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Abstract. Small aerosols are mostly anthropogenic, and the
fine-mode aerosol optical depth (fAOD) can be used to in-
fer anthropogenic aerosol amounts. We estimate AOD and
fAOD globally on a monthly time scale from 2001 to 2010 by
integrating monthly satellite-based (MODIS and MISR) and
ground-based (AERONET) observations. For fAOD, three
integration methods are developed to utilize global coverage
by satellite data and maximize the influence of AERONET
data. We evaluate each method by applying the method with-
out a few randomly-chosen AERONET data and comparing
its output with the few AERONET data. The best method of
the three is based on integrating theÅngstr̈om exponent (AE)
data from MODIS, MISR and AERONET, and its output is
closer to AERONET fAOD accuracy than MODIS or MISR
fAOD over both ocean and land.

Using our integrated data, we find that the global 2001–
2010 average of 500 nm AOD and fAOD is 0.17 and 0.089,
respectively. Eastern China as a region shows the largest
decadal-mean fAOD. The linear trend of global AOD or
global fAOD from 2001 to 2010 is found to be slightly
negative. This decreasing trend is particularly pronounced
over the West (Western Europe and US/Canada combined)
where AOD and fAOD reductions are about−20 %. By
contrast, fAOD in India and eastern China combined in-
creased slightly. These results reflect the overall anthro-
pogenic aerosol emission reduction in the West, and stag-
nating conditions in Asia. Moreover, our results in the West
are consistent with the so-called surface brightening phe-
nomenon in the recent decades.

1 Introduction

Solar radiation reaching the Earth’s surface decreased in
many regions of the world from the 1950’s to the 1980’s
(e.g. Stanhill and Moreshet, 1992; Gilgen et al., 1998; Stan-

hill and Cohen, 2001; Liepert, 2002), a phenomenon called
“global dimming”. Since then, an increase in surface solar ra-
diation has been observed in some regions, and this has been
referred to as “global brightening” (Wild et al., 2005). One
of the main causes of the global dimming and brightening
is widely believed to be the change in the amount of atmo-
spheric aerosols (Streets et al., 2009; Norris and Wild, 2009;
Riihimaki et al., 2009).

Aerosols vary in time and space, and increasing aerosol
amounts generally lower the downward surface solar radia-
tion. Aerosols are emitted by anthropogenic sources as well
as natural sources. Natural aerosols consist primarily of dust
and sea salt particles, and these aerosols are mostly coarse
(super-micron diameter) in size. On the other hand, small
aerosols in the submicron sizes are usually associated with
black carbon, organic aerosol, sulfate, nitrate, etc., and these
small particles are mostly anthropogenic. Some dust parti-
cles are in the submicron sizes and some of carbonaceous
aerosols and sulfate are of natural origins such as wildfire, but
generally small (or large) particles are understood as anthro-
pogenic (or natural) particles. These two size groups usually
co-exist in the form of fine and coarse modes in the ambi-
ent atmosphere. Carbon rich anthropogenic aerosols in Asia
tend to have lower single scattering albedo (SSA) values in
the visible and near infrared than natural aerosols (Chung et
al., 2005), and lower SSAs have a higher efficiency in reduc-
ing the surface solar radiation (Chung, 2012). Therefore, if
aerosol amount changes over time, it would be very impor-
tant to partition the change between anthropogenic and nat-
ural ones, especially in Asia, given the linkage to dimming
and brightening phenomena.

The importance of small particles is amplified, when hu-
man health is an issue. Dockery et al. (1993) showed a strong
relationship between mortality and air pollution with fine
particulates, and Schwartz and Neas (2000) reported that
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Table 1.Summary of the acronyms.

AOD Aerosol optical depth (for all particles)
fAOD Fine-mode aerosol optical depth
mAOD Aerosol optical depth for medium-size particles
cAOD Coarse-mode aerosol optical depth
AAOD Absorption aerosol optical depth;

= (1− SSA)× AOD
SSA Single scattering albedo
AE Ångstr̈om exponent for AOD
FMF Fine mode fraction;= fAOD/AOD

small particles are more harmful for human respiratory health
than coarse-sized particles.

This study is aimed at providing global and regional esti-
mates of small-sized aerosol amounts. Such global estimates
are already available in the form of the aerosol optical depth
(AOD; see Table 1 for the acronyms) and fine-mode AOD
(fAOD) derived from satellite measurements. Reliable global
AOD can be obtained from MODIS (Moderate Resolution
Imaging Spectroradiometer) and MISR (Multi-angle Imag-
ing Spectroradiometer) satellite sensors. The fine-mode frac-
tion (FMF) of total AOD is also retrieved and its retrieval
algorithm depends heavily on the spectral variation of AOD
(e.g. Remer et al., 2005). Due to the uncertainties in the spec-
tral variation of land surface albedo, satellite-derived FMF is
not reliable over land yet (see Sect. 2.3 for details). The lack
of reliable global FMF hinders accurate observational esti-
mates of global aerosol radiative forcing. All the published
observational estimates of global aerosol radiative forcing
use aerosol simulation models to distinguish natural aerosols
from anthropogenic ones over the globe or at least over the
land (Chung et al., 2005; Bellouin et al., 2005).

