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Abstract: Satellite-derived aerosol optical depth (AOD) is widely used to estimate surface PM2.5

concentrations. Most AOD products have relatively low spatial resolutions (i.e.,≥1 km). Consequently,
insufficient research exists on the relationship between high-resolution (i.e., <1 km) AOD and PM2.5

concentrations. Taking Shenzhen City, China as the study area, we derived AOD at the 16-m
spatial resolution for the period 2015–2017 based on Gaofen-1 (GF-1) satellite images and the Dark
Target (DT) algorithm. Then, we extracted AOD at spatial scales ranging from 40 m to 5000 m and
applied vertical and humidity corrections. We analyzed the correlation between AOD and PM2.5

concentrations, and the impacts of AOD correction and spatial scale on the correlation. It was found
that the DT-derived GF-1 AOD at different spatial scales had statistically significant correlations with
surface PM2.5 concentrations, and the AOD corrections strengthened the correlations. The correlation
coefficients (R) between AOD at different spatial scales and PM2.5 concentrations were 0.234–0.329
and 0.340–0.423 before and after AOD corrections, respectively. In spring, summer, autumn, and
winter, PM2.5 concentrations had the best correlations with humidity-corrected AOD, uncorrected
AOD, vertical and humidity-corrected AOD, and uncorrected AOD, respectively, indicating a distinct
seasonal variation of the aerosol characteristics. At spatial scales of 1–5 km, AOD at finer spatial
scales generally had higher correlations with PM2.5 concentrations. However, at spatial scales <1 km,
the correlations fluctuated irregularly, which could be attributed to scale mismatches between AOD
and PM2.5 measurements. Thus, 1 km appears to be the optimum spatial scale for DT-derived AOD
to maximize the correlation with PM2.5 concentrations. It is also recommended to aggregate very
high-resolution DT-derived AOD to an appropriate medium resolution (e.g., 1 km) before matching
them with in situ PM2.5 measurements in regional air pollution studies.

Keywords: aerosol optical depth; PM2.5 concentrations; spatial scale; vertical correction; humidity
correction; Gaofen-1; Shenzhen City

1. Introduction

Fine particulate matter, or more specifically, particulate matter with an aerodynamic equivalent
diameter less than 2.5 µm (PM2.5), is a key air pollutant. PM2.5 is associated with numerous adverse
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effects on people’s health, such as respiratory diseases [1], cardiovascular diseases [2,3], and increased
mortality from lung cancer [4,5]. PM2.5 pollution also can lead to visibility degradation [6] and
reduction in agricultural production [7]. Moreover, it can affect the urban ecosystem significantly
because of its influences on the nutrient balance and acidity of soil [8,9], radiation balance [10,11],
and ground temperature [12], etc. Therefore, there is widespread concern in academia and society
about PM2.5 pollution. China is among the countries that suffer the severest PM2.5 pollution. In 2010,
the deaths of approximately 1.2 million residents in the country were related to PM2.5 pollution [13].
To improve air quality, China has adopted a series of PM2.5 prevention and control measures in recent
years. For example, air monitoring stations have been established in all 338 prefecture-level cities in
China, providing real-time PM2.5 measurement data. However, the spatial distribution of the stations is
nonuniform, and the spatial coverage is limited. To address this limitation, aerosol optical depth (AOD)
derived from satellite remote sensing is widely used to estimate regional surface PM2.5 concentrations
and atmospheric pollution conditions [14,15].

AOD is defined as the integral of the extinction coefficient of the atmospheric medium in the
vertical direction, and describes the light attenuation by the aerosols. As one of the main AOD retrieving
algorithms [16], the Dark Target (DT) algorithm was designed to retrieve AOD over densely vegetated
areas directly from satellite imagery [17]. The DT algorithm has been applied to remotely-sensed
data from the MODerate resolution Imaging Spectroradiometer (MODIS) sensors on board the Terra
and Aqua satellites and the Visible Infrared Imaging Radiometer Suite (VIIRS) sensor on board the
Suomi National Polar-orbiting Partnership satellite, so as to generate AOD products having various
spatial resolutions (10, 3, and 1 km for MODIS [18–21], 6 and 0.75 km for VIIRS [22,23]). The AOD
products have been widely used in aerosol and PM2.5 studies [24–26], among which many have found
that AOD with a higher spatial resolution can achieve a higher correlation with AErosol RObotic
NETwork (AERONET) measurements [27,28] and particle concentrations [29–32]. However, due to the
relatively coarse resolutions (i.e., at kilometer scales) of these AOD products, it is still unclear whether
the AOD–PM2.5 correlation can be further improved by adopting even higher resolution AOD data.

The DT algorithm has also been successfully applied to satellites that provide sub-kilometer
resolution data, such as Systeme Probatoire d’Observation dela Tarre (SPOT) [33], China-Brazil Earth
Resources Satellite-02B [34], Huanjing-1 [35], Gaofen-1 (GF-1) [36], and Landsat-8 [37]. Studies on
the relationship between finer-resolution AOD data and PM2.5 concentrations can be beneficial for
analyzing the relationship between sub-kilometer urban landscape pattern and air pollution [38],
locating main PM2.5 emission sources [39,40], and building microscale PM2.5 estimation models in
urban areas [41]. However, studies on the correlation between these fine-resolution AOD data and
surface PM2.5 concentrations are limited, as is research on how the finer spatial scales of AOD influence
the correlation between AOD and PM2.5 concentrations. Such studies can be conducted using the AOD
data derived from GF-1, because GF-1 not only provides 16-m high-resolution images, but also has a
four-day repetition cycle (without camera swinging), which is a higher temporal resolution than that
of many other high-resolution satellites such as SPOT (26 days) and Landsat (16 days).

