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Aerosol optical depths (AODs) from MODIS and MISR onboard the Terra satellite are assessed by comparison with measure-
ments from four AERONET sites located in northern China for the period 2006-2009. The results show that MISR performs bet-
ter than MODIS at the SACOL and Beijing sites. For the Xianghe and Xinglong sites, MODIS AOD retrievals are better than
those of MISR. Overall, the relative error of the Angstrom exponent from MISR compared with AERONET is about 14%, but the
MODIS error can reach 30%. Thus, it may be better to use the MISR Angstrom exponent to derive wavelength-dependent AOD
values when calculating the aerosol radiative forcing in a radiative transfer model. Seasonal analysis of AOD over most of China
shows two main areas with high aerosol loading: the Taklimakan Desert region and the southern part of North China and northern
part of East China. The locations of these two areas of high aerosol loading do not change with season, but the AOD values have
significant seasonal variation. The largest AOD value in the Taklimakan appears in spring when the Angstrom exponents are the
lowest, which means the particle radii are relatively large. Over North and East China, the highest aerosol loading appears in

summer. The aerosol particles are smallest in summer over both high-AOD areas.
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Aerosol, consisting of a variety of liquid and solid particles
suspended in the atmosphere, is an important component of
the earth-ocean-atmosphere system. Aerosol may directly
impact the earth’s energy budget by scattering and absorb-
ing solar radiation, altering the radiative balance of the
earth-atmosphere system, and indirectly by acting as cloud
condensation nuclei and ice nuclei, thus modifying the mi-
crophysical properties and lifetime of clouds [1], and hence
their radiative characteristics [2-5].

Aerosol life time can be just a few weeks or even shorter
[6], and aerosol sources are distributed very unevenly, so
that the spatial and temporal distribution of atmospheric
aerosol is far from homogeneous [7]. Aerosol is an im-
portant component of climate models and contributes a
large uncertainty to the radiative forcing of the earth-
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atmosphere system [8], because of the lack of accurate long-
term observations of aerosol optical characteristics and their
spatial and temporal distribution.

Aerosol optical depth (AOD), which is a key measure of
aerosol optical properties, is a vertical integral of the extinc-
tion coefficient, representing the attenuation of solar radia-
tion by aerosol scattering and absorption. It can also indi-
cate air turbidity to a certain extent, and is an important pa-
rameter in the quantitative calculation of aerosol radiative
forcing. The AOD is usually obtained from ground-based
and space-based observations. Ground-based observations
have high temporal and spectral resolution, and relatively
simple retrieval methods, but only represent a small area
around the site. Satellite observations have been widely
used in the study of aerosol radiative forcing on regional
and global climate because of their high spatial resolution
and global coverage. However, satellite-based AOD retriev-
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al algorithms are relatively complicated and are less accu-
rate than surface observations. In order to make the best use
of satellite data and reduce the uncertainty of aerosol effects
on regional and global climate, satellite measurements need
to be validated using ground-based observations.

The Moderate Resolution Imaging Spectroradiometer
(MODIS) [9] and Multiangle Imaging SpectroRadiometer
(MISR) [10] onboard the Earth Observing System (EOS)
satellites have been used extensively for global aerosol ob-
servations [11]. Numerous comparisons and validations of
the two satellites with the Aerosol Robotic Network
(AERONET) [12] have been performed. Except in some
coastal zones, the MODIS AOD retrievals over land are
within the retrieval error given by A7,=+0.05+0.27, [13].
Estimated errors are relatively large in Africa and Southeast
Asia, and small in other areas [14]. The differences in AOD
between MODIS and AERONET can vary significantly
with region and season over China. Generally, they are
smaller in the south and east of China than in the north and

west, and smaller in dry seasons than in wet seasons [15,16].

At the Beijing site, MODIS-retrieved AOD correlates well
with AERONET observations. When the AOD is small
(0-0.5), MODIS retrievals are greater than AERONET, but
are lower than AERONET when the AOD is large (0.5-1.0)
[17-19]. In marine areas, MODIS AOD is generally con-
sistent with AERONET near the East China Sea coast, but it
is higher than AERONET over the coast of the Pohai Sea
and the Yellow Sea regions [20,21]. Substantial improve-
ments were found in the MODIS collection 5 AOD products
relative to collection 4 products [22,23].