Alternative estimates of AOD and FMF than those
from satellite observations are offered by ground-based
aerosol networks such as the AErosol RObotic NETwork
(AERONET; Holben et al., 1998). AERONET data have
been widely used to validate satellite-derived data (Liu et
al., 2004; Christopher and Wang, 2004; Martonchik et al.,
2004; Kahn et al., 2005, 2010; Chu et al., 2002; Remer et al.,
2002, 2005). In addition, AERONET FMF is reliable over
both land and ocean (again see Sect. 2.3 for details). Unfortu-
nately, because AERONET stations are sparsely distributed,
AERONET data alone are inadequate for global or regional
mean estimates. The goal of the present study is to combine
AERONET, MODIS and MISR data to give optimal fAOD
and AOD estimates over the entire globe. Our data integra-
tion strategy is to optimally combine the three datasets so that
regional and monthly (and annual) averages would be accu-
rate. In comparison, Zhang and Reid (2006), for instance,
refined MODIS AOD by use of AERONET data for use in
real-time aerosol data assimilation, rather than combining the
two data sets.

Chung et al. (2005) also combined MODIS AOD and
AERONET AOD. The present study is a significant expan-
sion of Chung et al. (2005), in that (a) we bring in MISR
data as well, (b) more importantly we address fAOD as well
as AOD, and (c) we look at the trend of global and region
mean AOD and fAOD as well as the climatology. Not only
would the AOD and fAOD trend be useful for global dim-
ming studies, but the trend in global and regional mean fAOD
would also serve as an independent and powerful measure of
changes in global and regional anthropogenic aerosol emis-
sions. Available near-ground measurements of aerosol con-
centration are not adequate for global or regional averages,
as the monitoring sites are unevenly distributed. Secondly,
AOD (or fAOD) is only a good indicator of near-ground
aerosol concentration if the aerosol vertical profile is known,
as corroborated by van Donkelaar et al. (2010). Nevertheless,
as far as long-term trends are concerned, a decadal fAOD
(or AOD) trend is likely a good indicator of the decadal
change in near-ground aerosol concentration because area-
averaged aerosol vertical structure is unlikely to have signif-
icant decadal changes.

Aerosol data used in this study are described in Sect. 2.
The techniques to integrate satellite and ground-based data
are discussed in Sect. 3 (for AOD) and Sect. 4 (for fAOD).
We discuss the trends of global and regional averages of
AOD and fAOD in Sect. 5. Conclusion follows in Sect. 6.

2 Data

Table 2 summarizes the datasets used here. Below, we dis-
cuss the datasets in detail.

2.1 MODIS

The Moderate Resolution Imaging Spectroradiometer
(MODIS) sensors onboard the Terra (launched in December
1999) and Aqua (launched in May 2002) satellites scan
the atmosphere and the ocean surface in an unprecedented
manner. The MODIS aerosol algorithm derives the ambient
AOD over the oceans (Tanré et al., 2001) and over dark
land surfaces (Kaufman et al., 1997; Levy et al., 2010). On
the other hand, the MODIS observations and algorithms are
not adequate to retrieve AODs over bright surfaces such
as deserts and snow surfaces (Kaufman et al., 1997). The
MODIS algorithm not only offers the retrieved data but
also gives the Quality Assurance Confidence (QAC) flag
for the data (Levy et al., 2010). QAC varies from 0 (i.e.
lowest quality) to 3 (highest quality). Levy et al. (2010)
found that MODIS data agree with AERONET data better
when only QAC= 3 data are utilized. We downloaded the
M3 product of Collection 5.1 data file, which is the level
3.0 and latest monthly mean product. In this product, we
use the 550 nm AOD that was generated only with QAC= 3
data in computing 1◦ × 1◦ monthly means. For FMF as
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Table 2.Datasets used in this study.

Measurement Time period Data version Spatial resolution Wavelength (in nm)

AERONET Jan 2001–Dec 2010 Monthly level-2 440, 675, 870, 500
(AOD and fine-mode fraction)

MODIS/Terra Jan 2001–Dec 2010 Monthly level-3 1◦
× 1◦ 470, 550, 660, 870

MODIS/Aqua Jul 2002–Dec 2010 Monthly level-3 1◦
× 1◦ 470, 550, 660, 870

MISR/Terra Jan 2001–Dec 2010 Monthly level-3 0.5◦
× 0.5◦ 443, 555, 670, 865

well as multi-wavelength AOD for computing AE, we use
the QA-mean data due to the data availability. The QA
mean is a monthly mean method whereby higher QA data
receive higher weighting. Thus, there is slight inconsistency
between the 550 nm AOD and FMF/AE we use here, but as
will be shown later this inconsistency is not an issue.

550 nm AOD, FMF and multi-wavelength AOD data orig-
inally on the 1◦ by 1◦ spatial resolution are converted into
the T42 resolution (approximately 2.8◦ by 2.8◦ grid) from
2001 to 2010, as follows. Over each T42 gridbox in each
month, there are typically many values from the 1◦

×1◦ Terra
and Aqua data combined. If there are at least five values in a
T42 gridbox, we use the median to represent that T42 grid.
Median, instead of arithmetic averaging, is a tool we choose
in reducing cloud contamination further. In a sensitivity test,
we replace these median values by arithmetic average values.
We find that the global and decadal (2001–2010) mean AOD
differs insignificantly between the two averaging methods.
However, the 98th percentile AOD at 550 nm is about 50 %
lower in the median method than in the average method. This
reduction is due mainly to removing many of extremely-large
values in excess of 1.0. Monthly 550 nm AOD exceeding 1.0
appears quite unrealistic in many cases and probably per-
tinent largely to cloud contamination, and thus eliminating
many of these extreme values should be viewed as improv-
ing the quality of AOD.

