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Abstract: The Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2)
is widely used as an advanced model dataset for the understanding of global climate change. How-
ever, independent validation and comparison of MERRA-2 are both insufficient and always desired.
Therefore, in this study, the quantitative evaluation of MERRA-2 aerosol products was conducted
over China for Aerosol Optical Depth (AOD), Angstrom exponent (AE), absorbing AOD (AAOD) and
chemical components (black carbon (BC) and dust (DU)) using Sun sky radiometer Observation NET-
work (SONET) ground-based measurements and POLDER-3/PARASOL satellite products generated
by the GRASP algorithm. The available MERRA-2 monthly dataset and PARASOL/GRASP monthly
and seasonal products were intercompared over China. MERRA-2 AOD (550 nm) show general good
agreement with SONET and PARASOL/GRASP. For example, the correlation coefficients are usually
0.6–0.85 with SONET and 0.75–0.85 with PARASOL/GRASP, the bias is usually −0.293 to +0.008
with SONET. For AE and AAOD, the agreement is still reasonable. MERRA-2 is found to overesti-
mate fine mode AE and to display a general underestimation of aerosol absorption over China. In
addition, MERRA-2 BC and DU mass concentrations show spatial and quantitative consistency with
PARASOL/GRASP components climatological products. The relatively high columnar BC mass con-
centration is observed around 1.5–2 mg/m3 over the East China industrial region and high DU mass
concentration is around 150 mg/m3 near Taklimakan desert. MERRA-2 shows slightly higher BC
and lower DU concentration than PARASOL/GRASP over East China. The evaluations with in situ
BC measurements near surface verify the overestimation (MAE = +0.44 µg/m2) of MERRA-2 and un-
derestimation (MAE = −0.38 µg/m2) of PARASOL/GRASP. The analysis demonstrates multi-source
datasets, such as ground-based, space-borne remote sensing, in situ measurements, model simulation
as well as reanalysis data, complement each other and can be used to refine aerosol characterization.

Keywords: MERRA-2; SONET; PARASOL/GRASP; aerosol components; aerosol optical properties

1. Introduction

Atmospheric aerosol refers to a relatively stable suspension system in which liquid
or solid particles are uniformly dispersed in the gas and it is an important substance in
the atmosphere [1]. Aerosol components can be categorized by its sources, such as desert
dust, sea spay, biomass burning, black carbon, organic matter, sulfates, etc. [2]. Although
its content is very small in the atmosphere, atmospheric aerosol plays a significant role in
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the radiation balance of the Earth’s atmosphere system and it affects precipitation [3]. In
addition, black carbon aerosol emitted from biomass burning is a strong carcinogen and
can lead to cardiovascular and cerebrovascular diseases [4].

In recent years, many researchers have performed various studies on atmospheric
aerosol’s optical and microphysical properties as well as their chemical components [5–7].
A series of ground-based, space-borne and model-simulated aerosol data is generated for
the community. The National Aeronautics and Space Administration (NASA) released the
global reanalysis dataset Modern-Era Retrospective analysis for Research and Applications,
Version 2 (MERRA-2) in 2016 [7]. MERRA-2 aerosol dataset is of a spatial resolution of
0.625◦ (longitude) × 0.5◦ (latitude) and a temporal resolution of up to an hour. MERRA-2
also contains vertical resolved aerosol optical and composition information, and the prod-
uct provides the characteristics with the advantages of continuous time and comprehensive
spatial coverage. It is widely used in a series of scientific research, such as climate assess-
ment [8–10]. However, aerosol compositions are complex and very uncertain due to the
high variability in their temporal and spatial distribution [11]. A series of previous studies
have reported the validation of the MERRA-2 dataset, but the selection of the validation
dataset is unsuitable [12–14]. For instance, previous studies have compared the MERRA-
2 Aerosol Optical Depth (AOD) with ground-based observations from Aerosol Robotic
NETwork (AERONET) in China, which proved that the data of MERRA-2 and AERONET
sites are consistent in China [12,13]. Previous results also described the comparison of the
spatial distribution of AOD product from MERRA-2 with AOD from Moderate-resolution
Imaging Spectroradiometer (MODIS) [8,10,12,15]. It was found that MERRA-2 can capture
the temporal and spatial sequentially changes in AOD very well except for heavy pollution
conditions [12]. There is a clear underestimation of high aerosol loading phenomenon
that is similar to MODIS. Using MERRA-2 AOD products to carry out a long-term series
study on China’s economically developed regions shows that AOD has had a continuously
increasing trend of fluctuations in recent years [16]. In fact, these validations are within
the expectation, since MERRA-2 has already assimilated the AOD from AERONET and
MODIS [17,18]. Therefore, it is necessary to use other independent ground-based data and
satellite products than the third-party remote sensing dataset to further verify and evaluate
MERRA-2 products. Obviously, it is crucial to estimate aerosol’s optical and chemical
parameters by independent data.

Generalized Retrieval of Aerosol and Surface Properties (GRASP) is a highly accurate
aerosol retrieval algorithm that derives the properties of aerosol and surface simultane-
ously [19–21]. It is a statistically optimized fitting of the observations using the multi-term
least square method. It has been applied on POLDER multiangle polarization satellite and
provided a series of aerosol products for POLDER (see the details in the paper by [22]) which
mainly included AOD, Angstrom exponent (AE), absorbing aerosol optical depth (AAOD),
etc. These parameters can reflect the aerosol content and size information in the columnar
atmosphere. As previously described, Wei et al. [23] used ground-based observation data
from Sun sky radiometer Observation NETwork (SONET) to verify GRASP products over
China, and the results showed that GRASP products are of good accuracy [23].