The correlation between AOD and PM2.5 concentrations is subject to changes in the atmospheric
boundary layer height and the relative humidity. Using the synchronous aerosol scale height and
relative humidity data, vertical and humidity corrections can be applied to AOD data to achieve
better correlations between corrected AOD and PM2.5 concentrations [42,43]. However, owing to the
differences in aerosol characteristics between different regions and phases, there is no universally
optimal AOD correction strategy [44].

The present study chose Shenzhen City, China as the study area, and used the DT algorithm to
retrieve local AOD data from the GF-1 satellite at 16-m spatial resolution from 2015 to 2017. Vertical
and humidity corrections were applied to the retrieved AOD. The correlations between AOD and in
situ PM2.5 measurements were analyzed at different AOD spatial scales. The study mainly focused on
the following two scientific questions: (1) How well correlated were the GF-1 AOD retrieved by the
DT algorithm and the in situ measured PM2.5 concentrations in Shenzhen City, and which correction
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method (if either) was more suitable to improve the correlation? And (2) Did the spatial scale of GF-1
AOD data influence their correlation with PM2.5 concentrations?

The rest of the paper is organized as follows. The study area, materials, and methods are
introduced in Section 2. The results of the impacts of AOD correction and spatial scale on the
AOD–PM2.5 correlation in this area are presented in Section 3. The underlying causes of the impacts
and the limitations of this study are further analyzed and discussed in Section 4. Finally, the main
conclusions arising from the results are given in Section 5.

2. Study Area, Materials, and Methods

2.1. Study Area

Shenzhen City, China, was chosen as the study area. It has a land area of 1997 km2 and is located
in the subtropical monsoon climate zone in southern China. More specifically, Shenzhen City is in
the south of the Pearl River Delta (PRD), immediately north of Hong Kong, and is one of the most
prosperous Chinese cities. We chose Shenzhen as the study area for the following three reasons. Firstly,
Shenzhen City has the largest population density in mainland China (6234 people per km2 in 2017).
Previous researches have shown that increased PM2.5 concentrations are associated with the increased
likelihood of both outpatient and inpatient visits in Shenzhen’s hospitals [45]. Therefore, the control
of PM2.5 pollution in Shenzhen City is particularly important, both because of its effects on human
health and the number of people affected. Secondly, there are 11 national air monitoring stations in
Shenzhen City; however, most of the stations are located in low-pollution areas such as parks and
schools (Table S1). Data from these monitoring stations are thus unrepresentative of the overall PM2.5

pollution in the whole city. Thirdly, there have been few reported studies on the AOD–PM2.5 correlation
in Shenzhen City, or on the impacts of AOD corrections either in Shenzhen City or on the GF-1 AOD
retrieval in the subtropical monsoon climate zone generally.

2.2. Materials

2.2.1. Remote Sensing Data from the GF-1 Satellite

GF-1 is a Chinese high-resolution remote sensing satellite that was launched and put into use in
2013. It is configured with a four 16-m multi-spectral wide field view (WFV) camera sets. There are
four bands on WFV imagers: blue (0.45–0.52 µm), green (0.52–0.59 µm), red (0.63–0.69 µm), and near
infrared (0.77–0.89 µm). The WFV data collected in Shenzhen City from 2015 to 2017 on days with little
cloud cover (<5%) were used, which were downloaded from www.rscloudmart.com. The radiometric
calibration data and the mean solar exoatmospheric irradiances for each band were obtained from
China’s Centre for Resources Satellite Data and Application (http://www.cresda.com/). A total of
25 qualified GF-1 images were obtained for the study period (Table S2).

2.2.2. In Situ PM2.5 Measurement Data

PM2.5 concentration data of the 11 national air monitoring stations in Shenzhen City were obtained
from the website of the China National Environmental Monitoring Center (http://106.37.208.233:20035/).
The mass of particulate matter is automatically measured by the “Tapered Element Oscillating
Microbalance” or “β-ray” methods in the stations and uploaded to the website. GF-1 passes Shenzhen
City between 11:00 and 12:00 local time (03:00–04:00 UTC). Therefore, the mean value of in situ
measured PM2.5 concentrations between 11:00 and 12:00 local time on satellite passing dates were
used to match the satellite derived AOD data. Some GF-1 images did not include all 11 air monitoring
stations in Shenzhen City. A total of 253 in situ PM2.5 measurement data were used for analyzing the
correlation with GF-1 AOD.

www.rscloudmart.com
http://www.cresda.com/
http://106.37.208.233:20035/
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2.2.3. Meteorological Station Data

Station-observed relative humidity data for correcting AOD data were obtained from the website
of the Shenzhen Meteorological Bureau (http://www.szmb.gov.cn/). These data were obtained from
13 meteorological stations nearest to the air monitoring stations. Two additional meteorological
stations were selected (compared to the number of air monitoring stations) because some of the
meteorological stations lacked humidity data in some periods. The relative humidity data records
closest to the imaging time of GF-1 were used. Figure 1 shows the locations of air monitoring stations
and meteorological stations in this study in Shenzhen City.
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Figure 1. Location of Shenzhen City, its air monitoring stations, and the meteorological stations in
this study.

