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Abstract The purpose of this study is to validate 
the daily Terra-MODIS level 2 combined dark tar-
get (DT) and deep blue (DB) aerosol optical depth 
(AOD) retrievals with a spatial resolution of 10  km 
against the ground-based AERONET AOD data to 
be used in evaluating the air pollution and impact of 
meteorological variables over Qena, Egypt, in 2019. 
The regression analysis demonstrated an accepted 
agreement between the MODIS and AERONET 
AOD data with a correlation coefficient (R) of 0.7118 
and 74.22% of the collocated points fall within the 
expected error (EE) limits. Quality flag filtering and 
spatial and temporal collocation were found to have 
a significant impact on the regression results. Quality 
flag filtering increased R by 0.2091 and % within EE 
by 17.97, spatial collocation increased R by 0.0143 
and % within EE by 1.13, and temporal collocation 
increased R by 0.0089 and % within EE by 4.43. By 
validating the MODIS AOD data seasonally and ana-
lyzing the temporal distribution of the seasonal AOD 
data to show the retrieval accuracy variations between 
seasons, it was found that the MODIS AOD obser-
vations overestimated the AERONET AOD values 
in all seasons, and this may be because of underes-
timating the surface reflectance. Perhaps the main 
reason for the highest overestimation in summer and 

autumn is the transportation of aerosols from other 
regions, which changes the aerosol model in Qena, 
making accurate aerosol-type assumptions more dif-
ficult. Therefore, this study recommends necessary 
improvements regarding the aerosol model selection 
and the surface reflectance calculations. Temperature 
and relative humidity were found to have a strong 
negative relationship with a correlation of − 0.735, 
and both have a moderate association with AOD 
with a correlation of 0.451 and − 0.356, respectively. 
Because Qena is not a rainy city, precipitation was 
found to have no correlation with the other variables.
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Introduction

Aerosols are tiny liquid or solid particles suspended 
in the air (Lipponen et  al., 2018). Different sources 
produce aerosols, some of which are natural, such 
as mineral dust and sea spray, and some are human 
activities, such as smoke from fires and car and fac-
tory emissions. Aerosols have a significant impact 
on human health, climate, agriculture, hydrologi-
cal cycle, ecosystems, radiative balance, and cloud 
microphysical properties (Ali & Assiri, 2019). There-
fore, spatial and temporal evaluations of aerosols 
from local to global scales are necessary. Also, an 
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accurate description of the aerosol loading is required 
for air quality applications (Gouda et  al.,  2022; Gui 
et  al., 2021). The air pollution in different regions 
differs in terms of the primary sources of pollutants, 
meteorological conditions, and geographical attrib-
utes (Barzeghar et al., 2022; Tariq et al., 2021). It was 
reported that aerosol concentrations and distribution 
are significantly influenced by meteorological vari-
ables (Al-Hamdan et al., 2019; Kayes et al., 2019).

Aerosol optical depth (AOD) is an essential prod-
uct that determines the aerosol density in the atmos-
phere. While the ground-based networks provide 
accurate measurements of aerosol properties at high 
temporal and spectral resolutions, their spatial cover-
age is still limited and there is a lack of AOD data in 
many regions, such as remote and rural places (Chen 
et  al., 2021). Satellite sensors overcome this spatial 
barrier by providing regular AOD measurements 
at low to high spatial resolutions (Kim et al., 2021). 
Various agencies have launched high-resolution satel-
lites containing a range of advanced aerosol-sensing 
equipment to monitor the atmosphere (Elshora, 2021, 
2022). The most popular sensors are Moderate Reso-
lution Imaging Spectroradiometer, Visible Infrared 
Imaging Radiometer Suite, Advanced Very High-
Resolution Radiometer, Multi-angle Imaging Spec-
troRadiometer, Sea-viewing Wide Field-of-view Sen-
sor, Total Ozone Mapping Spectrometer, Along-Track 
Scanning Radiometer, Polarization and Directional-
ity of the Earth’s Reflectances, Ozone Monitoring 
Instrument, and Medium Resolution Imaging Spec-
trometer (Bilal & Nichol, 2015).