Sun sky radiometer Observation NETwork (SONET) is a ground-based aerosol auto-
matic monitoring and observation network established throughout China by the Aerospace
Information Research Institute the Chinese Academy of Sciences in 2009 [24]. SONET
has undergone strict calibration procedure every year and has a similar accuracy as
AERONET [25,26]. It is widely used in the validation of satellite retrieval results and
the establishment of aerosol models with high reliability [23,27].

Consequently, this study uses ground-based SONET data and satellite GRASP prod-
ucts to systematically evaluate the applicability of MERRA-2 products in China. It is helpful
to improve the numerical simulation of aerosols and towards refine the aerosol effects on
climate change.
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2. Data and Method
2.1. MERRA-2

The MERRA-2 assimilation system is based on the fifth-generation Goddard Earth Ob-
serving System Model, Version 5 (GEOS-5) [15]. This model is coupled with the GOCART
chemistry module which simulates five types of aerosols (black carbon, sand dust, organic
carbon, sulfate, and sea salt) [28]. For aerosol dataset, MEERA-2 assimilate aerosol data
from ground-based AERONET a and space-borne aerosol products from Advanced Very
High-Resolution Radiometer (AVHRR), Multi-angle Imaging Spectro Radiometer (MISR)
and MODIS [17,18]. MERRA-2 aerosol dataset includes the five types of aerosols’ optical
properties, emissions, deposition, and aerosol mixing ratios, vertically. For example, aerosol
optical property products include aerosol extinction optical thickness at 550 nm, aerosol
scattering optical thickness at 550 nm and aerosol angstrom exponent (470–870 nm) for
total as well as five aerosol components. The temporal and spatial resolution of the data is
0.625 degrees × 0.5 degrees, and there are three temporal resolutions: monthly, hourly and
every three hours. In the vertical direction, MERRA-2 aerosol dataset is divided into 72 lay-
ers from surface to 0.01 hPa. MERRA-2’s data cover the period from 1980 to the present,
and they include 21 types of products, such as atmospheric aerosols, radiation, temperature,
water vapor, precipitation etc. In this study, we use the hourly aerosol component column
concentration data product (MERRA-2-2D-tavg-aer***), monthly average aerosol com-
ponent column concentration data product (MERRA-2_400.inst3_3d_aer***) and surface
aerosol component mass concentration product (MERRA-2_400.inst3_3d_aer***). Hourly
aerosol optical and component products are firstly validated with ground-based observa-
tions (SONET and in situ measurements). Then the monthly products are evaluated with
satellite dataset from POLDER-3/GRASP.

2.2. SONET

SONET is a ground-based Cimel radiometer aerosol observation network with a
multiwavelength polarization measurement over China, which was established by the
Chinese Academy of Sciences [24]. CE-318 solar photometers are used to measure direct-
sun and sky radiances, and long-term columnar aerosol optical property, microphysical
and radiation characteristic data are then derived and released at http://www.sonet.ac.cn/
(accessed on 1 January 2022). The solar sky photometer CE318 is manufactured by the
French company CIMEL Electronique that measures direct sun at eight spectral bands
(340, 380, 440, 500, 675, 870, 1020, 1640 nm). The instrument has a full-angle field of
view of approximately 1.2◦. The CE318 detector measures the spectral extinction of direct
beam radiation observations at all 8 bands. Then, based on multispectral and multiangle
measurements, the polynomial least-squares method is used to invert the optical and
microphysical properties of aerosols. Automatic cloud screens, pre-calibration and post-
calibration coefficient interpolation, and expert checks were applied on the screening to
generate level 2.0 product. In general, SONET dataset has the approved reliability that
is often used as “ground true value” for validation of satellite remote sensing and model
simulation results [23,29,30]. The general range of AOD error is about 0.002 [24]. In this
study, SONET level-2 products were used to ensure data quality. The 12 SONET automated
sites (as shown in Figure 1) are located in typical areas of China. Instrument calibration
was performed once a year for each site to ensure data quality [25,26]. Table 1 lists the
basic information of the 12 sites classified by four typical climate zones. They are located in
typical regions of China, including urban, dust, maritime, and maritime and urban.

In addition, we verify the MERRA-2 black carbon mass concentration with the syn-
chronous in situ measurement using the handheld black carbon meter (Aethalometer)
AE-51. The synchronous observation experiment at Beijing site uses a handheld black
carbon detector produced by Magee Scientific, and the model is MicroAeth Model AE-51
(AE-51). The instrument uses the principle of optical absorption to collect and analyze the
mass concentration of black carbon aerosol in real time. It has the advantages of real-time,
high efficiency, and stability. The instrument collects particles in the air onto the quartz

http://www.sonet.ac.cn/
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filter membrane. The light with a known source intensity is used to measure the attenuation
of light scattered by aerosol particles. This part of the attenuation is believed to be caused
by black carbon absorption. Therefore, real-time measurement of the mass concentration of
black carbon can be achieved through continuous measurement.

Table 1. Basic information on the 12 SONET sites.

Sites. Longitude/
Latitude Altitude(m) Time (Start Time) Aerosol

Characteristics

Beijing 116.4 E, 40.0 N 59 2010.03- Urban
Guangzhou 113.4 E, 23.1 N 28 2011.11- Maritime and urban

Zhangye 100.4 E, 38.9 N 1364 2012.07- Dust
Harbin 126.6 E, 45.7 N 223 2013.12- Urban
Hefei 117.2 E, 31.9 N 36 2013.01- Urban

Minqin 103.1 E, 38.6 N 1589 2012.02- Dust
Nanjing 119.0 E, 32.1 N 52 2013.01- Urban

Shanghai 121.4 E, 31.3 N 84 2013.03- Maritime and urban
Xi’an 109.0 E, 34.2 N 389 2012.05- Urban