The AE over the ocean is obtained using the T42-
resolution AODs at 470, 550, 660 and 870 nm, by linear re-
gression in logarithmic coordinates. The 550 nm AOD in this
case is from the QA mean for consistency. fAOD at mul-
tiple wavelengths is obtained using multi-wavelength FMF
and AOD data.

2.2 MISR

The Multi-angle Imaging Spectroradiometer (MISR) instru-
ment aboard the Terra satellite (again, launched in Decem-
ber 1999) retrieves key aerosol optical properties, such as
AOD, over the oceans and the continents including highly
reflective surfaces like deserts. We downloaded the CGAS
MIL3MAE.004 product for the study. This is the level 3.0
data that have been validated at Stage 3 (for AOD) and at
Stage 2 (for fine and medium mode fractions). Out of this
monthly product, we extracted AOD, fAOD, mAOD, and
cAOD (see Table 1 for the acronyms). These parameters orig-

inally available on the 0.5◦ by 0.5◦ spatial resolution are con-
verted into the T42 resolution using the median method that
we adopted for the MODIS data processing in Sect. 2.1. The
effect of using the median method over the arithmetic aver-
aging is assessed again, yielding similar results to that for
MODIS AOD. The global and decadal (2001–2010) mean
MISR AOD at 550 nm shows a tiny difference (about 0.01)
between the median and arithmetic average methods. In case
of the 98th percentile value, AOD is about 40 % lower in the
median method than in the average method.

MISR AE is computed using the T42-resolution AOD val-
ues at 443, 555, 670 and 865 nm. Where necessary, we loga-
rithmically interpolate AOD (or fAOD) to the desired wave-
length.

2.3 AERONET

The AErosol RObotic NETwork (AERONET) is a ground-
based aerosol network consisting of worldwide automatic
sun- and sky-scanning spectral radiometers (Holben et al.,
1998). AERONET derives AOD from direct solar radiation
measurements and the derived AOD has an uncertainty of
0.01–0.021 due mainly to calibration (Eck et al., 1999). This
AOD from the direct sun measurements is available for mul-
tiple wavelengths, and the spectral behavior of the AOD
is used to compute the fine mode fraction (FMF) of the
AOD. The algorithm of converting the spectral AOD to FMF
is the Spectral Deconvolution Algorithm (SDA) developed
by O’Neill et al. (2001a, 2003), which assumes a bimodal
size distribution (i.e. coarse mode and fine mode). In apply-
ing the SDA to the AERONET direct-sun derived spectral
AOD, the only assumptions made are (1) AE= −0.15 and
(2) d(AE)/dln(λ) = 0 for the coarse mode (email correspon-
dence with T. Eck). There is no assumption made at all about
the fine mode. In other words, the AERONET SDA does
not need to deal with size, refractive index or mixing status
about fine mode particles. The AERONET SDA offers FMF
at 500 nm.

In this study, we use the FMF and AOD from direct sun
measurements. The accuracy of this FMF depends primar-
ily on the accuracy of the spectral AOD obtained from the
direct sun measurements. Surface reflectance has a minor in-
fluence since AERONET measurements are made looking up
at the sun, and so the FMF is almost as accurate over land as
over ocean. Conversely, satellite derived FMF is much less
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accurate over land than over ocean, because satellite retrieval
algorithms have to separate aerosol signal from strong land
surface signal (in other words, surface reflectance heavily in-
fluences the derived AOD accuracy) and the spectral varia-
tion of land surface albedo has a lot of uncertainties.

In addition to the direct sun measurement, AERONET in-
struments make measurements of directional sky radiances in
the almucantar geometry. Coupled with the direct measure-
ment, these measurements are used to retrieve various optical
properties (Eck et al., 2010). From the almucantar retrievals,
multi-wavelength FMF and SSA are available. We do not use
this FMF product here because the data from the almucantar
retrievals are much less abundant than those from the direct
sun measurement. Eck et al. (2010) showed that the FMF
from the almucantar retrieval is very similar to that from the
direct sun measurement.

We downloaded the monthly Level 2.0 (cloud-screened
and quality-assured data) from AERONET Version 2 prod-
uct, and the product includes the data from China. AE is
obtained using the AOD at three wavelengths of 440, 675
and 870 nm. We calculate AOD at 550 nm, as follows. The
550 nm AOD is computed using logarithmic interpolation be-
tween AOD values at 500 nm and 675 nm. If AOD value is
not available at 675 nm, values at 440 nm and 500 nm are ex-
trapolated instead. If AOD value is not available at 500 nm,
values at 440 nm and 675 nm are interpolated. If AOD value
is absent at two of these three wavelengths at least, then AOD
is not obtained at 550 nm. 500 nm AOD is obtained in a sim-
ilar fashion. We generate the T42 version by calculating the
arithmetic mean over each gridbox.