2.2.4. Planet Boundary Layer Height Data

Planet boundary layer height (PBLH) data for AOD vertical correction were obtained from the
Goddard Earth Observing System Forward Processing model (http://geoschemdata.computecanada.ca/)
of the United States government’s National Aeronautics and Space Administration. These data have
a spatial resolution of 0.25◦ × 0.3125◦ in China and a temporal resolution of 1 h. The PBLH dataset
at 11:30 local time on the acquisition days of GF-1 images was extracted, and the mean PBLH across
Shenzhen City at those times was calculated.

2.2.5. Terra MODIS 3-km DT AOD Data

We obtained the Terra MODIS 3-km Dark Target (DT) AOD products (MOD04_3K) from the
Goddard Space Flight Center (https://ladsweb.modaps.eosdis.nasa.gov/). We extracted the AOD at
550 nm over land with the quality assurance flag equaling three (i.e., QA = 3) on the acquisition days
of GF-1 images in Shenzhen City. The MOD04_3K data were used for the comparison and validation
of GF-1 AOD.

2.3. Methods

2.3.1. GF-1 AOD Retrieval and Validation

Due to the low albedo of dense vegetation measured in the red and blue spectral bands [16],
the corresponding pixels are called dark pixels, to which the DT algorithm is applicable. For the
surface albedo of the dark pixels, linear relationships exist between the red (and blue) bands and the
short-wave infrared (SWIR) band [46]; furthermore, the SWIR radiation is hardly affected by aerosols.
Using this linear relationship, the DT algorithm removes the contribution of surface albedo from the
apparent albedo of red and blue bands to obtain the aerosol characteristics. Shenzhen City has high
vegetation and forest coverage (e.g., 50.1% and 40.9% in 2016, respectively), and the forests are mainly

http://www.szmb.gov.cn/
http://geoschemdata.computecanada.ca/
https://ladsweb.modaps.eosdis.nasa.gov/
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evergreen and broad-leaved, indicating the feasibility of using the DT algorithm to retrieve AOD over
vegetated areas throughout the year.

Regardless of the absence of the SWIR band on GF-1 images, AOD retrieval can still be accomplished
using the linear relationship between the surface albedo of red and blue bands. We employed a
modified DT algorithm applicable to satellites without the SWIR band, which was described in
previously published studies [34,36,47]. In this study, we used the “6S model” [48] to perform the
AOD retrieval. Due to the lack of AERONET observation sites in the study area, the MOD04_3K AOD
product were used to validate our retrievals. First of all, we aggregated the GF-1 AOD into 3-km
grids that contained valid MOD04_3K AOD data. Then, we calculated the correlations between the
aggregated GF-1 AOD and the matched MOD04_3K AOD for each date that had both types of AOD
data and for the whole study period [36].

2.3.2. Extraction of AOD at Different Spatial Scales

We built buffers with radii in 20-m increments ranging from 40 to 5000 m around the 11 national air
monitoring stations. We obtained the uncorrected AOD (O_AOD) value for each buffer by averaging the
valid AOD values of all enclosed dark pixels within the buffer [29]. Different buffer sizes corresponded
to different spatial scales at which the AOD was analyzed. For example, AOD at the 40-m spatial
scale were obtained by averaging the AOD values of the dark pixels within 40-m buffers around the
stations. When the spatial scale was too small, the dark pixels around some stations were insufficient
in number or difficult to recognize. As a result, the corresponding AOD data could not be extracted
and were omitted.

2.3.3. Vertical and Humidity Corrections of AOD

AOD is the integral of light extinction by aerosols in the atmospheric column above the Earth’s
surface, reflecting the aerosol characteristics within the atmospheric column. However, PM2.5

concentrations are measured at the ground surface. To obtain the near-surface extinction properties
of aerosols, the traditional method assumes that the aerosol is uniformly distributed throughout the
height of the atmospheric boundary layer (PBLH), and therefore, the near-surface extinction coefficient
(ka,0) can be obtained using Equation (1) [42–44]:

ka,0 =
O_AOD
PBLH

(1)

The measured PM2.5 concentration is the mass concentration of dry particulate matter. However,
the aerosol is hygroscopic, and its extinction coefficient increases as the relative humidity increases [49].
Thus, the purpose of humidity correction is to eliminate the influence of aerosol’s hygroscopicity on
AOD values. The increase of the extinction coefficient is determined by the growth factor f (RH), which
is represented as following:

f (RH) =
(
1−

RH
100

)−g
(2)

where RH is the relative humidity and g is an empirical coefficient. Consistent with previous
studies [50,51], g = 1 was adopted in this study. Hence, the “dry” AOD (AOD*) after eliminating the
hygroscopic effect can be obtained using Equation (3):

AOD∗ =
O_AOD
f (RH)

(3)

When both vertical and humidity corrections are performed on AOD, the “dry” near-surface
extinction coefficient (k∗a,0) can be obtained using Equation (4):

k∗a,0 =
O_AOD

PBLH· f (RH)
(4)
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3. Results

3.1. Descriptive Statistics

The statistical descriptions of the PM2.5 concentrations, PBLH, and relative humidity data used
in the study are shown in Table 1. To explore the seasonal characteristics of the data, in addition to
the analysis of the full dataset, we also split the data into four seasonal groups according to their
acquisition time, i.e., spring (March–May), summer (June–August), autumn (September–November)
and winter (December–February), and calculated the corresponding statistics. To better reveal the
distribution of the data, kurtosis and skewness were computed in addition to the mean and standard
deviation (S.D.).