Zhoushan 122.2 E, 30.0 N 29 2012.01- Maritime
Chengdu 104.0 E, 30.6 N 510 2013.05- Urban
Songshan 113.1 E, 34.5 N 475 2013.11- Urban
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2.3. PARASOL/GRASP

GRASP is a highly rigorous and versatile aerosol and surface retrieval algorithm [19–21],
and it is open source at https://www.grasp-open.com (accessed on 1 January 2022). Benefit
from the modularization of aerosol/surface modeling and inversion, the algorithm can be
applied (with minimal changes) to invert observations from different satellite sensors and
ground-based instruments [29,31–34]. A full description of the main “Forward Model” and
“Numerical Retrieval” algorithm modules is provided by Dubovik et al. [19]. It provides the
retrieved aerosol properties, such as aerosol size distribution, complex index of refraction
for fine and coarse mode, single scattering albedo, ratio of spherical particles, height, chem-
ical components of aerosol, and the spectral parameters of surface Bidirectional Reflectance
Distribution Function (BRDF) and Bidirectional Polarization Distribution Function (BPDF),

https://www.grasp-open.com
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simultaneously. GRASP algorithm has been applied on the POLDER series multiangular
polarization measurements and generated a series of products by assumption of different
aerosol models [22]. Specifically, there are four products of PARASOL/GRASP datasets:
«optimized» were optimized to achieve the best tread-off between speed of processing and
accuracy of results by radiative transfer calculations; «high-precision» used the accurate
radiative transfer calculations; «models» assumed aerosol as external mixture of several
aerosol components to be calculated; «components» used an internal mixture retrieved pa-
rameters including aerosol size distribution together with volume fractions of the assumed
components. The products have been comprehensively evaluated [23]. Chen et al. [22] and
Wei et al. [23] have validated and discussed the AOD accuracy of the PARASOL/GRASP
products and intercompared with MODIS products. Based on the validation with ground-
based measurements (AERONET and SONET), both MODIS and PARASOL AOD products
show high accuracy; for example, over land there are 45–55% of the pixels satisfying Global
Climate Observing System (GCOS) requirements, max (0.04, 10% AOD), and over ocean
the GCOS fractions are usually higher than 55% for both products. In addition, the biases
over land and ocean are within 0.03.

GRASP/Component assumes internal mixture based on Maxwell–Garnett effective
medium approximation [29]. The PARASOL GRASP/Component product validation
by Zhang et al. [35] showed the reliability and comparable accuracy of aerosol optical
properties such as AOD, AE, SSA, with the other PARASOL/GRASP products. On the
other hand, the advantage of GRASP/Component product is the capability to derive
columnar concentration of aerosol components. The evaluation by Li et al. showed
reasonable agreement with in situ measurements, for example, the overall mean absolute
error for BC is about 2.7 µg/m3 and the relative difference is around 40% with respect to
the in situ measurements. As shown in Chen et al. [22], «models» provides very consistent
results with «high-precision», while «models» shows good accuracy of AOD, and «high-
precision» shows strength to capture more detailed aerosol properties. «components»
product is validated by Zhang et al. [35] and the accuracy is in general consistent with the
other three products. It can derive additional information of columnar aerosol component
concentrations. In this study, the AOD, AE, AAOD are from «models» datasets. The BC and
DU columnar concentrations are adopted from «components» datasets. A more detailed
description of products generated by the GRASP algorithm can be found at the website of
https://www.grasp-open.com/products/ (accessed on 1 January 2022).

2.4. Method

The purpose of this study is to evaluate MERRA-2 aerosol products, including AOD,
AE, AAOD, and aerosol composition, over China using independent SONET and PARA-
SOL/GRASP dataset. Thus, we match pixels for SONET sun photometers and MERRA-2
in space and time windows. According to the space and time window by Wei et al. [23], the
average value of a 3 × 3 window grid centered on the ground site is used. However, the
spatial resolution of MERRA-2 was 0.6 degree. The nearest matching method of pixel center
coordinates is used in this study. The average value obtained within 30 min before and
after the MERRA-2 time is extracted from the SONET observations to verify the MERRA-2
AOD, AE and AAOD. In order to evaluate PARASOL/GRASP and MERRA-2 AOD, AE
and AAOD, we first resample PARASOL/GRASP Level 3 0.1 degree products to the same
spatial resolution as MERRA-2 and then compare monthly products between MERRA-2
and GRASP. For the validation of black carbon (BC), we used the hourly average value of
BC observed by the black carbon meter (AE-51) to match with the hourly average value of
MERRA-2.

Since the SONET measured AOD is the closet at 500 nm and the MERRA-2 AOD is at
550 nm. Hence, the SONET AOD is interpolated to 550 nm using AE (α) [23]:

AOD550 = AOD500 × (550/500)−α, (1)

https://www.grasp-open.com/products/
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where AOD500 is the AOD at 500 nm, AOD550 is the AOD at 550 nm, and α is the wavelength
index of 440~870 nm.

The statistical indicators used to evaluate the results of MERRA-2 include the corre-
lation coefficient (r), the slope and offset of the linear fitting line, the mean absolute error
(MAE), the root mean square error (RMSE), and the expected error (EE) fraction (good
fraction, Gfrac) [23,36]. Gfrac represents the ratio of actual results to expected results. The
expected result is a retrieved result with an absolute error less than EE. For instance, for the
three different aerosol optical parameters AOD, AE and AAOD, we chose different EEs as
the expected result. Equations (2) and (3) define MAE and RMSE, Equations (4)–(6) define
AODEE, AEEE, and AAODEE, respectively. X represents the AOD, AE and AAOD.