Diner et al. [24] showed that MISR AOD has a positive
bias of 0.02 and an overestimate of 10%, by comparing
MISR AOD and ground-based observations for the period
August—September 2000 over southern Africa. Liu et al.
[25] compared MISR AOD with measurements from 16
AERONET sites over America, and found that the retrieval
errors of MISR AOD were within +0.04+0.187,. In desert
areas, MISR AQOD values are consistent with the ground-
based observations [26-28]. Kahn et al. [29,30] found that
most MISR AOD retrievals were within either 0.05, or 20%
of the AOD, of the paired validation data from AERONET.
Liu et al. [31] indicated that MISR AQOD retrievals agreed
well with ground-based observations for AOD<0.5 but were
systematically underestimated for AOD>0.5 in China.

AOD values retrieved from different satellite sensors can
be quite different due to the sensor characteristics and re-
trieval methods. Abdou et al. [8] have shown that MODIS
AOD is 35% and 10% larger than MISR AOD at 470 nm
and 660 nm, respectively. Zhang and Sun [32] compared
monthly average AOD from MODIS and MISR with sur-
face observations in eastern China, and found that MODIS
performed better.

The underlying surface types and the aerosol spatial and
temporal variability are quite complex in northern China;
dust is a major component of aerosol and is widely distrib-
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uted in this region, resulting in problems for accurate satel-
lite retrieval of AOD. In this paper, we carried out an inter-
comparison and validation of MODIS and MISR AOD and
Angstrom exponent with AERONET products over northern
China to better understand the accuracy and reliability of
different satellite retrievals in this region for different sea-
sons during 2005-2009. We also investigated the temporal
and spatial distribution and variability of AOD and Ang-
strom exponent.

1 Data

The satellite data used in this paper are MOD04 CO51 Lev-
el2 and MODOS8 Level3, as well as MISR MIL2ASAE Lev-
el2 and Level3 data, covering a four-year period from De-
cember 2005 to November 2009. The satellite Level2 aero-
sol data are at higher resolution (10 km for MODIS, 17.6
km for MISR) and are used for comparison with ground-
based observations. Level3 data are used to characterize
spatial and seasonal distributions of aerosol and have reso-
lution of 1°x1° and 0.5°x0.5° for MODIS and MISR, re-
spectively.

The surface sun photometer employed by the AERONET
has a very narrow field of view, and is therefore rarely af-
fected by surface reflectance and aerosol forward scattering
[33]. It has high AOD-retrieval precision with an uncertain-
ty of 0.01-0.02 [34], and is widely used to validate satellite
AOD values [16]. AERONET data products have three lev-
els: L1.0 has neither cloud screening nor quality control;
L1.5 is cloud-screened data, but not quality assured; L.2.0 is
both cloud-screened and quality assured. In this study, we
use L2.0 data from four sites: SACOL [35], Beijing,
Xianghe, and Xinglong. Long-term aerosol monitoring has
been carried out at these four sites. Their location and sur-
face type are listed in Table 1.

2 Validation and comparison of MODIS and
MISR with AERONET

We compare satellite observations with AERONET at the
SACOL, Beijing, Xianghe, and Xinglong sites in northern
China, in order to validate the AOD from MODIS and
MISR.

Table 1 The location and surface type of four AERONET sites

Site Longitude (°E) Latitude (°N) Altitude (m) Surface type
SACOL 104.137 35.946 1965 grass
Beijing 116.381 39.977 92 city
Xianghe 116.962 39.754 36 suburb
Xinglong 117.578 40.396 970 forest
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2.1 Interpolation of wavelength-dependent AOD

MISR retrieves AOD at four wavelengths centered at 446,
558, 667 and 862 nm. MODIS AOD values are derived in
three spectral bands (470, 550 and 660 nm). The sun pho-
tometer observes aerosol at six wavelengths (380, 440, 500,
675, 870 and 1020 nm). There is no common wavelength
for MISR, MODIS, and AERONET, so we need to interpo-
late AODs to the same wavelength for inter-comparison.
The relation of wavelength-dependent AOD and Angstrom
exponent can be expressed as [36]

w(h) = P77, M

where 7,(4) is the AOD at a given wavelength, A (in pm), S
is the turbidity coefficient which is equal to the AOD at 1
pum, and o is the Angstrom exponent. We interpolate the sun
photometer AOD values at 440 and 675 to 550 nm, to pro-
vide a common wavelength for both satellites and
AERONET.