2.4 GOCART

The Georgia Tech/Goddard Global Ozone Chemistry
Aerosol Radiation and Transport (GOCART) model simu-
lates 550 nm AOD for major types of aerosols such as black
carbon, organic carbon, sulfate, dust and sea salt (Chin et al.,
2002). We use the GOCART simulation to fill up the gaps
in the combined MODIS and MISR data. Such gaps are al-
most confined to the polar regions (as evident from Fig. 2a
and b), and so the effect of using GOCART simulation on
global AOD (or fAOD) is minimal. As far as the trend in re-
gional mean AOD (and fAOD), the effect of GOCART sim-
ulation is close to zero, since we do not analyze the polar
region in this study.

The GOCART model produces a global gridded AOD
for each aerosol species at the 2.5◦ latitude by 2.0◦

longitude resolution, and the results are archived on a
monthly scale from January 2000 to July 2002. A longer
version from 2000 to 2007 is available at the Gio-
vanni website (http://gdata1.sci.gsfc.nasa.gov/daac-bin/G3/
gui.cgi?instanceid=neespi), which we use here. From 2008
to 2010, we use the 2006–2007 average. The longer version
does not include sea salt AOD, and we use the sea salt AOD

seasonal climatology from the shorter version for each year.
All these products are interpolated onto the T42 resolution.

The GOCART AOD is only available for 550 nm, and so
we calculate AE using the AOD for each type of aerosols, as
below:

GOCART AE =

1.66× carbonaceousaerosol+ 1.7× sulfate+ 0.2× seasalt+ 0.2× dust

TotalAOD(= blackcarbon+ sulfate+ organiccarbon+ seasalt+ dust)
(1)

In Eq. (1), “black carbon” refers to the GOCART-simulated
black carbon AOD. In the equation, the values such as 1.66,
1.7, etc. represent typical AE values for each aerosol species
and are obtained as follows. The dust AE of 0.2 and the car-
bonaceous aerosol AE of 1.66 are from Chung et al. (2012).
Sulfate AE is from Eq. (3) of Chung et al. (2005). Sea salt AE
is assumed to be the same as dust AE. The intent of Eq. (1)
is to roughly approximate the real AE over the gaps of the
combined MODIS and MISR data.

3 AOD and AE integration

In this study, we integrate various aerosol datasets to produce
the best estimates of AOD and fAOD. We also attempt to at-
tain the best estimate of AE since AE will be used to derive
our fAOD estimates. In this section, we describe the integra-
tion procedures for AOD and AE.

3.1 Aerosol optical depth (AOD)

First, we compare monthly-mean AERONET AODs with
MODIS and MISR AODs in Fig. 1. Such comparison
made using instantaneous values (Chu et al., 2002; Remer
et al., 2002, 2005; Kahn et al., 2005, 2010; Levy et al.,
2007) revealed important differences between AERONET
and MODIS/MISR data. The identified differences included
systematic biases by MODIS/MISR. Satellite retrieval algo-
rithms have been continually updated to reduce biases (e.g.
Levy et al., 2007), which have been shown to be region or
category dependent (e.g. Kahn et al., 2010). For example,
Kahn et al. (2010) explained that MISR tends to overestimate
AOD when AOD is low but tends to underestimate when
AOD is high.

Monthly (mean) AOD can have additional differences
from instantaneous values due to different sampling. For in-
stance, AERONET, MODIS and MISR all attempt to derive
data from non-cloud spots, and filter out data if deemed con-
taminated by cloud. This should result in differences in sam-
pling clear and cloudy skies, given that AERONET, MODIS
and MISR look for non-cloud spots to different extents and
employ different cloud contamination removal algorithms.
A CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observations) study by Chand et al. (2009) showed
that cloudy skies tend to have more aerosols (excluding
aerosols inside cloud) than clear skies over the southern
Atlantic Ocean, meaning that different sampling of clear
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Fig. 1. (a) Comparison of monthly AERONET aerosol optical
depths (AODs) and monthly MISR AODs collocated in time and
space.(b) Comparison with MODIS AODs. The T42 data in the
2001–2010 period is used here. The solid red line in each panel rep-
resents the linear regression, and the dashed blue line shows a slope
of 1.0.R denotes the correlation coefficient, andN the number of
the collocated data.

and cloudy skies should contribute to further differences
in monthly AOD while instantaneous AOD is irrelevant to
these sampling differences. The direct sun measurement by
AERONET instruments is made every 15 min and the AOD
is retrieved as long as there is a gap in cloud between the
sun and the instrument. In comparison, satellite retrieval al-
gorithms look for clear sky pixels. The frequent AOD out-
put in cloudy skies by AERONET, in our view, should make
monthly AERONET data superior to monthly satellite AOD,
not counting the problems in instantaneous AOD.

Fig. 2. Decadal mean AOD on the T42 resolution. Our best esti-
mates, as shown in (c), integrate AERONET, MISR, MODIS, and
GOCART data.

Very little on validating of monthly satellite-derived
AOD exists. Chung et al. (2005; hereafter referred to as
Chung2005 for brevity) found larger differences in monthly
mean AOD between MODIS and AERONET than shown by
instantaneous AOD investigation studies. In Chung2005, an
older version of MODIS data was examined. In the present
study, we use the latest version of MODIS AOD, and also
include MISR data.