MAE =
1
n ∑n

i=1|XMERRA−2 − XGRASP|, (2)

RMSE =

√
1
n ∑n

i=1(XMERRA−2 − XGRASP)
2, (3)

AODEE = ±0.05± 0.15×AOD, (4)

AEEE = AE± 0.3, (5)

AAODEE = ±0.01± 0.1×AAOD, (6)

3. Results
3.1. Validation of MEERA-2 AOD with SONET

Figure 2 shows the scatter density validation plots of MERRA-2 and ground-based
SONET AOD (550 nm) at 12 sites. The color indicates the number of data points. The
correlation coefficient (R), root mean square error (RMSE), bias (bias), and expected error
(EE), and the intercept and slope of the fitting equation are used to evaluate the accuracy.
The study period is ranging from January 2011 to December 2013. The maximum amount
of matching points is observed at Beijing (2010), and the overall validation metrics are
with R = 0.735, bias = −0.157, RMSE = 0.312 and within EE = 55.62%. As Table 2, the
AOD consistency is the best at Zhoushan (a coastal site), with the maximum R = 0.822,
bias = −0.044, RMSE = 0.169 and within EE = 69.87%. The maximum expected error is at
Zhangye (a rural site near the Gobi Desert) 80% within EE, but R is only 0.634. The overall
error of the Xi’an site is relatively large, with R = 0.676, bias = −0.293, RMSE = 0.366, an EE
minimum of 25.77%, and a maximum underestimation fraction of 73.71%. One potential
reason is that the general complex topography superposed with strong industrial emissions
makes it difficult for the simulation to capture all the features at a relatively coarse spatial
resolution [37,38]. Wei et al. [23] validate PARASOL/GRASP AOD with SONET showed
that the total AOD at 490 nm obtained by the “models” method is of the best consistency
with SONET, and the correlation coefficient is 0.96, RMSE 0.14 and approximately 76% of
the retrievals are within the scope of Gfrac.
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Figure 3 shows that spatial distribution of AOD difference over 12 sites. The Pearl
River Delta (PRD) and the Yangtze River Delta (YRD) sites (Guangzhou, Shanghai, Nanjing,
etc.) are mainly affected by the ocean monsoon climate with annual average AOD 0.4–0.5.
The Xi’an site has the highest AOD, with an annual mean AOD 0.75 from 2011 to 2013. The
Chengdu site is located in the Sichuan Basin, where an annual AOD (0.58) is the second
largest. MERRA-2 generally underestimates sites with high AOD, the overall bias is 0.22
for all sites. Moreover, for the Beijing site, MERRA-2 underestimates the AOD value of
0.08 as Figure 3b. The lowest annual mean AOD is 0.19 appeared in the Zhangye rural
site. This is related to the small population and the dominant natural dust. MERRA-2 also
underestimates these sites with low AOD values, with an underestimation of 0 to 0.04.

As shown in Figure 3d, the probability densities functions (PDFs), the AOD value of the
MERRA-2 model is slightly lower than that of the SONET products, mainly concentrated
in the range of +/−0.1, and the overall MERRA-2 is lower by 0.145 (Figure 3d). This
may be due to the assimilated MODIS TERRA and AQUA AOD, which is proved to be
underestimated in many studied over China [39,40].
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Figure 3. (a) The statistics mean of the AOD (550 nm) at 12 SONET sites over China from January
2011 to December 2013. (b) The differences of MERRA-2 and SONET AOD (550 nm) from 2011 to
2013. Color represents the values and circle size represents the numbers of matched points. (c) The
probability density functions (PDFs) of the MERRA-2 and SONET AOD (550 nm). (d) PDF for AOD
(550 nm) difference (AODMERRA-2–AODSONET) between MERRA-2 and SONET.
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Table 2. The statistics R, RMSE, bias of AOD, AE, AAOD of the MERRA-2.

AOD AE AAOD

R RMSE Bias R RMSE Bias R RMSE Bias

Beijing 0.735 0.312 −0.157 0.506 0.308 0.030 0.546 0.034 −0.018
Harbin 0.844 0.292 −0.248 0.377 0.180 −0.139 −0.453 0.028 −0.018
Minqin 0.652 0.216 −0.070 0.733 0.217 0.005 −0.139 0.032 −0.015
Nanjing 0.743 0.246 −0.090 0.529 0.288 0.160 0.418 0.030 −0.004

Shanghai 0.768 0.178 0.008 0.575 0.265 0.076 0.605 0.022 0.008
Songshan 0.803 0.118 −0.051 0.522 0.313 0.195 0.284 0.019 −0.010

Xi’an 0.676 0.366 −0.293 0.624 0.326 0.001 0.263 0.058 −0.040
Zhoushan 0.822 0.169 −0.044 0.546 0.289 0.063 0.572 0.022 0.012
Zhangye 0.634 0.152 −0.046 0.665 0.271 −0.166 0.498 0.014 −0.005

Guangzhou 0.710 0.285 −0.110 0.464 0.284 0.227 0.595 0.031 −0.021
Hefei 0.771 0.240 −0.119 0.358 0.411 0.218 0.256 0.032 −0.005

Chengdu 0.817 0.339 −0.291 0.850 0.329 0.276 0.702 0.036 −0.021

3.2. Validation of MEERA-2 AE with SONET

The validation results of MERRA-2 AE (440/870 nm) with SONET 12 sites are present
in Figure 4. Generally, MERRA-2 AE show good performance with SONET ground-based
measurements over all 12 sites. The MERRA-2 AE fits the one-to-one line for most of the
sites. About 83.82% of matchup pairs are within the EE lines (+/−0.3) at Minqin site, where
dust is the dominant source, and the correlation coefficient is 0.733, RMSE of 0.227, and
bias of 0.005. In contrast, MERRA-2 AE is slightly overestimated at the Guangzhou urban
site with high relative humidity. It may be due to the fact that there are high uncertainties
in modeling anthropogenic aerosol sources and its hydroscopic growth. The MAE of AE
that provides further quantitative illustration of the overestimation for fine mode aerosol
particles at Guangzhou site. The MAEs over urban sites Nanjing, Shanghai, and Guangzhou
are over 0.2. It implies that MERRA-2 tends to report smaller sizes of fine mode aerosols
than SONET observations.