Table 1. Descriptive statistics of PM2.5 concentrations, planetary boundary layer height (PBLH), and
relative humidity (RH).

2015–2017
(N = 253)

Spring (N
= 47)

Summer
(N = 55)

Autumn
(N = 42)

Winter
(N = 109)

PM2.5 concentrations (µg/m3)

mean 43 29 32 36 56
S.D. 22.6 8.77 23.9 11.1 22.0

kurtosis 2.29 −0.28 −1.38 −0.96 3.20
skewness 1.03 −0.80 0.58 0.01 1.41

PBLH (m)

mean 1032 1036 1197 1036 945
S.D. 177.8 133.0 52.64 117.1 195.3

kurtosis −0.77 −0.64 −1.34 −1.71 −1.30
skewness −0.62 −0.71 −0.40 −0.15 0.02

RH (%)

mean 50 48 59 57 44
S.D. 14.0 12.8 7.02 6.26 15.9

kurtosis −0.46 −0.74 0.97 0.80 −0.91
skewness −0.41 0.28 0.54 0.84 0.20

During the study period, the PM2.5 concentrations in the winter were significantly (p < 0.0001)
higher than those in spring, summer, and autumn. Besides, the winter PM2.5 concentrations showed
high right-skewness and kurtosis, suggesting a number of extremely high values in the dataset. PBLH
also showed distinct characteristics of seasonal variation, with the highest mean value and the smallest
standard deviation in summer, and the lowest mean value and the largest standard deviation in winter.
During the study period, the relative humidity in Shenzhen City was higher in summer and autumn
with lower standard deviations, compared with those in winter and spring.

3.2. Retrieved and Validated GF-1 AOD

Figure 2 illustrates two of the GF-1 AOD retrieval results, representing the typical aerosol patterns
in Shenzhen City on a polluted day (8 July 2016, average PM2.5 = 56 µg/m3) and on an unpolluted
day (29 July 2016, average PM2.5 = 15 µg/m3). The MOD04_3K AOD on these dates is shown for
comparison. The comparison can be conducted because they have a similar satellite passing time
(around 03:00 UTC), and they are obtained using the same retrieving algorithm (i.e., DT) used in this
study. In the right-hand panels are enlarged images of the GF-1 AOD around two air monitoring
stations. Neither the derived GF-1 AOD nor the MOD04_3K AOD product could adequately represent
areas with sparse vegetation due to the limitation of the DT algorithm.
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Figure 2. Examples of the derived Gaofen-1 (GF-1) aerosol optical depth (AOD) in Shenzhen City
compared with MOD04_3K AOD on two dates: 8 July 2016 (a polluted day) and 29 July 2016
(an unpolluted day). The grey areas are bright pixels without derived AOD data. Panels at the right are
enlarged images of areas around two air monitoring stations.

Figure 2 shows that only a limited number of 3-km grids in Shenzhen City had valid MOD04_3K
AOD values. Conversely, the GF-1 AOD derived in this study had high spatial resolution and represented
more areas of Shenzhen City than the MOD04_3K AOD product. The GF-1 AOD values were higher
in the north and west of the city, both of which were mainly built-up areas with denser population
and more industry and traffic than other areas of Shenzhen City. Corresponding to the higher aerosol
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loading, high PM2.5 concentrations were also observed in these areas. For example, at Guanlan, an
air monitoring station in the north of the city, the measured PM2.5 concentrations were 62 µg/m3 on
8 July 2016 (Figure 2(a1)) and 18 µg/m3 on 29 July 2016 (Figure 2(a2)), respectively 11% and 20% higher
than the city’s average. The GF-1 AOD values were lower in the southeastern coastal areas and the
Dapeng Peninsula, where mountainous and forest areas with low intensity of human activities and few air
pollution sources are located. Corresponding to the lower aerosol loading, the PM2.5 concentrations were
also relatively low in these areas. At Nan’ao, an air monitoring station located in the Dapeng Peninsula,
the measured PM2.5 concentrations were 51 µg/m3 (Figure 2(b1), 8 July 2016) and 12 µg/m3 (Figure 2(b2),
29 July 2016), which were 9% and 20%, respectively, lower than the city’s average.

The higher spatial coverage than MODIS 3-km AOD and the ability to map the inner-city variation
of aerosols show the potential of GF-1 AOD in city-scale aerosol studies. However, compared with
MODIS AOD products, the temporal resolution of GF-1 AOD is relatively limited. It is not only due
to the longer revisit period of the GF-1 satellite than the Terra and Aqua (MODIS) satellites, but also
because the images are often degraded on acquisition days on account of the high cloud coverage in
coastal areas such as Shenzhen City.