2.2 Space and time coincidence criteria

The satellite AOD is an average value over a small pixel
area, and the surface-observed AOD only represents a point.
We therefore need to define the criteria for collocation. The
criteria for an acceptable AOD comparison at a site require
that AERONET data should be available within a one-hour
window centered on the MODIS and MISR overpass time,
and satellite data should be available within a 0.5°x0.5° box
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(i.e. a 5x5 pixel region for MODIS and a 3x3 pixel region
for MISR) centered on the AERONET site [22,23]. In order
for a data point to be included in our analysis we require a
minimum of two AERONET retrievals within the hour,
with 5 out of 25 MODIS retrievals, and 2 out of 9 MISR
retrievals within the box.

2.3 Comparison of AOD from MODIS, MISR and
AERONET

Figures 1 and 2 show the regression results for MODIS and
MISR AOD against AERONET AOD at 550 nm wave-
length. Apart from the Xinglong site, MODIS observations
lie above the y = x lines in Figure 1, indicating that MODIS
overestimated AOD at these three sites. The differences
between MODIS and AERONET AOD are significant at the
SACOL and Beijing sites with an intercept of more than
0.07. At the Xianghe site, MODIS AOD is slightly higher
than the surface observation with an intercept of 0.035. At
the Xinglong site, MODIS observations agree well with the
ground-based observations: the correlation coefficient is
0.940, and root mean square error is 0.061. Comparisons of
MISR AODs with those derived from AERONET are
shown in Figure 2. MISR tends to systematically underes-
timate AOD compared with ground-based observations at
the four sites. The root-mean-square error for MISR is
smaller than that of MODIS at SACOL and Beijing, but
larger at Xianghe and Xinglong. This may be due to the
relatively smaller amounts of vegetation at SACOL and
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Figure 1 Scatter plots of MODIS and AERONET AOD for the four ground sites. The solid line represents the best fit (y = mx + b) and the dot-dash line is
the y = x line. r is the correlation coefficient and RMSE is the root-mean-square error.
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Figure 2 Same as in Figure 1 but for MISR and AERONET AOD.
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Beijing, as the MODIS dark pixel algorithm may not work
well over these regions. The multi-angle capability of MISR
enables it to distinguish the sunlight reflected by aerosol
from that reflected at the surface, and it thus performs better
in AOD retrieval for the two bright regions, SACOL and
Beijing. At Xianghe and Xinglong, MODIS AOD retrievals
are better than those from MISR.