Here, we choose to validate monthly AODs at 550 nm
with AERONET data as done in Chung2005. Given that
each AERONET AOD represents a point in space and
each satellite-derived AOD represents an area, the valida-
tion is performed with the T42 data. On the T42 resolu-
tion, AERONET, MODIS and MISR AODs all represent ar-
eas. We also validate the AOD data by interpolating MODIS
and MISR AODs (before the T42 resolution conversion) onto

www.atmos-chem-phys.net/13/2907/2013/ Atmos. Chem. Phys., 13, 2907–2921, 2013
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AERONET site locations, and obtain nearly identical results.
Figure 1 displays the comparison of AERONET, MODIS and
MISR AOD. As shown in Fig. 1, MODIS AOD (or MISR
AOD) is not strongly correlated with AERONET AOD. The
correlation of about 0.8 is slightly lower than about 0.9 (Levy
et al., 2010; Kahn et al., 2010) identified for instantaneous
AOD. MODIS data are in slightly better agreement with
AERONET AOD than MISR data are (Fig. 1). In contrast to
correlation, the slopes in Fig. 1 correspond to the bias relative
to AERONET AOD. The regression slopes are found to be
0.56 for MISR (Fig. 1a) and 0.80 for MODIS (Fig. 1b), again
in support of the superiority of MODIS AOD over MISR
AOD. Previous instantaneous AOD studies reported that the
regression slopes of MODIS (or MISR) on AERONET are
closer to 1.0 (Levy et al., 2010; Kahn et al., 2010). By com-
paring our results with instantaneous AOD study results, we
conclude that monthly AODs by MODIS/MISR tend to have
greater errors than instantaneous AODs.

We also compare the global and decadal (2001–2010)
mean of AERONET, MODIS, and MISR AOD with the
global and 3 yr (2001–2003) means in Chung2005. The mean
AOD values are 0.19 for AERONET, 0.18 for MODIS,
and 0.17 for MISR here, while Chung2005 found the mean
AERONET AOD to be 0.18 and the mean MODIS AOD
to be 0.26. The most salient difference between the results
here and those of Chung2005 is that the difference between
AERONET and MODIS AOD is sharply reduced here, al-
though it is acknolwdged that the global AERONET average
is based on very sparse global sampling and therefore can-
not be considered to be robust for a global average. Another
noticeable difference is that MODIS and MISR now under-
estimate AODs compared to AERONET in contrast with the
overestimated AOD by MODIS in Chung2005. The differ-
ences between Chung2005’s MODIS AOD and the MODIS
AOD here are more than the period and the retrieval algo-
rithm. In this study, we use median values in the conversion
of MODIS and MISR data from the original resolution into
the T42 resolution, and this median method significantly re-
duces the number of extremely large values while this ad-
vanced scheme was not adopted by Chung2005.

In view of the aforementioned errors of monthly
MODIS/MISR AOD, it would be ideal to use AERONET
AOD alone. Because AERONET collects data from sparsely
distributed measurement sites over the globe, the AERONET
AOD gridded at the T42 resolution is dominated by
gaps. To compensate for the data gaps, we combine the
MODIS/MISR AOD with the AERONET AOD as in
Chung2005. Chung2005 developed a methodology of retain-
ing the spatial patterns of MODIS AOD and adjusting them
with the AERONET AOD values. We apply a data combina-
tion method similar to that of Chung2005.

We generate the combined AERONET+ MODIS+ MISR
550-nm AOD as follows. All the datasets are on the T42
resolution before the combination. The data combination
is conducted for each month from 2001 to 2010. We use

GOCART simulations to fill the gaps in combined MISR
and MODIS AOD. The MISR, MODIS, and AERONET
AODs are combined so that the order of influence is
AERONET> MODIS> MISR> GOCART. MODIS seems
to be more accurate than MISR in view of Fig. 1, and this
is the basis for designing greater influence of MODIS than
of MISR AOD. The data combination takes place in three
steps: (i) The MISR AOD bias of 0.0286, compared to the
AERONET AOD, is added to the MISR AOD at each grid.
This bias is the global and decadal average of the difference
between collocated AERONET and MISR AODs. We then
fill the gaps of these MISR AODs with GOCART AODs
using the interative difference-successive correction method
developed by Cressman (1959). (ii) The MODIS AOD bias
of 0.0110 is added to the MODIS AOD at each grid. Then,
the gaps in the MODIS AODs are filled with the MISR+
GOCART AOD again using Cressman’s (1959) approach.
(iii) The spatial pattern in the MODIS+ MISR + GOCART
AOD is coupled with the sparsely distributed AERONET
AOD values, using Chung2005’s technique, as below.

NAODj = MMGAODj ×

∑
i

AERONETj,i

dj,i
4∑

i

MMGAODj,i

dj,i
4

(2)

where NAODj is the adjusted new value of the AOD at
grid j ; AERONETj,i is an AERONET AOD at station lo-
cation i nearby gridj ; dj,i is the distance betweenj and
i; and MMGAODj,i is the MODIS+ MISR + GOCART
AOD at the grid of AERONETj,i . Final AOD (i.e.NAOD)

is further adjusted to reproduce AERONET AOD wherever
AERONET AOD exists. The last step (i.e. iii step) maxi-
mizes the influence of AERONET data, and can also be un-
derstood as follows. The regional bias of MODIS+ MISR +

GOCART AOD with respect to the AERONET AOD is re-
moved, where the regional area size dynamically changes as
a function of the availability of AERONET data. Although
we remove regional biases in the (iii) step, we still remove
the global bias in the (i) and (ii) steps because the (iii) step
does not completely eliminate the global bias. Even if we do
not remove the global biases in the (i) and (ii) steps, we ob-
tain nearly identical products.