Figure 3 shows the validation results of the GF-1 AOD retrievals using the MOD04_3K AOD in
the study area as benchmarks. For each single validation date, the aggregated GF-1 AOD had positive
correlation with the MOD04_3K AOD, and for most dates, the correlation was strong and statistically
significant (R > 0.6, p < 0.05). However, on some dates, the correlation was relatively weak. Besides
the errors in the AOD retrievals, the limited coverage of MOD04_3K AOD for validation might also
account for the low correlation. The overall correlation coefficient between aggregated GF-1 AOD and
MOD04_3KAOD was 0.4248, indicating that the GF-1 AOD retrievals were moderately acceptable in
accuracy, but can be further improved. Nevertheless, we believe that the derived GF-1 AOD were
reliable for the PM2.5 study as described in subsequent sections.
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3.3. Pearson Correlation between GF-1 AOD and PM2.5 Concentrations

Table 2 shows several descriptive statistics of the Pearson correlations between in situ measured
PM2.5 concentrations and the corresponding GF-1 AOD values before and after corrections at different
spatial scales. Before corrections, there were statistically significant correlations between AOD at
different spatial scales and PM2.5 concentrations, with Pearson’s correlation coefficient R ranging
between 0.234–0.329. The vertical correction slightly increased the mean R by 0.005. The humidity
correction increased the mean R by 0.07, and achieved a much better correction effect on GF-1 AOD
in Shenzhen City than the vertical correction. After both corrections, the mean R reached 0.367, and
the highest R increased to 0.423, which was a remarkable improvement over the correlations between
uncorrected AOD and PM2.5 concentrations (mean R = 0.292, highest R = 0.329). Table 2 also indicates
that the impact of AOD spatial scales on AOD–PM2.5 correlations is comparable to that of AOD
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corrections. For example, R between O_AOD and PM2.5 ranged from 0.234 to 0.329 at different spatial
scales, while the mean R ranged from 0.292 to 0.367 for uncorrected/corrected AOD. Therefore, besides
AOD corrections, it is also of importance to pay attention to the proper spatial scale of AOD in PM2.5

studies based on high-resolution AOD.

Table 2. Descriptive statistics of Pearson correlation coefficients (R) and correlation tests between
GF-1 uncorrected aerosol optical depth (O_AOD) or humidity-corrected AOD (AOD*) and PM2.5

concentrations, together with the corresponding correlations with uncorrected and humidity-corrected
near-surface extinction coefficients (ka,0, and k∗a,0). AOD were determined at spatial scales ranging from
40 to 5000 m.

O_AOD ka,0 AOD* k*
a,0

R

mean 0.292 0.297 0.362 0.367
S.D. 0.016 0.025 0.011 0.018

minimum 0.234 0.264 0.334 0.340
maximum 0.329 0.374 0.392 0.423

p values
mean 2.18 × 10−4 5.76 × 10−5 6.61 × 10−6 2.80 × 10−6

minimum 1.10 × 10−6 2.53 × 10−7 2.94 × 10−9 8.65 × 10−10

maximum 1.03 × 10−2 2.93 × 10−3 6.29 × 10−4 2.16 × 10−4

Figure 4 illustrates how AOD–PM2.5 correlation varied at different spatial scales and with different
AOD correction methods. The seasonal characteristics of aerosol may influence the correction effects,
so the data were further split into seasonal groups for analysis. Since the number of dark pixels in
buffers did not increase proportionally with the increase of the spatial scales, some leaps were apparent
in the relationships, as are obvious in Figure 4. Therefore, we focused more on the overall trends and
general regularities than on absolute changes.

For the annual dataset, narrowing the spatial scale of AOD from 5 km to approximately 1 km
improved the AOD–PM2.5 correlations. However, continuing to narrow the spatial scale from 1 km
to finer scales did not improve the correlation further, because the smaller spatial scales caused
fluctuations in AOD–PM2.5 correlations that degraded the overall relationship. In terms of the impacts
of AOD correction, the humidity correction was more effective than the vertical correction at all scales.

In spring, at spatial scales of AOD <1 km, the correlations fluctuated significantly as scales
changed. When the spatial scale ranged from 1 to 3 km, the correlation coefficients between PM2.5

concentrations and O_AOD, AOD* and k∗a,0 were not much different, and were all higher than that
between PM2.5 concentrations and ka,0. At coarser spatial scales (>3 km), the correlation between AOD
and PM2.5 concentrations decreased, and the correlation coefficients followed the order AOD* > k∗a,0 >

O_AOD > ka,0.
In summer, neither vertical nor humidity corrections had a significant effect on the correlation

between AOD and PM2.5 concentrations. At a spatial scale of 40 m, all the correlation coefficients
were approximately 0.5. As the spatial scale increased, the correlation coefficients increased rapidly,
reaching the highest (>0.8) at the approximately 1-km spatial scale. As the spatial scale continued to
increase beyond 1 km, the correlation coefficients slowly decreased.

In autumn, both vertical and humidity corrections improved the correlation effectively, and the
correlations reached their maxima at a spatial scale of approximately 1 km. In addition, the effect of
the humidity correction was relatively larger compared to that of the vertical correction. Correlations
fluctuated irregularly at scales less than 1 km.

In winter, the correlation coefficients between uncorrected or corrected AOD and PM2.5

concentrations were relatively low, and both the vertical correction and humidity correction reduced the
correlations. The uncorrected AOD and PM2.5 were best correlated at the spatial scale of approximately
1 km. The irregular fluctuations of correlations at scales less than 1 km were also observed in this season.
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Figure 4. Impact of spatial scales on annual and seasonal correlations between PM2.5 concentrations
and GF-1 uncorrected aerosol optical depth (O_AOD), humidity-corrected AOD (AOD*), uncorrected
and humidity-corrected near-surface extinction coefficients (ka,0, and k∗a,0) in Shenzhen City, China from
2015 to 2017.