As shown in Figure 5a, the Chengdu and Guangzhou sites have higher AE (1.14
and 1.32), while Zhangye and Minqin sites have lower AE averages (0.55 and 0.66). As
Figure 5b the Hefei and Chengdu sites have the largest MAE (both 0.30) for AE. Minqin
has the smallest MAE (0.17). As Figure 5c shows the PDF of SONET and MERRA-2 AE, the
statistical performance of the MERRA-2 is generally consistent with SONET (bias = 0.079).
The PDFs of the AE difference (Figure 5d) show a normal distribution shape between −1~1.
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3.3. Validation of MEERA-2 AAOD with SONET

Figure 6 shows the validations of MERRA-2 AAOD with SONET 12 sites over China.
The results show that the MERRA-2 AAOD is of reasonable agreement with SONET, and
the MERRA-2 AAOD is smaller than SONET over most of the sites. The maximum bias
(MERRA-2 minus SONET) is 0.021. At the Beijing site, there are about 37.4% matchup pairs
within the EE lines (+/−0.01+/−10%AAOD). It shows that MERRA-2 underestimates
strongly in urban sites (Nanjing, Xian, Guangzhou, Chengdu, and Beijing), which may
imply the underestimation of urban aerosol absorption. In addition, the urban sites are of
relatively high AOD, therefore it may link with the underestimation of high AOD observed
in Section 3.1. On the contrary, for the coastal site (Zhoushan), where the aerosol absorption
is observed to be small, while MERRA-2 tends to slightly overestimate.

As shown in Figure 7a, the Chengdu and Xi’an sites show the highest annual AAOD
(0.08), while Zhangye and Zhoushan sites are the lowest (0.026 and 0.027). As in Figure 7b,
the Xi’an site shows the largest MAE (both 0.04). The Zhangye site is of the smallest MAE
(0.01). Figure 7c shows the AAOD PDFs of SONET and MERRA-2. The statistical perfor-
mance of the MERRA-2 is similar with SONET, and the MERRA-2 peak is slightly shifted
to small values. The PDFs (Figure 7d) of AAOD difference reveal a normal distribution.
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3.4. Intercomparison of MERRA-2 and PARASOL Seasonal AOD

In this section, we intercompare pixel-by-pixel MERRA-2 seasonal AOD with PARA-
SOL/GRASP. DJF represents the first quarter, winter (December, January and February);
MAM is the second quarter, spring (March, April and May); JJA is the third quarter, summer
(June, July and August); and SON is the fourth quarter, autumn (September, October and
November). We use MERRA-2 monthly product (column concentration) to calculates the
seasonal mean. We use PARASOL/GRASP “Models” Level 3 0.1 degree gridded seasonal
products (https://www.grasp-open.com/products/ (accessed on 1 January 2022) and
PARASOL/GRASP 0.1 degree data is resampled into MERRA-2 0.625 × 0.5 grid.

Figure 8 shows intercomparison of MEERA-2 seasonal AOD with PARASOL/GRASP
over China. The results are presented season by season from 2011 to 2013. MERRA-2 shows
good agreement with PARASOL/GRASP seasonal AOD, the correlation coefficient is at
least 0.7 and RMSE is smaller than 0.16. The R is highest (0.864) in Autumn 2011, and it is
smallest (0.743) in Summer 2012. In particular, the within EE of SON (Autumn) is relatively
high, ranging from 72% to 84% in three years. From 2011 to 2013, both MERRA-2 and
PARASOL/GRASP show slightly increasing AOD trends over China (Table 3). With the
increase in AOD, MEERA-2 seems to show more pixels below EE with PARASOL/GRASP.
Especially in 2013 MAM, MERRA-2 below EE fraction is approximately 15.5% with respect
to PARASOL/GRASP products. The maximum value below EE fraction is in 2012 DJF
Winter (21.93%).

https://www.grasp-open.com/products/
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The grey dashed line represents the one-to-one line and EE line. The red, solid line represents the
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Figure 9 shows the spatial distribution of 2011–2013 seasonal AOD from MERRA-2 and
PARASOL/GRASP over China. The high AOD is observed in Beijing, Tianjin, Hebei, PRD, and
YRD regions. This is mainly due to the strong human activities in these regions. In central and
eastern China, especially in densely populated areas, there are also high aerosol loading such as
Sichuan basin. This probably causes MERRA-2 to underestimate the AOD value in the North
China Plain due to the lack of nitrate considerations in the model, and the GOCART chemistry
module contains only dust, sea salt, sulfate, black carbon, and organic carbon aerosol types.
The MERRA-2 reanalysis data underestimation is affected by few factors: (i) GOCART model
assumes external mixing of aerosol species, which limits its ability to simulate overmixed
species of aerosol; (ii) the MERRA-2 anthropogenic input uses monthly dataset which is of
time lag; (iii) and the assimilated MODIS AOD is underestimated over China.
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Table 3. The statistics mean of the seasonal values for MERRA-2 and GRASP from Jan 2011 to Dec 2013.