Note that the (iii) step assumes that AERONET data are
always more accurate than satellite-derived AOD on the T42
resolution. Often a single AERONET AOD represents a T42
grid, and so this assumption would not be absolutely cor-
rect. The effect of the (iii) step is getting regional AOD aver-
ages right instead of getting the combined data over each grid
right. Over a region (i.e. over multiple T42 grids), there are
many AERONET data that should collectively be more accu-
rate than satellite-derived data. The regional bias adjustment
in the (iii) step is done over a region large enough to contain
sufficient AERONET data. In case there is no AERONET
data over a region (e.g. southern Pacific Ocean), very little
change is made.
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Fig. 3.Comparison of monthly AERONET AE and monthly MODIS (or MISR) AE. The data on the T42 resolution are used here.

Figure 2c shows the 2001–2010 mean of the combined
AOD, which we also refer to as the integrated AOD or our
best AOD estimate. AOD is large over eastern China, mid-
Africa and India, as expected. Satellite AODs (Fig. 2a and b)
match our best AOD estimate in overall pattern and also over
much of the globe in magnitude. However, the AOD max-
ima over eastern China and mid-Africa are severely underes-
timated in satellite AODs (Fig. 2a/b), by comparison to our
integrated AOD (Fig. 2c). The differences between Fig. 2c
and Fig. 2a/b are mostly due to the regional adjustment of
satellite AOD by AERONET AOD (as in step iii above).
In other words, because the AERONET AOD tends to be
systematically larger than satellite AOD over eastern China
and mid-Africa but not elsewhere, our best AOD estimate
shows larger AOD maxima over these regions. The global
and decadal (2001–2010) mean of the best AOD estimate (as
shown in Fig. 2c) is 0.16.

3.2 Ångström exponent for AOD (AE)

AE is known to give information about aerosol size (King et
al., 1978; Nakajima et al., 1986; Kaufman, 1993; Eck et al.,

1999; O’Neill et al., 2001a, b, 2003; Schuster et al., 2006).
AE is inversely proportional to particle size, and should be
small over the ocean and deserts where aerosols are generally
large. We combine monthly MODIS, MISR, AERONET and
GOCART AEs for our best estimate of AE in the same way
as we integrated various datasets for AOD in Sect. 3.1, except
that we combine MODIS and MISR data as follows. We only
use the MODIS AE over the ocean and use the MISR AE
over the land. We choose to do this after investigating the
MODIS and MISR AE in Figs. 3 and 4, as will be explained
next.

The inadequacy of MODIS AE (and MODIS FMF) over
land was pointed out by Levy et al. (2010). How about the
MISR AE? Figure 3 shows that MISR AE is better correlated
with AERONET AE than MODIS AE over the land. Also,
the pattern of the MISR AE over land (Fig. 4a) is broadly
consistent with our expectation, in that the deserts in Africa
and Asia show low values while the biomass burning and in-
dustrial areas show large values. Over the ocean, conversely,
the MODIS and MISR AEs exhibit similar degrees of corre-
lation with the AERONET AE (Fig. 4a and c). In terms of
spatial pattern, the MODIS AE is more consistent with our
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Fig. 4. Ångstr̈om exponent (AE) from(a) MISR, (b) MODIS, and
(c) our best estimate. Shown are the 10-yr (2001–2010) AE aver-
ages, using the 10-yr mean AOD at each wavelength.

expectation. For instance, MISE AE shows that the AE over
the northern tropical Atlantic is lower than over the Antarc-
tic Circumpolar Current. Over the northern tropical Atlantic,
aersols are mostly sea salt and transported dust from the Sa-
hara while aerosols are mostly sea salt over the Antarctic
Circumpolar Current. Transported dust particles are gener-
ally relatively small dust particles (Mahowald et al., 2005),
and so we expect that particle sizes are at least as large over
the Antarctic Circumpolar Current as over the northern trop-
ical Atlantic. In this regard, the MODIS AE pattern is more
reasonable than the MISR AE pattern over the ocean.

Our best AE estimate, which integrates AERONET,
MODIS and MISR data, is displayed in Fig. 4c. The over-
all pattern is very consistent with the expected spatial distri-
bution of average particle size. As shown in Fig. 4c, large
AE values are dominant over the biomass burning areas and

Table 3. Definitions of fAOD, mAOD and cAOD. See Table 1 for
the AOD acronyms. Only the MISR algorithm gives mAOD.

Measurement Parameter Particle size definition
(rp = particle ratius)

AERONET
fAOD N/A (from SDA)
cAOD N/A (from SDA)

MODIS
fAOD rp 5 0.5 µm
cAOD 0.5 µm< rp

MISR
fAOD rp < 0.35 µm
mAOD 0.35 µm5 rp 5 0.7 µm
cAOD 0.7 µm< rp

industrial regions. Compared to Fig. 4a, our best AE esti-
mate shows larger values over the biomass burning region in
Africa and smaller values over the central Asia, and this dif-
ference is a result of the sysmematic difference between the
AERONET and MISR AE.