2.4 Comparison of seasonally averaged AOD and Ang-
strom exponent from MODIS, MISR and AERONET

Figure 3 shows the seasonally averaged AOD from MODIS,
MISR and AERONET observations. At the SACOL site,
MODIS AOD is higher than that of AERONET in spring,
summer, and autumn, with the largest difference (0.13) in
summer. MISR agrees well with surface observations with
errors of less than 0.04. In winter, no MISR data can be
matched with AERONET and there is only one matched
point for MODIS. At the Beijing site, MODIS seasonally
averaged AOD in spring and summer is 0.2 greater than that
of AERONET, with relative errors higher than 50%. In au-
tumn and winter, MODIS AOD values are 0.07 and 0.02
higher than those from AERONET. MISR seasonally aver-
aged AOD values are lower than the ground-observed val-
ues all the year round, with errors ranging from 0.02 (in
winter) to 0.09. At the Xianghe site, MODIS AOD is 0.14
greater than the AERONET observations in spring, and 0.06
and 0.04 greater in summer and winter, respectively. The
smallest error occurs in autumn (<0.01). MISR underesti-
mates AOD by 0.02 in winter and 0.04-0.11 in the other
seasons. At the Xinglong site, MODIS AOD values are
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lower than ground observations for all seasons. The errors are
below 0.01 in spring and winter, and are 0.06 and 0.02 in
summer and autumn, respectively. MISR AOD is 0.03 small-
er than that of AERONET in spring and summer, but about
0.02 and 0.01 larger in autumn and winter, respectively.
Figure 4 compares the Angstrom exponents from
MODIS, MISR and AERONET observations. The Ang-
strom exponent can be used as an indicator of aerosol parti-
cle size: the greater the Angstrom exponent, the smaller the
dominant aerosol particle in the size distribution. At the
SACOL site, the Angstrom exponent values are largest in
spring and smallest in summer. This may be due to the fre-
quent dust events in spring and the high precipitation in
summer [37]. In spring, the MODIS Angstrom exponent is
0.15 lower than that of AERONET, while MISR is 0.27
higher. In summer and autumn, MODIS values are 0.47 and
0.31 smaller than AERONET, corresponding to relative
errors of 40% and 30%, respectively, while MISR derived
Angstrom exponents are 0.15 and 0.13 higher than those
from AERONET with a relative error of 12%. At the Bei-
jing site, the seasonal variations in Angstrom exponent are
similar to SACOL. MODIS Angstrom exponents are lower
than those of AERONET by 0.30-0.47, with a relative error
of 25%-39% in spring, summer and autumn. The Angstrom
exponent from MISR agrees closely with AERONET and
the differences between MISR and AERONET are less than
0.16 with relative errors of less than 15% in all seasons. At
the Xianghe site, MODIS derived Angstrom exponents are
lower than ground values in all seasons with an annual av-
erage relative error of 33.5%. The MISR Angstrom values
differ only slightly from AERONET by about 0.02 and 0.06
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in summer and winter, respectively, and by about 0.17 and
0.26 with relative error of 15% and 22% in spring and au-
tumn, respectively. At the Xinglong site, MODIS and MISR
Angstrom exponents are higher than AERONET in all sea-
sons. The error between MODIS and AERONET is smallest
in spring (about 0.07) and largest in summer (about 0.62)
with a relative error of 59%. For MISR, the errors reach a
minimum of 0.11 in summer and a maximum of 0.3 with

relative error of 25% in winter.

Overall, the relative errors of Angstrom exponents
between MODIS and AERONET are around 30%. MISR
observed Angstrom exponents are closer to ground observa-
tions with a relative error of 14%. This may be due to the
different methods used in MISR and MODIS for obtaining
wavelength-dependent surface reflectance. It is clear that
when we calculate broad-band aerosol radiative forcing in a
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radiative transfer model, if the AOD at 550 nm wavelength
is accurate, the AOD extrapolated using the MISR Ang-
strom exponent at other wavelengths will be more accurate
than that using MODIS.

3 Spatial and temporal distribution of AOD
and Angstrom exponent from MODIS and MISR

3.1 Seasonally averaged AOD distribution from
MODIS and MISR during 2006-2009

Figures 5 and 6 show the seasonally averaged AOD distri-
butions for MODIS and MISR at 550 nm wavelength for
2006-2009. MODIS AOD data are not valid over most of
the area north of the Hu Line [38] in all seasons, although
MISR can successfully retrieve AOD in these regions.
South of the Hu Line, the AOD distribution patterns from
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the two satellite sensors are consistent. High AOD values
are found in the Sichuan Basin (corresponding to the loca-
tion of the southwest vortex), Central China, and northern
East China, and low value areas are located over the eastern
Tibetan Plateau, eastern Inner Mongolia, and the northern
part of Northeast China. The MISR AOD distribution also
shows that AOD values are very high in the Tarim Basin,
and low over the southeastern Tibetan Plateau. In low-AOD
areas where both MODIS and MISR AOD values are less
than 0.2, the difference between MODIS and MISR AOD is
less than 0.1. Over the high AOD loading regions, the
MODIS AOD values are larger than 0.7, and can be as large
as 0.9 for some areas. MODIS AOD values are 0.2 greater
than those from MISR.

Areas where satellite AOD retrieval breaks down are
shown in white. MODIS AOD cannot be retrieved over the
Tarim Basin and western Inner Mongolia. This may be

75°E 90°E 105°E 120°E 135°E

Figure 5 Seasonally averaged AOD (550 nm) distributions from MODIS for 2006-2009. AOD retrievals are not valid in the white regions. Red triangles
represent AERONET locations. (a) Spring (MAM); (b) summer (JJA); (c) autumn (SON); (d) winter (DJF) (the same below).
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Figure 6 Same as in Figure 5 but from MISR.
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because these are desert areas with high surface albedo and
the MODIS aerosol retrieval method is unable to find dark
pixels with surface albedo between 0.01 and 0.24 in the
2.13 pm channel [39], or because the surface albedo empir-
ical relationship is not appropriate. MISR uses multi-angle
measurements to obtain surface reflected solar radiation at
visible wavelengths without any assumptions about the re-
flection relations among bands, and thus can successfully
retrieve AOD over bright surfaces. The MISR AOD distri-
bution clearly shows that the AOD over the Tarim Basin is
significantly higher than surrounding areas. This is mainly
caused by dust aerosol from the Taklimakan Desert [40,41].