MERRA-2 GRASP

AOD AE AAOD BC(mg/m3) DU(mg/m3) AOD AE AAOD BC(mg/m3) DU(mg/m3)

2011_DJF 0.109 0.860 0.004 0.388 23.228 0.239 0.882 0.038 1.115 93.975
2011_MAM 0.130 0.790 0.006 0.433 46.267 0.264 0.809 0.038 0.459 166.719

2011_JJA 0.131 0.848 0.006 0.498 43.907 0.284 0.868 0.038 0.699 162.528
2011_SON 0.117 0.904 0.006 0.582 25.467 0.237 0.986 0.033 1.127 77.576

2011 0.122 0.851 0.006 0.475 34.717 0.256 0.886 0.037 0.850 125.200
2012_DJF 0.112 0.828 0.005 0.460 26.850 0.264 0.871 0.039 1.197 105.171

2012_MAM 0.137 0.748 0.007 0.465 52.986 0.320 0.787 0.040 0.624 197.509
2012_JJA 0.131 0.843 0.007 0.529 40.686 0.300 0.867 0.040 0.819 181.122

2012_SON 0.109 0.907 0.006 0.537 21.895 0.232 0.936 0.033 1.213 80.796
2012 0.122 0.832 0.006 0.498 35.604 0.279 0.865 0.038 0.963 141.149

2013_DJF 0.107 0.802 0.005 0.416 23.691 0.245 0.850 0.038 1.254 95.657
2013_MAM 0.124 0.743 0.006 0.430 44.754 0.277 0.809 0.037 0.863 156.082

2013_JJA 0.123 0.833 0.006 0.496 39.006 0.310 0.867 0.042 0.863 156.082
2013_SON 0.103 0.857 0.005 0.449 22.714 0.260 1.080 0.022 1.159 157.360

2013 0.114 0.809 0.005 0.448 32.541 0.273 0.901 0.035 1.086 91.028
2011–2013 0.119 0.830 0.006 0.474 34.288 0.269 0.884 0.037 0.966 119.126

3.5. Intercomparison of MERRA-2 and PARASOL Seasonal AE

Previous study has shown the good performance of PARASOL/GRASP detailed
aerosol properties, such as AE, SSA, AAOD, etc. [22]. Here we intercompared pixel-by-
pixel MERRA-2 and PARASOL/GRASP seasonal AE, as shown in Figure 10. For MERRA-2,
the up limit of AE seems to be 1.5. A good agreement is observed for two products, almost
all seasons are of at least 50% EE fraction (+/−0.3), and the agreement is generally better in
MAM (spring) and JJA (summer) with at least 70% EE fraction than that of DJF (winter)
~40–50% and SON (autumn) ~50–70%. MERRA-2 shows smaller particles with higher AE
than PARASOL/GRASP, about 65% of sites with at least 20% above EE fraction. In China,
MAM is of dry weather, high wind speed, and strong cold air and is easily affected by
desert dust. The content of coarse particles is relatively large, and the AE value is relatively
small; The secondary transformation of the aerosol particles promotes the formation of
secondary aerosols and the formation of large particles, and the AE value decreases; the
cold air invasion temperature is low in autumn and winter, and the ice and snow covering
the surface is not conducive to the entry of coarse-particle soil aerosols into the atmosphere.
Material burning and burning heating make the AE value relatively high.

Figure 11 shows the spatial distribution of 2011–2013 seasonal AE from MERRA-2 and
PARASOL/GRASP over China. MERRA-2 is generally higher than PARASOL/GRASP and
indicates smaller particles. Meanwhile, we also found the fine mode aerosol concentered
in Eastern China densely populated areas. In the Taklimakan Desert, the AE from both
products are very small. On one hand, the reanalysis dataset is of the full coverage,
but on the other hand the observational dataset provides higher accuracy. Therefore, the
evaluation of the reanalysis dataset with independent observational products could provide
more insights.
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3.6. Intercomparison of MERRA-2 and PARASOL Seasonal AAOD

We intercompared pixel-by-pixel MERRA-2 and PARASOL/GRASP seasonal AAOD
in Figure 12. The MERRA-2 AAOD is calculated by subtracting the scattering AOD
from the total. Even though MERRA-2 shows similar spatial distribution (Figure 13) to
PARASOL/GRASP, MERRA-2 AAOD is clearly smaller than PARASOL/GRASP. This is
consistent with the validation results with SONET that MERRA-2 underestimates AAOD
over China (bias = −0.011). The RMSE varies from 0.013 to 0.033 from season to season.
The underestimation in spring and summer is more significant than that in autumn and
winter. Moreover, the spatial distribution of AAOD is similar to that of AOD. The high
AAOD is also observed in regions with high human activities.
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4. Discussion
4.1. Climatological Aerosol Optical Propertie

Figure 14 shows the spatial distribution of climatological (2011–2013) MERRA-2 and
PARASOL/GRASP AOD (550 nm), AE (440/870), and AAOD (550 nm) over China. Both
AOD and AAOD are of good agreement spatially. The high AOD values are mainly in
the NCP, YRD, and the Sichuan Basin with AOD > 0.8. The maximum value of AOD of
MERRA-2 is 0.8 which is close to the PARASOL/GRASP AOD. A similar phenomenon is
also shown in the spatial distribution of AAOD. But the AAOD of PARASOL/GRASP on
Inner Mongolia was slightly higher than MERRA-2. This result is basically the same as
the previous research obtained by using satellite, e.g., MODIS, etc. Due to the complicated
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terrain (restricted diffusion) and special climate (high relative humidity) in the Sichuan
Basin, the annual AOD over this area is relatively high. On the NCP and YRD, anthro-
pogenic pollution is the dominant source. The high AOD in the Taklimakan desert areas of
Xinjiang in western China is mainly affected by dust aerosol. AOD is relatively low in the
Northeast and Qinghai-Tibet Plateau with annual mean AOD < 0.4. Overall, the spatial
distribution of AAOD is similar to that of AOD. Meanwhile, the MERRA-2 AE can clearly
reflect qualitatively that the particle size in eastern China is small mainly fine particles,
and the AE in desert areas is smaller mainly coarse particles, while the AE result of the
PARASOL/GRASP satellite has a relatively small dynamic range with respect to MERRA-2
which is due to the limitation of «models» datasets. The AE of MERRA-2 is larger than that
of PARASOL/GRASP when fine particles dominate, which is consistent with the validation
in Section 3.2 that MERRA-2 tends to underestimate fine particle size in particular over
urban areas.
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4.2. Climatological Aerosol Components