In summary, AOD corrections (humidity and vertical) and spatial scale both had impacts
on the relationship between DT-derived GF-1 AOD and surface PM2.5 concentrations. In spring,
summer, autumn, and winter, the best correlations with PM2.5 concentrations were achieved using
humidity-corrected AOD, uncorrected AOD, vertical and humidity-corrected AOD, and uncorrected
AOD, respectively. When the spatial scale of GF-1 AOD narrowed from 5 km (or from 3 km in winter)
to approximately 1 km (or to 2 km in spring), the correlation between AOD and PM2.5 concentrations
generally increased. However, further narrowing the spatial scales to less than 1 km stopped the
improving trend in correlations and prompted irregular fluctuations of the correlations except in
summer, when the correlations decreased quickly.

Table 3 shows how the mean Pearson correlation (R), its standard deviation, and its coefficient
of variation (C.V.) varied at different ranges of AOD spatial scales. The correlation between AOD at
40–1000 m scales and PM2.5 concentrations was slightly lower than that of AOD at 1–2 km scales. The
standard deviations and coefficients of variation of R at spatial scales <1 km were higher than those at
any other range of scales. The results shown in Figure 4 and Table 3 suggest that AOD with smaller
spatial scales do not always lead to better correlation with in situ PM2.5 measurements. The spatial
scale threshold of approximately 1 km may imply an optimum analysis scale to establish spatially
AOD–PM2.5 correspondences.
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Table 3. Comparison of mean Pearson correlation coefficients (R) between in situ PM2.5 measurements
and GF-1 uncorrected aerosol optical depth (O_AOD), humidity-corrected AOD (AOD*), and the
corresponding uncorrected and humidity-corrected near-surface extinction coefficients (ka,0, and k∗a,0),
and their standard deviations (S.D.) and coefficients of variation (C.V.), determined at different ranges
of spatial scales.

Spatial Scales O_AOD ka,0 AOD* k*
a,0

40–1000 m
mean 0.281 0.309 0.365 0.382
S.D. 0.026 0.024 0.018 0.020
C.V. 9.25% 7.77% 4.93% 5.23%

1020–2000 m
mean 0.308 0.324 0.373 0.384
S.D. 0.008 0.008 0.007 0.007
C.V. 2.60% 2.47% 1.88% 1.82%

2020–3000 m
mean 0.298 0.306 0.363 0.371
S.D. 0.007 0.012 0.004 0.007
C.V. 2.34% 3.92% 1.10% 1.88%

3020–4000 m
mean 0.284 0.273 0.356 0.352
S.D. 0.004 0.003 0.002 0.002
C.V. 1.41% 1.10% 0.56% 0.57%

4020–5000 m
mean 0.288 0.272 0.353 0.346
S.D. 0.004 0.006 0.003 0.005
C.V. 1.39% 2.21% 0.85% 1.45%

4. Discussion

4.1. AOD Correction Effect on Correlations between AOD and PM2.5 Concentrations

In Section 3, the DT-derived GF-1 AOD data for Shenzhen City were presented, as were their
correlations with in situ measured PM2.5 concentrations before and after the humidity and vertical
corrections. These results are compared in Table S3 with those from previous similar studies conducted
in Shenzhen or surrounding areas. The DT-derived GF-1 AOD in this study exhibited similar correlations
with PM2.5 concentrations, as in the previous studies that used MODIS AOD. The correlations were
not strong, although they were statistically significant, which might be due to the instability of aerosols
in subtropical monsoon coastal zones, as well as the complexity of aerosol composition in urban areas.

The humidity correction of GF-1 AOD can improve its correlation with annual PM2.5 concentrations
more effectively than the vertical correction in Shenzhen City (Table 2). The fact that Shenzhen City is
located in the subtropical climate zone may account for this difference. The temperature in this area
at sunny noon (the imaging time of GF-1) is fairly high across the whole year, leading to high PBLH
values with relatively small variation. The data presented in Table 1 support the inference, showing a
sizeable difference between the coefficient of variation for PBLH (17.2%) and that for relative humidity
(28.0%). Therefore, performing humidity correction on AOD in Shenzhen City achieves better effects
than the vertical correction.

In summer, uncorrected AOD has a strong correlation with PM2.5 concentrations, indicating that
the light extinction in the summer atmosphere may be mainly contributed by PM2.5 near the ground
surface. This finding agrees with that of Yang et al. [52], who measured PM2.5 concentrations and
the extinction coefficients in the PRD region in summer. The high temperature of summer noon in
Shenzhen City limits the variation of PBLH among different days (these data exhibited a coefficient of
variation of merely 4.4% in this study). Moreover, because of the southeast monsoon in summer, most
of the pollutants in Shenzhen City are diffused rapidly, and as a result, the pollutants are not uniformly
distributed in the atmospheric boundary layer. Therefore, the vertical correction in this season had
little effect on the correlation between AOD and PM2.5 concentrations [44]. The main components
causing the increase of the extinction coefficient by moisture absorption in aerosols in Shenzhen City
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are ammonium sulfate and ammonium nitrate [53]. However, Huang et al. [54] found that due to
the monsoon and sea salt aerosol, the concentrations of sulfate and nitrate in PM2.5 in Shenzhen’s
atmosphere are lower in summer than that in other seasons. This can be an important reason why
performing humidity correction failed to improve the correlation in summer.