MODIS instruments were installed on Terra sat-
ellite in 1999 and on Aqua satellite in 2002. They 
offer regular measurements of AOD in 36 spectral 
channels, 1 to 2  days temporal resolution, and spa-
tial resolutions of 250  m, 500  m, and 1000  m (Wei  
et al., 2019a, b, c). The MODIS AOD data are based 
on the dark target (DT) (Kaufman et  al., 1997) and 
deep blue (DB) (Hsu et al., 2013) algorithms. While 
the DT algorithm has high retrieval accuracy over 
dark areas, the DB algorithm retrieves AOD data 
over high reflectance surfaces (Ali et al., 2022; Wang 
et  al., 2017a). Another MODIS AOD algorithm 
is the combined DT and DB, with which its AOD 
measurements are produced based on the Normal-
ized Difference Vegetation Index (NDVI) as follows: 
(1) If the NDVI is more than 0.3, the DT retriev-
als are considered; (2) if the NDVI is less than 0.2, 

the DB retrievals are considered; (3) if the NDVI is 
more than 0.2 and less than 0.3, the average of the 
retrievals from the DT and DB or the one that passes 
the required quality assurance (QA = 3 for DT and 
QA ≥ 2 for DB) is considered (Wei et al., 2019a, b, c).

MODIS AOD products are used to estimate and 
map fine particulate matter concentrations from local 
to global scales. As a result, it is necessary to assess 
the quality of MODIS AOD observations using accu-
rate AOD measurements from the Aerosol Robotic 
Network (AERONET) in order to produce accurate 
and reliable air quality maps (Bilal et al., 2016). The 
correlation coefficient (R), the root-mean-square error 
(RMSE), the EE, and the relative mean bias (RMB) 
are the parameters that assess the relationship between 
the MODIS and AERONET AOD data. To verify that 
the AOD identified by the MODIS sensor from space 
and the AOD measured by the AERONET on the 
ground are acquired at the same time and place, the 
spatial and temporal collocation process is required 
(Osgouei et  al., 2022). While the spatial collocation 
is achieved by averaging the MODIS AOD retriev-
als within a 5 × 5-pixel sampling window centered 
on the AERONET location, the temporal collocation 
is achieved by averaging the AERONET AOD data 
within ± 30 min of each MODIS AOD retrieval time. 
Only the high-quality MODIS AOD retrievals with 
a quality flag (QF) = 3 will be used as they have the 
lowest errors (Deep et al., 2021; Wang et al., 2020).

Despite the several sources of aerosol in Qena, 
Egypt, there is a gap in the literature on studying its 
air pollution and the impact of meteorological vari-
ables. Therefore, this study aims to validate the Terra-
MODIS combined DT and DB AOD data at a spatial 
resolution of 10  km against the ground-based AER-
ONET AOD measurements to be used in studying the 
air pollution over Qena in 2019. This study presents 
the impact of quality flag filtering and spatial and 
temporal collocation, which have not been sufficiently 
studied in the literature. This study also proposes vali-
dating the MODIS AOD data seasonally and analyz-
ing the temporal distribution of the seasonal AOD data 
to show the retrieval accuracy variations between sea-
sons. Furthermore, this study investigates the impact 
of meteorological variables on AOD concentrations. 
The daily variations of temperature (T in °C), relative 
humidity (RH in %), and precipitation (P in mm/day) 
are analyzed to evaluate their associations with AOD 
in addition to the associations between each other.
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Study area and datasets

Study area

As shown in Fig.  1, Qena City is in the southern 
part of Egypt, on the east bank of the Nile. The 
study site is located at the meteorological research 
station of South Valley University (SVU) at Qena 
City (26.200° N, 32.747° E, and 75.7 m. elevation). 
The station is in a semi-desert area about 6  km 
northeast of Qena City, with low agricultural areas 
around it. The primary causes of pollution in Qena 
City include sand from the surrounding hills, vehi-
cle emissions, and industrial pollutants from vari-
ous sources such as aluminum, sugar, and cement 
factories.

AERONET data

The AERONET is a network of Sun photometers on 
the ground that provides a long-term, continuous, and 
easily accessible public database of aerosol optical 
and radiative properties for aerosol characterization 
and validation of satellite retrievals. Version 3 algo-
rithm processing includes three levels of quality: (1) 
data at level 1.0 has not been cloud-screened or cali-
brated; (2) data at level 1.5 has been cloud-screened 
but not calibrated or quality-assured; and (3) data at 
level 2.0 has been cloud-screened, calibrated, and 
quality-assured. As AERONET AOD data has low 
uncertainty (0.01–0.02) and high temporal resolution 
(every 15 min), it is used for the validation of satellite 
AOD products (Filonchyk et  al., 2020). The highest 
quality level 2.0 data from Qena-SVU station in 2019 
will be used in this research.

MODIS data

The Moderate Resolution Imaging Spectroradiom-
eter (MODIS) is a primary instrument on the Terra 
and Aqua satellites. Terra crosses the equator in the 
morning from north to south, while Aqua crosses the 
equator in the afternoon from south to north. Every 
1–2 days, Terra and Aqua MODIS observe the whole 
Earth’s surface and collect the data in the available 
36 spectral bands or sets of them. The quality of 
MODIS AOD data is regularly improved by updating 
cloud screening, surface reflectance estimation, the 
dynamic aerosol model, and gas and Rayleigh cor-
rections. This study will use the daily Terra MODIS 
level-2 data (MOD04_L2) acquired in 2019 based on 
the combined DT and DB algorithm, with a temporal 
resolution of 5 min and a spatial resolution of 10 km.