With the Maxwell–Garnett effective medium approximation, the PARASOL/GRASP
«components» approach derive aerosol optical properties together with aerosol compo-
nents’ columnar concentration [29]. This is because the aerosol components of GRASP
«components» approach is defined based on the sensitivity to the optical remote sensing
observations, and they are not the same as MERRA-2 species. Therefore, we will compare
black carbon (BC) and dust (DU) which are of similar definition in both products. Specifi-
cally, we compare ‘Soot_Volume_Concentration_F’ in GRASP/components with MERRA-2
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BC, and ‘nonabsorbing insoluble’ in GRASP/components with MERRA-2 DU. Although
the BC content in aerosols is very small, its impact on climate change and human health
is significant [41]. Figure 15 shows that the spatial distribution of MERRA-2 and PARA-
SOL/GRASP climatological (2011–2013) BC and DU columnar concentration. In general,
they are in good agreement with many spatial similarities. The areas with a high average
annual distribution of BC are mainly located in the NCP, East China Region and Sichuan
Basin, where industrial emissions are dominant. MERRA-2 and PARASOL/GRASP show
columnar BC concentration between 1.5–2 mg/m3. The low value is observed in north-
eastern and western China, with an average BC value lower than 0.5 mg/m3. In addition,
dust aerosols, as the most abundant components in the atmosphere, mainly come from
natural sources. As shown in Figure 15, the dust contents are high near the desert and
its downwind region and low in other areas. The highest dust columnar concentration in
China is observed in the Taklimakan Desert. The mean dust columnar concentration is as
high as 150 mg/m3. The dust aerosol content in southern China is lower than 30 mg/m3.
Even though, both MERRA-2 and PARASOL/GRASP show high dust concentration over
the downwind region (NCP), PARASOL/GRASP tend to report higher dust concentration
there, which can be due to the missing of small scale on-road dust emission in the MERRA-2
model [42].
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4.3. Evaluation of BC Mass Concentration with In situ Measurements

A previous study by Li et al. [43] evaluated PARASOL/GRASP BC mass concentration
with in situ measurements and showed reasonable agreement. Here, we further use the
in-site BC measurements from AE-51 at Beijing to evaluate PARASOL/GRASP satellite
retrieval and MERRA-2 reanalysis products in October 2012. Figure 16 shows a time series
of the daily average value from AE-51, MERRA-2, and PARASOL/GRASP. The AE-51
measured value is the mass concentration of BC near the ground obtained by the black
carbon meter AE-51 using a time-matching window of 15 min. The inverted value is based
on the formula using the inverted black carbon volume proportion, the total volume of
aerosol, and the mass density of black carbon (ρBC = 1.8 g/cm3) to obtain the BC mass
concentration. In particular, the result of PARASOL/GRASP represents the BC content
in the entire atmospheric column, while AE-51 observes the concentration of BC on the
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ground level. We are making absolute comparisons and need to convert the two into a
unified vertical space range. Here, we assume that the atmospheric boundary layer height
PBLH is 1 km.

Cm,i = ρm,i· fi·Vtotal = ρm,i· fi·
∫ rmax

rmin

dV
dlnr

dlnr, (7)

BCsurface,estimation =
BCcolumn,retrieval

PBLH
, (8)

where Cm,i is the columnar mass concentration of the i-th component, which is the mass
concentration of the aerosol component in the total atmosphere per unit area (unit: mg/m2),
ρm,i is the mass density of the i-th component [44], Vtotal is the total aerosol volume, fi is the
volume fraction of the i-th component. rmax and rmin represent the maximum and minimum
radius of aerosol volume size distribution, respectively.

It can be seen that the time series trends of the AE-51 BC measurements, PARA-
SOL/GRASP retrieval, and the MERRA-2-modelled BC at the surface level are in reason-
able agreement. In some case, when the BC concentration is low, the PARASOL/GRASP
retrieval value is more consistent with the observation, especially in 22 October 2012, where
the difference between PARASOL/GRASP retrieval value and AE-51 BC measurements
is nearly zero. However, in 22 October 2012, PARASOL/GRASP clearly underestimate
BC, which may be caused by the error of the retrieval itself or the assumption of 1 km
PBLH to convert columnar BC to near surface [43]. This phenomenon was also found in
Lei et al. [43]. The MAEs of MERRA-2 and GRASP are 0.44 and −0.38, respectively, with
respect to the AE-51 measurements. PARASOL/GRASP BC is slightly underestimated, and
MERRA-2 BC is slightly overestimated relative to the observed value.

Remote Sens. 2022, 14, x FOR PEER REVIEW 23 of 27 
 

 

entire atmospheric column, while AE-51 observes the concentration of BC on the ground 

level. We are making absolute comparisons and need to convert the two into a unified 

vertical space range. Here, we assume that the atmospheric boundary layer height PBLH 

is 1 km. 

𝐶𝑚,𝑖 = 𝜌𝑚,𝑖 ∙ 𝑓𝑖 ∙ 𝑉𝑡𝑜𝑡𝑎𝑙 =  𝜌𝑚,𝑖 ∙ 𝑓𝑖 ∙ ∫
𝑑𝑉

𝑑𝑙𝑛𝑟
𝑑𝑙𝑛𝑟

𝑟𝑚𝑎𝑥

𝑟𝑚𝑖𝑛
, (7) 

BCsurface,estimation =
BCcolumn,retrieval

PBLH
, (8) 

where 𝐶𝑚,𝑖 is the columnar mass concentration of the i-th component, which is the mass 

concentration of the aerosol component in the total atmosphere per unit area (unit: mg/m2), 

𝜌𝑚,𝑖 is the mass density of the i-th component [44], 𝑉𝑡𝑜𝑡𝑎𝑙 is the total aerosol volume, 𝑓𝑖 is 

the volume fraction of the i-th component. 𝑟𝑚𝑎𝑥 and 𝑟𝑚𝑖𝑛 represent the maximum and 

minimum radius of aerosol volume size distribution, respectively. 

