm)) temporal variability ( �/h), spatial 

ariability ( �/km) and mean difference in spatial variability be- 

ween 2 km and 4 km grid boxes �( 4 km − 2 km ) for all 30 

ERONET sites. Fig. 8 shows a qualitative insight obtained by using 

 straightforward clustering analysis of aerosol temporal ( Fig. 8 a-c), 

patial ( Fig. 8 e-g) and mean difference in spatial variability from 2 

o 4 km ( Fig. 8 i-k). One can observe that the highest TV AOD val-

es are observed for urban polluted and biomass burning affected 
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Table 2 

Statistics of aerosol (AOD(4 40 nm), AE(4 40/870) and SSA(440 nm)) temporal variability ( �/h), spatial variability ( �/km) and mean spatial variability be- 

tween 2 km and 4 km grid boxes �( 4 km − 2 km ) over 30 AERONET sites. 

Temporal variability ( �/h) Spatial variability ( �/km) �( 4 km − 2 km ) 

TV AOD TV AE TV SSA SV AOD SV AE SV SSA MSVD AOD MSVD AE MSVD SSA 

Mean 0.018 0.034 0.003 0.008 0.012 0.001 0.004 0.004 0.0005 

Upper (20%) 0.038 0.047 0.005 0.024 0.033 0.002 0.012 0.009 0.001 

Lower (20%) 0.007 0.018 0.001 0.001 0.002 0.0001 0.0004 0.0005 < 0.0001 

Maximum 0.049 0.051 0.008 0.036 0.049 0.006 0.019 0.014 0.002 

Note. AOD and SSA are reported at 440 nm, and AE is 440/870 nm. 

Fig. 8. Clustering analysis of aerosol temporal, spatial and mean spatial variability difference from 2 to 4 km over 30 AERONET sites; the site numbers are present in (panel 

a). The x-axis and y-axis are mean AOD (440 nm) vs. mean AE (440/870 nm) for 30 sites, and the color represents aerosol temporal (a-c), spatial (e-g) and mean spatial 

variability (i-k). 
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ites, which are generally characterized by high aerosol loading 

nd variability [2] . The highest TV AE values are observed for urban 

olluted sites, which are known to observe mixtures of fine and 

oarse mode aerosols with high AE dynamics. The TV AE values are 

lso high for sites with low AOD, which are evidently related to 

he uncertainty of the underlying AOD observations ( ±0.01-0.02). 

orrespondingly, at very low AOD, the AE can strongly vary simply 

ue to these uncertainties. The highest TV SSA values are observed 

or urban polluted and biomass burning affected sites, which gen- 

rally exhibit stronger SSA changes due to enhanced absorption by 

hese aerosols [2] . In addition, it is interesting to note that the 

ighest values of T V AOD , T V AE and T V SSA correspond to the cases

ith the lowest wind speed (see Fig. 3 ). Evidently, in absence of 

trong winds the activity of local aerosol sources results in high 

emporal aerosol variability. 

By considering the upper 20% of maximum mean spatial vari- 

bility at 4 km ( �/km x 4), the variability is less than 0.1 for AOD,

.15 for AE and 0.02 for SSA. In addition, for mean difference in 
t

10 
ariability between 2 km to 4 km ( �(4 km − 2 km ) ), the mean of 

pper 20% cases are 0.012 for AOD, 0.009 for AE and 0.001 for SSA. 

verall, for these case with extreme high aerosol loading, by ac- 

ounting for the maximum variability at 4 km, the AOD variability 

ould become non-negligible; however, the mean AOD variability 

or these extreme cases are within the uncertainty range ( ±0.01- 

.02). For aerosol size and absorption parameters (AE and SSA), the 

ariability is insignificant. 

.4. Aerosol temporal variability for polar-oribiting satellites overpass 

t 10 – 14 hrs localtime 

The above analysis was derived by using all available AERONET 

ata observed during daytime. The derived variability we can in- 

erpreat as daily mean. Smirnov et al. [52] discussed AOD diur- 

al variability for various aerosol types (e.g. urban pollution, dust, 

iomass buring, maritime etc.). A prevailing pattern was found that 

he AOD increases by 10-40% during the day, therefore the AOD 



C. Chen, O. Dubovik, G.L. Schuster et al. Journal of Quantitative Spectroscopy & Radiative Transfer 268 (2021) 107627 

Fig. 9. Comparison of daily mean TV AOD (440 nm) with TV AOD (440 nm) at noon (localtime 10-14). 
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eak is mainly occurring in the afternoon, for most sites the ex- 

eption for sites dominated by dust, where this trend is insignifi- 

ant. Kanfman et al. [53] compared the daily mean AOD with the 

OD of collocated observations from polar oribiting satellites, and 

ound that the differences are insiginificant. 