Meteorological data

The meteorological parameters have a strong impact 
on the AOD concentrations and distribution. The 24-h 
daily mean temperature (T in °C), relative humid-
ity (RH in %), and precipitation (P in mm/day) were 
acquired for 2019 over Qena. The temperature and 
relative humidity data was obtained from the Atmos-
pheric Infrared Sounder (AIRS) level 3 daily gridded 
product (AIRS3STD V7.0). AIRS is a grating spec-
trometer on the Aqua satellite that collects infrared 
radiation from Earth’s surface and atmosphere with 
a spatial resolution of 1° and provides measurements 
of temperature, water vapor, trace gases, and surface 
and cloud characteristics. The precipitation data was 
obtained from the Global Precipitation Climatology 
Project (GPCP) datasets (GPCPDAY v3.2), which 

Fig. 1  The study area

Page 3 of 16 483



Environ Monit Assess (2023) 195:483 

1 3
Vol:. (1234567890)

offers daily precipitation analysis based on surface 
and satellite measurements with a spatial resolution 
of 0.5°.

Methodology

To evaluate and validate MODIS AOD retrievals, 
they should be fitted in space and time with AER-
ONET AOD measurements. The MODIS sensor 
offers spatial coverage of a region from space, while 
the AERONET delivers measurements at a specific 
location on the ground. Because of the variations in 
the atmosphere from one location to another, as well 
as the movement of the atmosphere through time, the 
spatial and temporal collocation process is required to  
ensure that the AOD detected by the MODIS sensor 
from space and the AOD measured by the AERONET 
on the ground are acquired at the same time and place 
(Ichoku et  al., 2002). The spatial collocation is per-
formed by averaging at least two pixels of MODIS 
AOD retrievals within a 5 × 5-pixel sampling window 
centered on the AERONET location, while the tem-
poral collocation is performed by averaging at least 
two AERONET AOD values within ± 30 min of each 
MODIS AOD retrieval time (Wang et  al., 2017b). 
Since the MODIS AOD data wavelength is 550  nm 
and the AERONET AOD data wavelength is 500 nm, 
the empirical approach, standard angstrom expo-
nent (α), is used to interpolate the wavelength of the 
AERONET AOD measurements from 500 to 550 nm  
(Falah et al., 2021), according to Eq. (1).

The MODIS algorithms use a protocol to assess 
the AOD retrieval quality, which is known as the 
quality assurance (QA). The QA protocol includes 
a group of tests to check that specific conditions are 
met during the retrieval and, as a result, provides a 
degree of confidence for the entire retrieving process. 
The degree of confidence ranges from 3 (high confi-
dence) to 0 (no confidence) (Levy et al., 2010; Remer 
et al., 2005). Only the MODIS combined DT and DB 
AOD retrievals with quality flag (QF) = 3 are recom-
mended to be used since they are characterized by the 

(1)AOD
550nm = AOD

500nm × (
550

500
)
−�

lowest absolute uncertainty and the highest propor-
tions inside the EE.

The relationship between the MODIS AOD 
retrievals and their collocated AERONET AOD 
measurements was evaluated using a linear regression 
analysis according to Eq.  (2). The regression line’s 
slope and intercept were estimated to determine the 
suitability of the aerosol model and surface reflec-
tance assumptions, which are responsible for the 
MODIS AOD retrieval quality (Ali et al., 2017). The 
slope describes the error of the improper selection of 
the aerosol model, while the intercept describes the 
unsuitable surface reflectance assumptions. The ideal 
values of the slope and intercept are 1 and 0, respec-
tively, which indicates that the MODIS AOD retriev-
als have the best quality. The positive intercept indi-
cates a surface reflectance underestimation, while 
the negative intercept indicates a surface reflectance 
overestimation.