In Figure 5, we can see that high-AOD areas are located
in the Sichuan Basin, Central China, East China, South
China, and North China. The locations of high aerosol
loading areas do not change with season, but the AOD val-
ues have significant seasonal variation. The AOD values in
spring and summer are 0.2 higher than in autumn and winter
over southern North China and northern East China. The
AOD over the Sichuan Basin and Central China only
changes slightly with season. Over the eastern Tibetan
Plateau, the AOD values remain as low as 0.2 throughout
the year. Over eastern Inner Mongolia and northern North-
east China, the AOD values are highest in spring, when they
are 0.1 higher than in summer and autumn. The area of in-
valid AOD data is largest in winter, and these regions are
mainly located in Xinjiang, the Tibetan Plateau, northern
Gansu, Inner Mongolia and most of Northeast China. The
area of invalid AOD data is smaller in spring and autumn,
and a minimum in summer where AOD is only unavailable
over southern Xinjiang, northern Gansu, western Inner
Mongolia, and a small part of Northern Qinghai. This may
be caused by lower vegetation but larger snow cover [42] in
winter, which may increase the surface albedo and therefore
lead to the failure of MODIS AOD retrieval in these re-
gions.

Figure 6 shows the AOD distribution observed by MISR.
The AOD pattern is almost the same as MODIS. The AOD
values over the Tarim Basin are 0.5-0.7 in spring, 0.4-0.5
in summer, and drop down to 0.3 in autumn and winter.
This is because dust events occur frequently in spring and
summer. In Central China and northern East China, the
AOD values are highest (more than 0.7) in summer, and
lowest (about 0.3-0.4) in winter. During spring and autumn,
the values are about 0.5. Aerosols in this region are mainly
anthropogenic particles, and are influenced by the East
Asian monsoon. In summer, convective turbulence may
transport low-level aerosol upward to high altitude, and
high humidity and temperature conditions can increase the
rate of gas-particle transformation and hygroscopic growth,
which will increase aerosol backward scattering [43], and
thus lead to the high AOD estimated by satellite. In winter,
the northern cold, dry and clean winter monsoon affects
China. Diffusion conditions are good in this season, so the
AOD values are small. Over the Qinghai-Tibetan Plateau,
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Gansu, Inner Mongolia and northeastern regions, the AOD
values are below 0.2 in autumn and winter, and around 0.3
in spring and summer.

3.2 Seasonally averaged Angstrom exponent distribu-
tion from MODIS and MISR during 2006-2009

Figures 7 and 8 show the seasonally averaged Angstrom
exponent distributions for MODIS and MISR, respectively,
during 2006-2009. The high Angstrom exponent values
from MODIS are found in eastern Southwest China, south-
western Central China, southern East China, eastern Inner
Mongolia, and eastern Northeast China. The Angstrom ex-
ponent values over these regions are about 1.4, and can be
up to 1.6 in places. This indicates that the aerosols are
mainly small particles. The low Angstrom exponent value
areas are mainly located in northern Xinjiang, the western
Tibetan Plateau, Ningxia, and central Inner Mongolia. The
mean value is about 0.6, indicating that aerosols in those
areas are mainly large particles. MISR high Angstrom ex-
ponent value areas are mainly located in eastern Inner
Mongolia and northeastern regions with mean value about
1.4. Low Angstrom exponent areas are in the Tarim Basin
and western Inner Mongolia with an average value of 0.5.
The low Angstrom exponent areas of MODIS and MISR are
both located in the Taklimakan and Tengger Deserts, where
dust particles are the main component of aerosol. The high
Angstrom exponent areas correspond to areas of considera-
ble human activity where the aerosols are mainly small an-
thropogenic particles.