It can be seen that the time series trends of the AE-51 BC measurements, PARA-

SOL/GRASP retrieval, and the MERRA-2-modelled BC at the surface level are in reason-

able agreement. In some case, when the BC concentration is low, the PARASOL/GRASP 

retrieval value is more consistent with the observation, especially in 22 October 2012, 

where the difference between PARASOL/GRASP retrieval value and AE-51 BC measure-

ments is nearly zero. However, in 22 October 2012, PARASOL/GRASP clearly underesti-

mate BC, which may be caused by the error of the retrieval itself or the assumption of 1 

km PBLH to convert columnar BC to near surface [43]. This phenomenon was also found 

in Lei et al. [43]. The MAEs of MERRA-2 and GRASP are 0.44 and −0.38, respectively, with 

respect to the AE-51 measurements. PARASOL/GRASP BC is slightly underestimated, 

and MERRA-2 BC is slightly overestimated relative to the observed value. 

 

Figure 16. Evaluation of near surface BC mass concentration from MERRA-2 and PARASOL/GRASP 

with in situ measurements at Beijing. 

5. Conclusions 

The validation results with SONET ground-based sun-photometer measurements 

show that the MERRA-2 AOD are of good agreement with SONET at 12 sites, R = 0.634–

0.822 and RMSE = 0.118–0.339. The highest R is observed at coastal site Zhoushan (0.822), 

and the lowest R is at rural site Zhangye (0.634). The Xi’an and Chengdu urban sites are 

Figure 16. Evaluation of near surface BC mass concentration from MERRA-2 and PARASOL/GRASP
with in situ measurements at Beijing.

5. Conclusions

The validation results with SONET ground-based sun-photometer measurements show
that the MERRA-2 AOD are of good agreement with SONET at 12 sites, R = 0.634–0.822 and
RMSE = 0.118–0.339. The highest R is observed at coastal site Zhoushan (0.822), and the
lowest R is at rural site Zhangye (0.634). The Xi’an and Chengdu urban sites are of the
highest bias AOD (−0.29). Overall, MERRA-2 AOD is slightly underestimated about 0.22
over China.
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The validation of AE show that the MERRA-2 AE are of good agreement with SONET
at 12 sites, R = 0.358–0.850 and RMSE = 0.180–0.411. The highest R is observed at basin
site Chengdu (0.850), and the lowest R is at rural site Hefei (0.358). The Chengdu urban
site is of the highest bias AE (0.276). Totally, MERRA-2 AE is a certain degree of relaxed
consistent with SONET over China.

The results of AAOD show that the MERRA-2 AAOD are underestimated with SONET
at 12 sites, R = −0.453–0.702 and RMSE = 0.014–0.058. The highest R is observed at basin
site Chengdu (0.702), and the lowest R is at urban Harbin (−0.453). The Xi’an urban site
is of the highest bias AAOD (−0.040). On the whole, MERRA-2 AAOD is generally more
underestimated, about 0.008 over China.

The seasonal MERRA-2 AOD, AE, and AAOD are pixel-by-pixel evaluated with
PARASOL/GRASP products. The spatial distribution is consistent in that the high AOD
is observed over NCP, PRD, YRD, and Sichuan Basin, where anthropogenic activities are
high, as well as Taklimakan Desert. In terms of seasonal variation, AOD is the highest in
summer, followed by spring, autumn and winter. AAOD is of similar seasonal changes as
AOD. AE is the highest in winter, followed by summer and autumn and spring.

Furthermore, the PARASOL/GRASP «components» BC and DU products are used to
evaluate MERRA-2 BC and DU spatial distribution. Over east China’s industrial regions
(NCP, PRD, YRD, and Sichuan Basin), both MERRA-2 and PARASOL/GRASP show a
high columnar BC mass concentration 1.5–2 mg/m3, and MERRA-2 is slightly higher
than PARASOL/GRASP. The climatological dust mass concentration is also in such good
agreement that the high value (~150 mg/m3) is observed near the Taklimakan Desert.
Meanwhile, over the downwind region, MERRA-2 reports lower dust concentration than
PARASOL/GRASP, which could be the missing small-scale on-road dust missions. The dust
aerosol mass concentration in southern China is relatively low, usually below 30 mg/m3.
We also utilize the in situ BC measurements at Beijing to evaluate one-month time series
PARASOL/GRASP and MERRA-2 near-surface BC mass concentration. Generally, MERRA-
2 well captures the daily variation and is a bit overestimated (MAE = +0.44 µg/m2), and
PARASOL/GRASP is slightly underestimated (MAE = −0.38 µg/m2) especially for high
BC cases.

Even though some issues are identified, such as underestimation of high AOD, aerosol
absorption, overestimation of fine mode aerosol AE, slightly overestimation of BC mass,
etc., the MERRA-2 reanalysis dataset shows overall reasonable agreement with independent
measurements from SONET, PARASOL/GRASP and in situ measurements. We want to
emphasize the two advantages (i) full spatial coverage; (ii) temporal continuity of the
reanalysis dataset. Satellite data has the advantage of high resolution, and reanalysis data
has the advantage of time continuity. Therefore, multi-source multi-dimensional analysis
are desired, since each dataset may have its own advantages and disadvantages and they
complement each other.
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