The correlation coefficient (R) and the RMSE were 
calculated according to Eqs. (3) and (4), respectively, 
to assess the validation quality and indicate how accu-
rate the MODIS AOD observations is against the 
AERONET AOD measurements. While the R meas-
ures the agreement between the MODIS and AER-
ONET AOD data, the RMSE measures the differences 
between them. The higher R and lower RMSE sug-
gest that there is more agreement. The EE is calcu-
lated according to Eq. (5) to assess the AOD retrieval 
uncertainty. The more AOD retrievals that fall inside 
the EE (%within), the higher the confidence of the 
retrieval algorithm. The RMB, which indicates the 
mean bias of the MODIS and AERONET AOD data, 
is calculated according to Eq.  (6). RMB > 1 repre-
sents the average overestimation of the retrievals, and 
RMB < 1 represents the average underestimation of 
the retrievals. To test the statistical significance of the 
regression, the probability value (P-value) is calcu-
lated. The P-value is a statistical measurement used to 
check the validity of a hypothesis against actual data 
(Lalitaporn & Mekaumnuaychai, 2020). A P-value of 
0.05 or lower indicates that the relationship is statisti-
cally significant.

(2)
MODIS AOD = slope × AERONET AOD + intercept
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The impact of quality flag filtering, spatial collocation, 
and temporal collocation on the results of the validation 
of MODIS AOD data was analyzed by comparing the 
results of (1) using only high-quality MODIS AOD data 
and using all AOD data; (2) using a 5 × 5-pixel typical 
window (± 25 km) and using a 3 × 3-pixel typical window 
(± 15 km); and (3) using the average of only AERONET 
AOD values within ± 30  min of each MODIS AOD 
retrieval time and using the average of all AERONET 
AOD values over the day. The MODIS AOD retrievals in 
each season were validated separately, and the temporal 
distribution of the seasonal means of both MODIS and 
AERONET AOD observations was analyzed to show 
the seasonal variations in the quality of AOD retrieval. 
Because of the strong impact of the meteorological 
parameters on the AOD concentrations and distribution, 
the daily variations of AOD (550 nm), temperature (T in 
°C), relative humidity (RH in %), and precipitation (P in 
mm/day) were analyzed over Qena in 2019. The statisti-
cal parameters: minimum, maximum, mean, standard 
deviation, median, and 95th percentile, were calculated 
for analyzing the AOD and the meteorological variables. 
The association between the AOD and the meteorological 
parameters was assessed by the linear regression analysis. 
In addition, the correlation coefficients between any two 
of the four variables were calculated.

Results

Validation of MODIS AOD retrievals

By using the high-quality MODIS AOD retrievals 
within a 5 × 5-pixel sampling window centered on the 

(3)R =

∑n

i=1

�

AERONET AOD
i
− AERONET AOD

m

��

MODIS AOD
i
−MODIS AOD

m

�
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− AERONET AOD
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RMSE =

�

1

n

∑n

i=1
(MODIS AOD

i
− AERONET AOD

i
)2

(5)EE = ±(0.05 + 0.20 AERONET AOD)

(6)RMB =
MODIS AOD

m

AERONET AOD
m

AERONET location and the AERONET AOD values 
within ± 30  min of each MODIS AOD retrieval, 225 
collocated points participated in the comparison. A lin-
ear regression analysis was used to assess the relation-
ship between the MODIS and AERONET AOD data, as 
shown in Fig. 2. The regression line has a slope of 0.623 
and an intercept of 0.111, which indicates an improper 
aerosol model and that the surface reflectance was par-
tially underestimated, respectively. Overall, there is an 
accepted agreement between the MODIS and AER-
ONET AOD data with R = 0.7118 and RMSE = 0.0592. 
The MODIS AOD retrievals were more regularly scat-
tered on both sides of the 1:1 line, and 74.22% of the 
collocated points fall inside the EE limits. With an RMB 
of 1.10, the MODIS combined DT the DB AOD algo-
rithm shows an average overestimation of 10%, where 
22.67% of the collocated points fall above the EE and 
3.11% fall below the EE. Generally, the validation anal-
ysis shows that the aerosol situation over Qena can be 
well represented by the MODIS combined DT and DB 
AOD product. It is important to analyze (1) the impact 

Fig. 2  The validation of MODIS AOD retrievals by using the 
AERONET AOD measurements, the green solid line indicates 
the regression line, the red dashed line indicates the line of 
slope 1:1, and the orange dashed lines indicate the EE range
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of quality flag filtering by conducting a comparison 
between the results of using only high-quality MODIS 
AOD data and using all AOD data, (2) the impact of spa-
tial collocation by conducting a comparison between the 
results of using a 5 × 5-pixel typical window (± 25 km) 
and using a 3 × 3-pixel typical window (± 15 km), and 
(3) the impact of temporal collocation by conducting a 
comparison between the results of using the average of 
only AERONET AOD values within ± 30 min of each 
MODIS AOD retrieval time and using the average of all 
AERONET AOD values over the day.