In Figure 7, we can see that the MODIS Angstrom ex-
ponent is largest in summer. The values in autumn are larg-
er than those of spring, and the minimum values are in win-
ter. In central China, northern East China, and southern
North China, average Angstrom exponents are about 1.2 in
summer, 1.0 in autumn, and 0.8 in spring. The lowest value
(<0.7) occurs in winter. A comparison with the AOD dis-
tributions in Figure 5 shows that although AOD values are
larger in summer, the Angstrom values are relatively large,
indicating that aerosol particles are small. We may infer that
the summer monsoon precipitation scavenges larger parti-
cles out of the low atmosphere layer but leaves particles
with smaller radii in the upper troposphere through strong
vertical convection in this season [44]. Gas-particle trans-
formation may be also strong and secondary anthropogenic
aerosols significantly increased, resulting in large Angstrom
exponents in summer.

Figure 8 shows that in the Tarim Basin, MISR-derived
Angstrom exponents are largest in summer with a mean
value of 0.7. In other seasons, Angstrom exponent values
are under 0.6 and do not vary much with season. Combining
Figures 6 and 8, we can see that although AOD values are
larger over the Taklimakan Desert in summer, particle radii
are smaller than in spring. Thus, we may infer that the strong
summer heating-driven convection over the Taklimakan
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Figure 7 Seasonally averaged Angstrom exponent distributions from MODIS for 2006-2009. (a) Spring (MAM); (b) summer (JJA); (c) autumn (SON); (d)
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Desert [45] can only maintain relatively smaller particles in
the atmosphere, but in spring and winter the strong wind
can carry relatively large particles into the atmosphere.
Over the southwest Tibetan Plateau the minimum Angstrom
exponents appear in autumn with a mean value of 0.6. In
northwest Qinghai, the minimum value is about 0.5 in
spring. In Central China, northern East China and southern
North China, Angstrom exponent values are smallest in
winter (about 0.8), and largest (about 1.2) in summer. In
eastern Inner Mongolia and North China Angstrom expo-
nents are around 1.2 and do not significantly change with
season.

In Central China, southern North China, and northern
East China, both MODIS and MISR Angstrom exponents
are smaller in winter and spring and larger in summer and
autumn. Thus aerosol particle sizes in these areas are larger
in winter and spring than in summer and autumn. In winter
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and spring, sandstorms frequently occur in northwest China
and dust particles can be transported to these downwind
regions, with the large dust particles accounting for the
small Angstrom exponent. In summer, East Asian monsoon
effects may lead to smaller particle radii.

4 Conclusions

We compared MODIS and MISR AOD values with those
from four AERONET sites. At the SACOL and Beijing sites,
MISR performs better AOD retrievals than MODIS. At the
Xianghe and Xinglong sites, MODIS AOD is more accurate
than MISR. The mean relative error of the Angstrom expo-
nent is 14% for MISR, and 30% for MODIS. MISR Ang-
strom exponents are more consistent with AERONET ob-
servations.
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MODIS AOD retrievals are not available north of the Hu
Line [38], but MISR succeeds in retrieving AOD in these
areas. High MODIS and MISR AOD values are found in
Xinjiang, the Tarim Basin, Sichuan Basin, Central China,
and northern East China. Low values are found over the
eastern Tibetan Plateau, eastern Inner Mongolia, and north-
ern North China. Over areas with the high values, MODIS
AOD is 0.2 larger than MISR, while the averaged difference
between MODIS and MISR is less than 0.1 in low value
areas. The pattern of AOD distribution does not significant-
ly vary with season, but the AOD values have apparent
seasonal variations. AOD values over the Tarim Basin reach
their maximum value in spring, while in southern North
China and northern East China, the maximum AOD appears
in summer.

The MODIS Angstrom exponent distributions indicate
that aerosols are composed mainly of small particles in
eastern Southwest China, southwestern Central China, east-
ern Northeast China, eastern Inner Mongolia, and southern
East China. Large particles are dominant in central Inner
Mongolia, Ningxia, northern Xinjiang, the Tarim Basin, and
the western Tibetan Plateau. MISR observations also indi-
cate that aerosols in the eastern part of Inner Mongolia and
Northeast China are mainly small particles. In the Tarim
Basin, Inner Mongolia and western Gansu the aerosols are
mainly large particles and the effective particle radii are
largest in spring and smallest in summer. In southern North
China, Central China and northern East China, larger parti-
cles dominate in winter and spring, and smaller particles in
summer.
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