4 Fine-mode aerosol optical depth (fAOD) integration

For our best estimates of fAOD, we integrate AERONET,
MODIS and MISR data and GOCART simulation as we did
for AE. Applying the same integration method will not work,
because AERONET, MODIS and MISR use different parti-
cle cut-off sizes to define fAOD (see Table 3). To overcome
this problem, we design three integration methods. Before
discussing the three methods in detail, we show how well
the MODIS and MISR FMFs match the AERONET FMFs in
Fig. 5. Figure 5b demonstrates that MODIS FMF is totally in-
adequate for use over the land, corroborating the conclusion
by Levy et al. (2010). MISR FMF seems to show some use-
fulness over land (Fig. 5d), as MISR AE does (Fig. 3d). Over
the ocean, satellite-derived FMF is better correlated with the
AERONET FMF than over the land. Satellite-derived AE is
also better correlated with the AERONET AE over ocean
(Fig. 3), confirming that satellite-derived AE and FMF are
less reliable over the land. Between MISR and MODIS FMF
over the ocean, MODIS data better correlate with AERONET
data (Fig. 5a and c). In short, MODIS FMF and AE are better
than MISR data over ocean, and MISR data are better over
land.

In the following subsections, we discuss and evaluate the
three methods.

4.1 Method 1: using AE

The overall strategy of the first method is to use AE to derive
fAOD. As stated earlier, AE is related to FMF (Figs. 3, 5;
O’Neill et al., 2001a, 2003). While MODIS, MISR and
AERONET have different definitions of FMF, AE does not
have the same issue.
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Fig. 5.Comparison of monthly AERONET FMF and monthly MODIS (or MISR) FMF. The data on the T42 resolution are used here. MISR
FMF is defined as the ratio of fAOD to total AOD.

We first analyze the relationship between AE and 500 nm
FMF using AERONET monthly data, as shown in Fig. 6.
AE is correlated remarkably well with FMF, as was previ-
ously shown for individual AERONET sites using daily av-
erage data by Eck et al. (2010). Note the greater scatter for
AE > 1 is largely due to the variability in radius of fine-mode
aerosols resulting from fuel type differences, hygroscopicity
and aging processes (Eck et al., 2003). We attempt to de-
scribe this relationship using a linear equation. This equation
is intended to be an approximation, in order for our fAOD
integration method to work. The equation is set to 1.0 if it
exceeds 1.0 and is set to 0.0 if it is negative. The best fit lin-
ear equation is shown in Fig. 6.

The fAOD estimate is obtained, as follows. (i) This fit-
ting equation is applied to compute global FMF using the
integrated AE. (ii) The obtained FMF is multiplied by the
integrated AOD to compute fAOD. (iii) This fAOD is ad-
justed by AERONET fAOD, using Eq. (2). (iv) If the ad-
justed fAOD> AOD then fAOD is set to AOD, and if the
fAOD < 0.0 fAOD is set to 0.0. These 4 steps constitute the
first method.

4.2 Method 2: also using AE

This integration method is very similar to the first method.
The steps are: (i) The fitting equation is applied to compute
global FMF using the integrated AE. (ii) This FMF is ad-
justed by AERONET FMF, using Eq. (2). (iii) If the adjusted
FMF> 1.0 then it is set to 1.0, and if the FMF< 0.0 it is set
to 0.0. (iv) The FMF is multiplied by the integrated AOD to
compute fAOD.

4.3 Method 3: FMF integration

The third method is based exclusively on FMF. The concept
of the method is that differing definitions of fAOD create bi-
ases in FMF and we compute these biases for the correction.

This method consists of the following steps: (i) We use
MISR FMF over land and use MODIS FMF over ocean.
MODIS FMF at each grid is multiplied by 0.9054 and MISR
FMF is multiplied by 1.1875 to bring them on a par with the
AERONET FMF. MISR FMF is defined as the ratio of fAOD
to total AOD. Gaps in MODIS and MISR FMFs are filled up
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Fig. 6.Comparing monthly AERONET fine mode fraction (FMF) at
500 nm to monthly AERONET̊Angstr̈om exponent (AE). The red
line represents our best linear fit. The fitting equation (Eq) and the
number of data points (N ) are given in the plot.

by GOCART FMF using Cressman’s (1959) method. GO-
CART fAOD is defined as the ratio of black carbon, organic
aerosol and sulfate AODs combined to total AOD. (ii) The
spatial pattern in the MISR+ MODIS + GOCART FMF is
coupled with the sparsely distributed AERONET FMFs, us-
ing Eq. (2). (iii) If this FMF> 1.0 then it is set to 1.0, and if
the FMF< 0.0 it is set to 0.0. (iv) The FMF is multiplied by
the integrated AOD estimate to obtain fAOD.

4.4 Which method works the best?

We evaluate the three methods by conducting each method
with fewer AERONET FMF data and then comparing the es-
timated FMF (or fAOD) with the unused AERONET FMF
(fAOD) data. The unused AERONET data consist of unused
FMF and AE on the same grids. The evaluation process is
repeated with (randomly-chosen) different choices of the un-
used AERONET data. The random selection of the unused
AERONET data is random in space and time. The discrepan-
cies relative to the unused AERONET data are then averaged
over the difference choices of the unused data.