Quality flag filtering

Only the MODIS AOD retrievals with QF ≥ 3 are rec-
ommended to be used since they are characterized by 

the lowest absolute uncertainty and the highest propor-
tions inside the EE. To assess the impact of MODIS 
AOD retrieval quality on the relationship between the 
MODIS AOD retrievals and their collocated AERONET 
AOD measurements, a comparison was performed 
between the results of averaging all MODIS AOD data 
and averaging only the high-quality MODIS AOD data, 
as shown in Table 1 and Fig. 3. A 5 × 5-pixel sampling 
window was utilized to calculate the average of the 
MODIS AOD retrievals, and the AERONET AOD val-
ues within ± 30 min of each MODIS AOD retrieval time 
were used. The number of collocations generated by 
using the high-quality MODIS AOD retrievals was less 
than that generated by using all retrievals by 26%. By 
using only high-quality MODIS AOD retrievals instead 
of using all retrievals, the correlation coefficient, and the 
proportion of collocations within the EE increased from 
0.5027 to 0.7118 and from 56.25 to 74.22, respectively, 
and the root-mean-square error decreased from 0.0915 to 
0.0592. Therefore, using the high-quality MODIS AOD 
retrievals is recommended.

Spatial collocation

A sampling window centered on the AERONET loca-
tion is used to perform the spatial collocation and 

Table 1  The impact of quality flag filtering on the validation 
of MODIS AOD retrievals

MODIS AOD retrievals within a 5 × 5-pixel window and 
AERONET AOD measurements within ± 30 min

Dataset N R RMSE %Within

All retrievals 304 0.5027 0.0915 56.25
High-quality only 225 0.7118 0.0592 74.22

Fig. 3  The impact of quality flag filtering on the validation of MODIS AOD retrievals; a all retrievals, and b high-quality only
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the average of all pixels of MODIS AOD retriev-
als within the window is calculated. To assess the 
impact of the sampling window size on the relation-
ship between the MODIS AOD retrievals and their 
collocated AERONET AOD measurements, the 
results of a 3 × 3-pixel typical window (± 15 km) and 
a 5 × 5-pixel typical window (± 25  km) were evalu-
ated and compared, as shown in Table 2 and Fig. 4. 
Only the high-quality MODIS AOD retrievals, with 
QF ≥ 3, within the window were averaged and com-
pared to the AERONET AOD values within ± 30 min 
of each MODIS AOD retrieval time. The number of 
collocations generated by using a larger 5 × 5-pixel 
window (± 25 km) was higher than that generated by 
using a smaller 3 × 3-pixel window (± 15 km) by 1%. 
By increasing the size of the sampling window from 
3 × 3 pixels to 5 × 5 pixels, the correlation coefficient, 

and the proportion of collocations within the EE 
increased from 0.6975 to 0.7118 and from 73.09 to 
74.22, respectively, and the root-mean-square error 
decreased from 0.0730 to 0.0592. Therefore, the 
5 × 5-pixel sampling window that uses the MODIS 
AOD retrievals within ± 25 km is recommended.

Temporal collocation

The average of AERONET AOD values within ± 30 min 
of each MODIS AOD retrieval time is calculated to per-
form the temporal collocation. To assess the importance 
of the temporal collocation on the relationship between 
the MODIS AOD retrievals and their collocated AER-
ONET AOD measurements, a comparison was per-
formed between the results of averaging all AERONET 
AOD data over the day and averaging only AERONET 
AOD data within ± 30  min of each MODIS AOD 
retrieval time, as shown in Table 3 and Fig. 5. Only the 
high-quality MODIS AOD retrievals, with QF ≥ 3, within 
a 5 × 5-pixel sampling window were averaged and com-
pared to the AERONET AOD measurements. The num-
ber of collocations generated by using the AERONET 
AOD measurements within ± 30 min was less than that 
generated by using all measurements over the day by 4%. 
By using only AERONET AOD data within ± 30  min 

Table 2  The impact of the sampling window size on the vali-
dation of MODIS AOD retrievals

High-quality MODIS AOD retrievals and AERONET AOD 
measurements within ± 30 min

Window N R RMSE %Within

3×3 223 0.6975 0.0730 73.09
5×5 225 0.7118 0.0592 74.22

Fig. 4  The impact of the sampling window size on the validation of MODIS AOD retrievals; a 3 × 3-pixel typical window 
(± 15 km), and b 5 × 5-pixel typical window (± 25 km)
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instead of using all the AERONET AOD data over the 
day, the correlation coefficient, and the proportion of col-
locations within the EE increased from 0.7029 to 0.7118 
and from 69.79 to 74.22, respectively, and the root-mean-
square error decreased from 0.0622 to 0.0592. There-
fore, using the average of only AERONET AOD values 
within ± 30 min of each MODIS AOD retrieval time is 
recommended.