In autumn, the prevailing wind direction in Shenzhen City gradually changes from the southeast
to the northeast. Since Shenzhen City is located in the southern part of the PRD urban agglomeration,
regional transportation affected PM2.5 pollution, destabilizing the composition and characteristics of
PM2.5 and reducing the correlation between the uncorrected AOD and PM2.5. However, pollutant
transportation results in more PM2.5 concentrations at some height within the atmospheric boundary
layer rather than just on the surface, and the gradual decrease in temperature increases the variation of
PBLH (coefficient of variation is 11.3%). Thus, the vertical correction of Shenzhen’s AOD in autumn
achieves better correlations with PM2.5 concentrations. Zheng et al. [55] pointed out that 91.4% of
SO2 in the PRD region originated from power plants and industrial emissions, and 87.2% of NOx

came from power plants and motor vehicle emissions. The northeast monsoon in autumn brings
these anthropogenic pollutants into Shenzhen City, and increases the concentrations of sulfate and
nitrate in the atmosphere [54]. Observations in Hong Kong also indicate that the region has the highest
concentration of ammonium sulfate in autumn, which is derived from the PRD region in the upwind
direction [56]. Therefore, improved AOD–PM2.5 correlations can be achieved by performing humidity
correction on autumn AOD in Shenzhen.

The aerosols in spring and autumn have similar composition and characteristics due to the
transition of the monsoon direction in Shenzhen City. Therefore, the humidity correction of AOD in
spring can also improve the correlation between AOD and PM2.5 concentrations. However, the vertical
correction failed to achieve improved correlation (Figure 4). The descriptive statistics presented in
Table 1 show that the PBLH data in spring are left-skewed, suggesting that there are a few extremely
small values, but the data distribution is massively concentrated in relatively high values. Thus, the
poor effect of vertical correction in spring may have been because most of the springtime images in this
study were captured on days when the temperature was close to that of summer. Consequently, the
PBLH was fairly high for most retrieving days, and the variation of PBLH in spring was very limited.

In winter, Shenzhen City is completely dominated by the prevailing northeast wind, so the regional
transportation of pollutants from the northern PRD or even further north influences the atmosphere
of Shenzhen City more significantly than that in other seasons. In this situation, an “elevated aerosol
layer” separated from the surface aerosol can appear [44], causing pollutants to be unevenly distributed
in the atmospheric boundary layer. Moreover, the proportion of pollutants derived from regional
transportation is large in winter in Shenzhen City [54], so the “elevated aerosol layer” can contribute
more to the AOD than surface PM2.5 concentrations. These may be the reasons why the AOD–PM2.5

correlation was weak in winter, and the vertical correction of AOD did not have much effect. Yao
et al. [53] found that organic matter has the highest contribution to the extinction coefficient in winter in
Shenzhen City. However, the extinction by organic matter does not change much with humidity, which
might be one of the reasons that AOD humidity correction had little effect on correlation improvement
in winter.

In conclusion, the effects of performing humidity and vertical corrections on a full-year AOD
dataset are helpful, but this benefit is not always observed when corrections are applied to seasonal
AOD datasets, with corrections being effective only in spring and autumn in Shenzhen City. This
difference suggests a strong seasonal variation of the aerosol characteristics in Shenzhen City because
of the regional pollution pattern and the monsoon climate of the city. As a result, the vertical and
humidity corrections are conducive to the improvement of correlations between full-year AOD and
PM2.5 concentrations by disposing of the seasonal variation of aerosol characteristics, but they have
weak or even no effect during specific seasons, because the variation of aerosol characteristics within
seasons are relatively small.
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4.2. Spatial Scale Effect on Correlations between AOD and PM2.5 Concentrations

Figure 4 and Table 3 show that when the spatial scale of AOD is coarse (>1 km), the correlation
between AOD and PM2.5 concentrations increases as the AOD spatial scale narrows. This is consistent
with the results of several previous studies using MODIS AOD products with different spatial
resolutions [29,31,57] or AOD extracted in different buffer sizes [58], suggesting that the high-resolution
AOD can be better correlated with PM2.5 concentrations than low-resolution AOD under specific
circumstances. Conventionally, PM2.5 monitoring data are regarded as “point” measurements [15],
so a smaller spatial scale of AOD is helpful for accurately matching AOD with the air monitoring
stations [57] and achieving better correspondences.

However, our results also show that when the spatial scale of AOD narrows to less than 1 km, the
correlation between AOD and PM2.5 concentrations does not improve further, but instead shows large
irregular fluctuations. This result is in contrast with the conclusion of Mei et al. [31], who expected the
correlation would continue increasing with AOD resolution increasing to higher than 1 km. In the
case of tiny spatial scales, we believe that the “point” measurement theory of PM2.5 concentrations
may become invalid, and the “scale” measurement of PM2.5 concentrations takes effect. In details, the
“scale” PM2.5 measurement means that although an air monitoring station is represented as a static
point on a map, the PM2.5 concentration it measures actually has a certain spatial scale (albeit small).
Therefore, the “scale” PM2.5 measurement will be best correlated with AOD that is measured at the
corresponding spatial scale. When the spatial scale of AOD is too fine (or too coarse), a spatial scale
mismatch appears between the two measurements, which jeopardizes the correlation.