In order to understand the representiveness of derived day- 

ime aerosol variability for the purpose of typical polar-oribit satel- 

ites overpass times (i.e. localtime between 10:00 and 14:00 hrs), 

e compare the daytime aerosol temporal variability TV AOD (440 

m) derived using all data with the TV AOD derived using data col- 

ected during the specific local time window between 10:00 and 

4:00 hrs. The results are illustrated in Fig. 9: blue crosses are 

aily mean TV AOD (440 nm) derived using all data; red circles are 

V AOD (440 nm) derived using data during the specific time win- 

ow. In general, the TV AOD (440 nm) during local time 10-14 is 

lightly lower than the dirual mean by 12.5% (local time 10-14: 

.021/h; dirual: 0.024/h). Two urban polluted sites (#2 Mexico_City 

nd #20 Beijing) show that the variability around noon (local time 

0-14) is higher than the daily mean variability by 6.6% (#2) and 

.8% (#20) respectively. In contrast, over dust sites (e.g. #9 Dakar, 

27 SEDE_BOKER, #28 Solar_Village), the variability around noon 

s lower than the daily mean variability about 30%. These phonom- 

na can be related to local emission variability and meteorological 

onditions, which would require further investigation. Neverthless, 

he difference between the temporal variability around noon and 

he daily mean temporal variability appears not evident. 

. Conclusions 

In this study, we made an attempy to estimate the aerosol max- 

mum temporal variability using full data archives of 30 represen- 

ative AERONET sites. By exploiting additional information about 

ocal wind speed, the maximum and mean aerosol variability was 

stimated at scales of 2 km and 4 km, and then inverstigated for 

lear differences that could affect satellite requirements. The re- 

ults of this study can be summarized by the following conclu- 

ions: 

√ 

Aerosol maximum temporal variability ( �/h) is influenced by 

local wind speed. For example, the AOD temporal variability is 

high over urban polluted sites where the local wind speed is 

low. On the other hand, the aerosol size parameter (AE) shows 

high temporal variability over oceanic sites where the local 

wind speed is high. The aerosol temporal variability in 1 hour 

is generally higher than its spatial variability at 1 km. √ 

The changes of aerosol type, which is linked in this study to 

changes in AE and SSA, can be considered negligible or toler- 

able at spatial scales of 4 km. For example, over 30 sites the 

maximum variability of the TV (440/870 nm) at 4 km is 0.196; 
AE 

11 
and the maximum variability of the TV SSA (440 nm) at 4 km is 

0.032. These values are comparable with the measurements ac- 

curacy limits of AE and SSA ( ±0.1-0.3 for AE and ±0.03 for SSA) 

in AERONET. √ 

The mean (over 30 sites) maximum AOD (440 nm) spatial vari- 

ability within a scale of 4 km is 0.032, with highest maxi- 

mum variability of AOD observed over urban polluted sites such 

as #20 Beijing, #22 Xianghe, #2 Mexico_City and #23 Kanpur 

where the maximum values reach ∼0.1-0.2, which is quite sig- 

nificant. The corresponding values for maximum aerosol vari- 

ability for the scale of 2 km are two times smaller. At the same 

time, the highest AOD variability observed at the sites with 

very high dynamic of aerosol and AOD variability per km is as- 

sociated with only ∼6% relative changes in AOD. √ 

In order to understand more adequately the impact of changes 

at satellite sampling resolution changing from 2 km to 4 km, 

we have analyzed the differences in the mean values of aerosol 

properties (AOD, AE and SSA) estimated for 2 km and 4 km grid 

box sizes. It is to be expected that mainly the average aerosol 

properties within these grid boxes would affect the satellite ob- 

servations. The results can be summarized as follows: 

◦ Mean difference of AOD (440 nm) variability between 2 km 

and 4 km grid boxes is only 0.004 (1 σ= 0.005), which is cor- 

responding to 1.2% of the mean AOD value in the grid box. 

The highest differences between 2 km and 4 km mean AOD 

(440 nm) are mainly found over urban sites such as #20 

Beijing 0.019 (2.8%), where typical values of AOD are very 

high. 

◦ Mean difference of AE (440/870 nm) variability between 2 

km and 4 km grid boxes is 0.0 04 (1 σ= 0.0 03), which is

equivalent to 0.4% relative AE (440/870 nm). The highest AE 

(440/870 nm) variability from 2 km to 4 km is observed 

over biomass burning sites, e.g. #11 Mongu ∼0.011 (0.6%) 

and #24 Silpakorn_Univ ∼0.014 (1.0%). 