Seasonal validation of MODIS AOD retrievals

The seasonal comparisons between the MODIS and 
AERONET AOD data are shown in Fig.  6. Seasonal 
variations in slope values have been discovered. The 
best slope was found in winter with a value of 0.766, fol-
lowed by 0.662 in spring and 0.485 in summer, while the 

worst slope was found in autumn with a value of 0.405. 
This indicates that improvements are required in aerosol 
model selection. The intercept values were also differ-
ent for all seasons. The winter showed the best intercept 
with a value of 0.060, which indicates a low underesti-
mation of the surface reflectance, followed by 0.079 in 
spring and 0.145 in summer, while the autumn showed 
the worst intercept with a value of 0.188, which indi-
cates a high underestimation of the surface reflectance. 
The R values varied in different seasons; the winter and 
spring showed a high correlation with values of 0.8133 
and 0.7953, respectively, while the summer and autumn 
showed a poor correlation with values of 0.5532 and 
0.5450, respectively. The RMSE values for all seasons 
were different. The lowest RMSE was found in winter 
with a value of 0.0561, followed by 0.0717, 0.0747, 
and 0.0783 for autumn, summer, and spring. The high-
est percentage of collocated points that fall within the 
EE limits was found in winter with a value of 80.85%, 
followed by 76.36% in spring, 75.71% in summer, and 
75.47% in autumn. The RMB values were 1.08, 1.04, 
1.14, and 1.17 for winter, spring, summer, and autumn, 
respectively. The RMB values indicate the average 
overestimation of the MODIS combined DT and DB 
algorithm in retrieving AOD, where 14.89% of the col-
located points fall above the EE for winter, 20.00% for 
spring, 21.43% for summer, and 22.64% for autumn.

Table 3  The impact of temporal collocation on the validation 
of MODIS AOD retrievals

High-quality MODIS AOD retrievals within a 5 × 5-pixel 
window and AERONET AOD measurements

Dataset N R RMSE %Within

AERONET AOD 
(daily average)

235 0.7029 0.0622 69.79

AERONET AOD 
(within ± 30 min)

225 0.7118 0.0592 74.22

Fig. 5  The impact of temporal collocation on the validation of MODIS AOD retrievals; a daily average, and b within ± 30 min
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Seasonal distribution of MODIS and AERONET 
AOD observations

The seasonally means of both MODIS and AER-
ONET AOD data were calculated and temporally 
analyzed for all seasons during 2019. According to 
Fig.  7, the seasonal MODIS AOD data follows the 

same trend of the seasonal AERONET AOD data. 
The winter shows the lowest AOD values with 0.219 
for MODIS and 0.202 for AERONET, while the 
autumn shows the highest AOD values with 0.286 
for MODIS and 0.245 for AERONET. All AOD val-
ues are less than 0.3 and this indicates a moderate 
air quality index. The MODIS AOD data are always 

Fig. 6  The seasonal validation of MODIS AOD retrievals by using the AERONET AOD measurements, a winter, b spring, c sum-
mer, and d autumn
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overestimated for all seasons compared to the AER-
ONET AOD data. The low overestimation was found 
in winter and spring, while the high overestimation 
was found in summer and autumn. These outcomes 
strongly recommend using the MODIS combined DT 
and DB aerosol product to represent the air quality 
situation over Qena.

Association between AOD and meteorological 
parameters

The meteorological parameters, such as temperature, 
relative humidity, and precipitation, have a significant 
impact on the AOD concentrations and distribution. 
Figure 8a shows the daily variation of AOD (550 nm) 
over Qena in 2019. The annual mean of the daily 
AOD values is 0.26 ± 0.11. It is noted from the fig-
ure that the maximum value of AOD was measured in 
December with a value of 0.84, while the minimum 
value of AOD was measured in May with a value of 
0.06. Figure 8b shows the daily variation of tempera-
ture (°C) over Qena in 2019. The annual mean of the 
daily temperature values is 29.47 ± 7.32 (°C). It is 
noted from the figure that the daily temperature fluc-
tuation was greatest in June–September and lowest in 
December–February. While the maximum tempera-
ture value was measured in June with a value of 41.97 
(°C), the minimum temperature value was measured 
in January with a value of 15.16 (°C). Figure  8c 

shows the daily variation of relative humidity (%) 
over Qena in 2019. The annual mean of the daily rela-
tive humidity values is 20.34 ± 9.47 (%). It is noted 
from the figure that the daily fluctuation of relative 
humidity follows an inverse pattern to that of temper-
ature, where it was greatest in November–February 
and lowest in May–September. While the maximum 
relative humidity value was measured in Decem-
ber with a value of 54.00 (%), the minimum relative 
humidity value was measured in May with a value of 
6.94 (%). Figure 8d shows the daily variation of pre-
cipitation (mm/day) over Qena in 2019. The annual 
mean of the daily precipitation values is 0.02 ± 0.11 
(mm/day). It is noted from the figure that the number 
of rainy days in 2019 was very low (12 days) and the 
annual total precipitation was 5.62 (mm). The maxi-
mum precipitation values were measured in January 
and February, with values of 1.64 and 1.15 (mm/day), 
respectively.