The scale mismatch between AOD and PM2.5 concentrations at tiny spatial scales may be caused
by two effects. Firstly, it is the influence of aerosol transportation. Hoff and Christopher [15] and Li
et al. [59] considered the movement of aerosol as an important factor when they investigated the proper
window size for AOD to match in situ AOD or PM2.5 measurements. Therefore, it can be reasonably
speculated that in case of the continuous monitoring and aerosol transportation, the value of in situ
PM2.5 measurements should be not only a temporal average, but also a spatial average at a certain
scale. For example, we can consider the analysis of a minimal case as described in Figure 5a, in which
two types of particulate pollutants (A and B) exist in the vicinity of the monitoring station (the actual
situation could be more complicated). Since the pollutants continuously move and disperse during the
monitoring period, not only is the pollutant A directly above the monitoring station sampled, but also
the surrounding pollutant B is sampled as well. Thus, the PM2.5 concentration of the air monitoring
station is determined by the spatial average of both pollutants within a certain range. Meanwhile, the
remotely sensed and derived AOD only reflects the instantaneous aerosol distribution, because the
satellite image is a snapshot at an exact moment. Therefore, the derived AOD at a medium spatial
scale (r2) can better reflect the spatial average characteristics of pollutants than at a very tiny spatial
scale (r1), resulting in a higher correlation with in situ PM2.5 measurements.

Secondly, the satellite zenith angle results in a derived AOD that is actually determined from a
“tilted” integral of light extinction, which may not accurately capture the aerosol characteristics near
the monitoring station. As shown in Figure 5b, the satellite does not acquire an image directly above
the station. Therefore, the derived AOD is not completely the vertical integral of light extinction, but
rather is a “tilted” AOD determination. When the spatial scale of derived AOD is too fine (r3), the
“tilted” AOD reflects only a small proportion of the aerosol’s extinction properties at the sampling scale.
However, at an appropriately coarser spatial scale (r4), more information of the aerosol’s extinction
properties above the monitoring station can still be included in the “tilted” AOD, resulting in a better
correlation between AOD and in situ PM2.5 measurements.

Other systematic or random factors (e.g., the lower signal-to-noise ratio of AOD retrieval at high
resolution [18,60], the errors in geographical corrections) may also affect the correlation at different
spatial scales, but an in-depth examination and verification of these factors are beyond the scope of
this study. In summary, increasing the spatial resolution of AOD can increase its correlation with
PM2.5 concentrations only at some scales. When AOD has a very high spatial resolution, it becomes
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more difficult to match AOD with in situ PM2.5 measurements at similar spatial scales. Therefore,
although GF-1 has a high spatial resolution, directly using its AOD retrieval results to match PM2.5

measurements is not recommended. Instead, GF-1 AOD users should aggregate the AOD resolution to
approximately 1 km before analyzing AOD–PM2.5 correspondences in Shenzhen City and surrounding
areas, as the 1-km spatial scale appears to be an optimum AOD scale in this region.Remote Sens. 2019, 11, x FOR PEER REVIEW 14 of 18 
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of a remote sensing satellite. The object sizes and scales in this figure are for illustrative purposes in
this study only, and do not represent the realistic situation.

4.3. Limitations and Future Research Directions

Several limitations of this study should be noticed. Firstly, the number of GF-1 satellite images
used was relatively small. The limited number of images, further restricted by the temporal resolution,
may impose some negative influence on the results. This limitation is also widely seen in other AOD
researches based on satellites with high spatial but low temporal resolutions such as Landsat-8 and
Sentinel-2 [59,61,62]. Although GF-1 has a medium-length repetition cycle of four days, which is
shorter than that of Landsat-8 (16 days) and Sentinel-2 (10 days), it may be still insufficient for regions
that experience frequent cloudy conditions or rainy weather such as Shenzhen City. It is noteworthy
that the GF-6 satellite has been successfully launched and will form an operation network with GF-1;
thus, the availability of suitable imagery is expected to improve in the near future. Secondly, our results
are based on the GF-1 AOD derived solely from the DT algorithm. When retrieving high-resolution
AOD in urban areas with complex land covers, the accuracy of the DT algorithm may be restricted [60].
Therefore, the correlations between PM2.5 concentrations and high-resolution AOD derived from other
algorithms (e.g., the Dark Blue algorithm) should be further investigated in future research. Finally,
although it is found that the correlation between DT-derived AOD and PM2.5 concentration has a
spatial scale effect and the 1-km AOD scale is the optimum in Shenzhen City, it is not explored for the
factors that determine the best spatial scale of DT-derived AOD, which should be paid attentions in
future research.

5. Conclusions

High-resolution GF-1 AOD were retrieved using the DT algorithm and were validated using
the MOD04_3K AOD product (R = 0.4248). AOD extracted at different spatial scales using different
sizes of buffers ranging from 40 to 5000 m had statistically significant correlations with in situ PM2.5

measurements in Shenzhen City, China, indicating that DT-derived GF-1 AOD can be applied in the
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remotely sensed monitoring of atmospheric quality at city scale. Performing humidity and vertical
corrections on GF-1 AOD can improve its correlation with PM2.5 concentrations, but the correction
effects vary seasonally, as they are affected by the seasonal variation of aerosol characteristics in
Shenzhen City. Narrowing the spatial scale of DT-derived GF-1 AOD can increase its correlation with
PM2.5 concentrations up to a certain threshold (approximately 1-km scale for Shenzhen City in this
study), after which further narrowing the AOD spatial scale does not produce obvious improvements
in correlation, but instead induces irregular fluctuations. The effect may be attributed to the difficulty
in accurately matching the DT-derived AOD at tiny scales and the “scale” PM2.5 measurements. Very
high-resolution DT-derived AOD data should be aggregated to an appropriate medium resolution
before matching them with in situ PM2.5 measurements. Further research is needed to determine
if 1 km is universally the appropriate spatial scale of DT-derived AOD, or whether the threshold is
affected by regional social or ecological factors.
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neighboring areas.
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