◦ Mean difference of SSA (440 nm) variability between 2 km 

and 4 km grid boxes is 0.001 (1 σ= 0.001), which is smaller 

than 0.1% of the mean SSA, and the highest SSA variability 

is found over urban sites. 

All the observed mean aerosol variability differences between 2 

m and 4 km grid box sizes for AOD, AE and SSA are comparable

ith the limits of AERONET AOD, AE and SSA measurement accu- 

acies ( ±0.01-0.03 for AOD, ±0.1-0.3 for AE, ±0.03 for SSA). The 

nalysis as presented here leads to recommend that using 4 km 

patial resolution for the MAP sensor on the CO2M Mission will be 

ufficient to capture the most important characteristics in aerosol 

ariability. This conclusion is important especially taking into ac- 

ount the fact that due to fundamental limitations of multi-angular 

easurements from space providing high quality consistent MAP 
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bservations at 4 km scale is significantly less challenging than for 

igher spatial resolution sensors that is because other errors in re- 

ation to geometrical co-registration of MAP observations will be- 

ome significantly more prominent at higher spatial resolution. 
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ppendix 

In order to evaluate the potential of using MAIAC 1 km reso- 

ution product for evaluation of aerosol spatial variability we per- 

ormed a case study using MODIS/AQUA MAIAC AOD over Beijing 

nd REUNION_ST_DENIS, where we got the maximum and minimal 

OD spatial variability (SV AOD ) using AERONET and MERRA-2 wind 

peed in Section 4.2 . The results and compassion with the SV AOD 

erived in this study are presented in Fig. A1 and Table A1 . 

We adopted a year data in 2008, and only the MAIAC AOD with 

he highest quality flag (QA = "0 0 0 0") was used. The spatial distri-

ution of MAIAC 1 km AOD (550 nm) is shown in Fig. A1 . We

alculated the maximum absolute AOD changes for the AERONET 

ixel with its surrounding pixels within 1 km distance. As a re- 

ult, we have obtained a value of SV AOD_MAIAC (550nm) 0.037, and 

he relative change with respect to mean AOD (550nm) is 9.8%. 

t should be noted also that the AOD variability for MAIAC is de- 

ived only at 550 nm. Even though, we used the data over Bei- 

ing for different time period (AERONET: 2001-2019; MAIAC: 2008), 

he AOD variability per km is comparable (AERONET: 0.036 at 440 

m; MAIAC: 0.037 at 550 nm). The relative changes for MAIAC 
North China in 2008. (b) Zoom in MAIAC 1 km AOD (550 nm) on a 1 degree grid 

IAC 1 km AOD (550 nm) over REUNION_ST_DENIS. (d) Zoom in MAIAC 1 km AOD 

 crosses indicate the AERONET site Beijing (116.381 °E, 39.977 °N) in (a) and (b) and 



C. Chen, O. Dubovik, G.L. Schuster et al. Journal of Quantitative Spectroscopy & Radiative Transfer 268 (2021) 107627 

Table A1 

Comparison the AOD spatial variability (SV AOD ) per km and AOD relative changes to the mean over Beijing and RE- 

UNION_ST_DENIS derived from MAIAC AOD with AERONET + MERRA-2 wind speed in Section 4.2 . 

AOD Spatial Variability per km (relative changes to mean: %) 

MAIAC SV AOD AERONET + MERRA-2 wind speed SV AOD 

Beijing 0.037 (9.8%) 0.036 (5.5%) 

REUNION_ST_DENIS 0.004 (5.5%) 0.0004 (0.5%) 
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9.8%) that is slightly higher than the one (5.5%) derived from 

ERONET data (using MERRA-2 wind speed), which could par- 

ially be explained also by the fact that the MAIAC AOD is slightly 

ower than AERONET measurements over Beijing. Meanwhile, we 

ot SV AOD_MAIAC (550nm) 0.004, and the relative change is 5.5% at 

EUNION_ST_DENIS ( Fig. A1 ), where the aerosol loading is gen- 

rally low (AERONET mean AOD at 440 nm is 0.08). The derived 

V AOD using AERONET and MERRA-2 wind speed is 0.0 0 04 per 

m (0.5% in relative change), which is 10 times smaller than the 

V AOD_MAIAC (550nm). The higher MAIAC AOD variability can prob- 

bly be explained that MODIS AOD can be affected by other fac- 

ors such as surface heterogeneity and topology especially in cases 

ith low aerosol loading. At the same time, these obtained values 

f variability are much smaller even than the AERONET AOD uncer- 

ainty ( ±0.01-0.02), which is known to be the AOD products of the 

ighest quality and certainly much smaller than expected MAIAC 

OD accuracy. The interpretation of such differences in the results 

btained from AERONET based and MAIAC MODIS based data is 

hallenging and rather ambiguous. 
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