A linear regression analysis was used to assess the 
relationship between the AOD and the meteorologi-
cal parameters over Qena during 2019, as shown in 
Fig. 9. The regression between AOD and temperature, 
relative humidity, and precipitation used 242, 242, and 
345 coincident observations, respectively. The resultant 
regression equations have an intercept of 21.82 (°C), 
28.08 (%), and 0.004 (mm/day) and a slope of 34.27, 
34.97, and 0.005 for temperature, relative humid-
ity, and precipitation, respectively, against AOD. The 

Fig. 7  The seasonal 
distribution of MODIS and 
AERONET AOD observa-
tions
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Fig. 8  Temporal variation of a AOD, b temperature, c relative humidity, and d precipitation over Qena during 2019
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correlations between AOD and temperature, relative 
humidity, and precipitation are a positive correlation 
(R = 0.45), a negative correlation (R =  − 0.36), and a 
positive correlation (R = 0.0001), respectively. The cor-
relation coefficients between any two of the four vari-
ables are shown in Fig. 9. It is evident that temperature 
and relative humidity have a strong negative correla-
tion, which indicates that the days of high temperature 
have low relative humidity and vice versa. Both temper-
ature and relative humidity have moderate correlations 
with AOD. Due to the low precipitation over Qena, it 
has weak correlations with the other variables.

Discussion

Qena is one of the largest cities in Egypt that has 
many sources of air pollution, such as sand from the 

surrounding hills, vehicle emissions, and industrial 
pollutants from various sources such as aluminum, 
sugar, and cement factories. However, there is lim-
ited literature on studying the air pollution over 
Qena and the impact of the meteorological varia-
bles. The MODIS combined DT and DB AOD prod-
uct well represented the aerosol situation over Qena 
with an accepted agreement with the AERONET 
AOD data (R = 0.7118, and % within EE = 74.22). 
Many publications validated the MODIS AOD 
products and demonstrated their highest quality. 
Wei et  al. (2019a, b,  c) evaluated the Terra and 
Aqua MODIS DT, DB, and combined DT and DB 
AOD products over land during 2003–2017 against 
the AERONET AOD measurements from 431 sites 
around the world and demonstrated that the MODIS 
AOD retrievals are well correlated with the AER-
ONET AOD measurements globally and the DTB 

Fig. 9  Association between AOD and meteorological parameters over Qena during 2019
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AOD product outperforms the other products in 
most regions (R = 0.843 to 0.844, and % within 
EE = 67.01 to 73.82). Bilal et  al. (2018) validated 
the MODIS DT and DB AOD product against the 
AERONET AOD measurements from 68 global 
sites located over various vegetated surfaces from 
2004 to 2014 and demonstrated a strong agree-
ment (R = 0.81 to 0.91, and % within EE = 61.00 
to 75.00). Tian et  al. (2019) assessed the accuracy 
of Terra MODIS DT, DB, and combined DT and 
DB AOD products for the years 2000–2016 against 
the AERONET AOD measurements from 23 sites 
situated in heavy aerosol loading areas and dem-
onstrated a high accuracy for the combined DT 
and DB AOD products (R = 0.841, and % within 
EE = 53.1). There are many other publications that 
used the MODIS AOD products to evaluate the air 
pollution over different regions, such as Bilal et al. 
(2021), who provided a comprehensive evaluation 
of the air quality over Pakistan during 2003–2020, 
and Nichol et al. (2020), who studied the air pollu-
tion scenario during COVID-19 over China.

One of the main contributions of this study is ana-
lyzing the importance of quality flag filtering and 
spatial and temporal collocation. Using only high-
quality MODIS AOD retrievals improved R by 0.2091 
and % within EE by 17.97. Using only AERONET 
AOD data within ± 30  min of each MODIS AOD 
retrieval time improved R by 0.0089 and % within EE 
by 4.43. Increasing the size of the sampling window 
from 3 × 3 pixels to 5 × 5 pixels improved R by 0.0143 
and % within EE by 1.13. There are not many publi-
cations that discuss the impact of quality flag filtering 
and spatial and temporal collocation. Osgouei et  al. 
(2022) presented one of these few publications, which 
provided an evaluation of the AOD products over 
regions in the Eastern Mediterranean and the Black 
Sea between 2014 and 2018, concluding that using 
only high-quality MODIS AOD retrievals increases R 
by a value between 0 and 0.14, and % within EE by a 
value between 3.21 and 15.68, and using only AER-
ONET AOD data within ± 30  min of each MODIS 
AOD retrieval time increases R by a value between 
0.02 and 0.11, and % within EE by a value between 
1.61 and 2.68. In addition, he used a typical window 
of 5 × 5 pixels for AOD products with different spatial 
resolutions and concluded that choosing a sampling 
window depends on the spatial resolution of the AOD 
products.

The MODIS AOD retrievals were validated season-
ally and showed that the best retrieval accuracy was in 
winter, while the worst was in autumn. It is necessary 
to report that the seasonal accuracy of MODIS AOD 
retrievals varies in the different regions because of 
the different land use and meteorological conditions, 
and this was confirmed in the study presented by Su 
et  al. (2021), who evaluated different AOD products 
from 2016 to 2020 over different sites in East China. 
The MODIS DT and DB AOD observations overesti-
mated the AERONET AOD values for all seasons, and 
this may be because of the underestimation of the sur-
face reflectance (Che et  al., 2019). Furthermore, the 
highest overestimation in summer and autumn may be 
because of the transportation of aerosols from other 
regions, which leads to changing the aerosol model 
in Qena, making accurate aerosol-type assumptions 
more difficult (Chen et al., 2019).

The daily variations of the meteorological variables: 
temperature, relative humidity, and precipitation were 
analyzed over Qena in 2019 to study their impact on 
the AOD concentrations. The linear regression analy-
sis was utilized to assess the association between the 
AOD and the meteorological parameters, which dem-
onstrated that temperature has a moderate positive cor-
relation with AOD, relative humidity has a moderate 
negative correlation, and precipitation has no correla-
tion. Moreover, the correlation coefficients between 
any two of the four variables were calculated, which 
showed that temperature and relative humidity have 
a strong negative correlation, while precipitation has 
weak correlations with the other variables. Many pub-
lications have reported the impact of temperature and 
relative humidity on AOD, such as Kang et al. (2020) 
and Ali et al. (2020). Perhaps the low rainfall over Qena 
is the main reason for the non-existence of a relation-
ship with the AOD. According to some publications, 
there is no clear relationship between precipitation and 
AOD (Ramachandran et  al., 2012; Jin et  al., 2005). 
However, some other publications reported that rainfall 
has an impact on AOD concentrations, such as Boiyo 
et  al. (2018), Makokha et  al. (2017), and Chowdhury 
et al. (2016), which demonstrated that rainfall reduces 
the emission of dust while soil moisture limits the for-
mation of post-precipitation aerosols. It is evident that 
the impact of the meteorological parameters on AOD 
differs across different places because of the differences 
in meteorological conditions and aerosol types, sources, 
and transportation processes.
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Conclusion

In this research, the daily Terra-MODIS level 2 com-
bined DT and DB AOD data (MOD04_L2) with a 
spatial resolution of 10  km was validated against the 
ground-based AERONET AOD data and used to study 
the air pollution over Qena, Egypt, in 2019. Because 
of the significant impact of quality flag filtering and 
spatial and temporal collocation, the regression analy-
sis demonstrated an accepted agreement between the 
MODIS and AERONET AOD data with R = 0.7118 
and % within EE = 74.22. Therefore, it is recommended 
to study the impact of quality flag filtering and spa-
tial and temporal collocation globally in places with 
different land cover, meteorological conditions, and 
pollution sources. However, the MODIS AOD obser-
vations overestimated the AERONET AOD values 
in all seasons because of underestimating the surface 
reflectance. Moreover, the highest overestimation in 
summer and autumn may be because of the transporta-
tion of aerosols from other regions, which changes the 
aerosol model in Qena, making accurate aerosol-type 
assumptions more difficult. As a result, it is recom-
mended to improve aerosol model selection and surface 
reflectance calculations. Additionally, wind speed and 
direction should be incorporated into the meteorologi-
cal variables to be studied. Temperature and relative 
humidity have a strong negative correlation, and both 
have a moderate correlation with AOD. Because of the 
low precipitation over Qena, it has weak correlations 
with the other variables. The impact of meteorological 
parameters on AOD fluctuates across different places 
because of the disparities in meteorological conditions 
and aerosol types, sources, and transportation pro-
cesses. As a future work for Qena, other criteria air pol-
lutants such as  PM10,  PM2.5,  SO2,  NO2, CO, and  O3 and 
their associations with meteorological variables will be 
analyzed. In addition, the relationship between colum-
nar AOD and surface  PM2.5 will be studied.
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