We find that the best performing method is method 2 in
various metrics such as FMF correlation, rms error for fAOD.
Method 2, referred to as our best method hereafter, gives a
FMF correlation of 0.55 over the globe (0.47 over land and
0.63 over ocean). This is certainly higher than the MODIS
FMF gives over ocean (i.e. 0.55 as in Fig. 5a), and higher than
the MISR FMF gives over land (i.e. 0.45). Note that even if
our best method gives only as much correlation as MISR or
MODIS FMF, our best method is still superior because the
output is nearly at the AERONET data accuracy over the
areas that contain enough AERONET data (since our best
method integrated AERONET FMF data). The higher corre-
lation means that even over the areas far from AERONET

Fig. 7. Fine-mode AOD (fAOD) estimated by:(a) our best integra-
tion method;(b) MISR fAOD; and(c) MODIS fAOD.

Fig. 8.Division of the world in this study.
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stations our best method works better than a simple use of
MODIS or MISR FMF.

Figure 7a depicts our best fAOD estimate. The most no-
ticeable feature in Fig. 7a is that fAOD is largest over east-
ern China. Compared to total AOD in Fig. 2c, fAOD is par-
ticularly large in China. Based on this, it is concluded that
small (in size) aerosols are a major component of aerosols
in eastern China. Our finding that aerosols in China are
mostly made up of small particles cannot be reached using
an AERONET data analysis alone, since there are so few
AERONET stations in China. Compared to MODIS or MISR
fAOD (Fig. 7b and c), the particularly strong fAOD over east-
ern China stands out as a unique aspect.

5 Long-term trend in AOD and fAOD

Long-term trends of atmospheric aerosol amounts have been
receiving a significant amount of interest (Mishchenko et al.,
2007; Herman et al., 2009; Zhang and Reid, 2010). Investi-
gating long-term trends with satellite data is subject to a wide
range of uncertainties such as calibration, noise, retrieval
bias, and therefore such studies are challenging. In contrast,
in generating our best estimates of AOD and fAOD we have
nudged the combined MODIS+ MISR data to AERONET
data for each month, as explained in Sects. 3 and 4. More-
over, this nudging is stronger over land where there are rel-
atively more AERONET data and MODIS (or MISR) AOD
is less reliable. Thus, our integrated data do not overly suffer
the aforementioned satellite data issues. On the other hand,
the amount of AERONET data increased from 2001 to 2010
and this might create a spurious trend in our integrated data.
In view of this, we look at the trend in our integrated data
and then repeat the trend analysis with another version of the
integrated data in which the AERONET data volume from
2002 is reduced to the 2001–2002 average level. In the data
volume reduction, AERONET sites are randomly removed.
For comparison, we also look at the time series of MODIS or
MISR data alone. Our approach is an independent way to an-
alyze decadal aerosol trends, and is an alternative to Zhang
and Reid’s (2010) study where they looked at the trend in
each of MODIS, MISR and AERONET datasets instead of
combining the datasets.

Figure 9 displays the time series of area-averaged annual-
mean AOD and fAOD from 2001 to 2010. The AOD and
fAOD in Fig. 9 are from our best estimates. First focus-
ing on the global average, AOD and fAOD were on the in-
crease until 2005 and then decreased afterwards. This over-
all feature is also evident in the integrated data with the
temporally-constant AERONET data volume. On the other
hand, MODIS AOD alone (Fig. 10a) or MISR AOD alone
(Fig. 10b) lacks this feature. Even a short-term strength in
2003 in global MODIS or MISR AOD is absent in our inte-
grated data. All of these raise concerns about using current
MODIS and MISR data in assessing global long-term trends.

Fig. 9. Ratio of regionally averaged annual-mean AOD (or fAOD)
to its 2001 level. Here, we use our best estimates of AOD (fAOD).
See Fig. 8 for the division of the world.

Regarding the global average fAOD, there is a short-term
reduction in 2006 and another reduction in 2008. The year-
2006 reduction comes significantly from South America (not
shown), which is a source of a lot of biomass smoke. In the
2008 reduction, Southeast Asia as well as South America
played an important role. Figure 9b also shows that fAOD de-
creased in 2008 due partly to Western Europe. Because fos-
sil fuel combustion is the dominant anthropogenic emission
source in this region (Lamarque et al., 2010), this short-term
fAOD reduction in Western Europe might have been associ-
ated with the economic recession in 2008. On the other hand,
biomass burning, the source of which includes wild forest fire
and indoor wood combustion, can be regarded as less depen-
dent on overall economy.

Turning to regional averages, AOD and fAOD tended to
decrease over the 10 yr in US/Canada sector, Western Eu-
rope sector and Eastern Europe/Soviet Union sector (Fig. 9).
For Western Europe and US/Canada combined, AOD and
fAOD were down about 20 % in the decade (Table 4a). This
reduction is equally strong in the data with the temporarily-
constant AERONET data volume (Table 4a). On the contrary,
MISR AOD shows no such features (Fig. 10b). MODIS AOD
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Table 4. Trend from 2001 to 2010 in units of AOD change and AOD percentage change over the 10 yr, (a) using our integrated data; and
(b) only using AERONET data. The percentage inside of [ ] is the trend from the integrated data with the temporarily constant AERONET
data volume. Linear trend is obtained from annual-mean values for each grid, and then average averages are made. “Eastern China” below
refers to the 140–132◦ E/24–52◦ N portion of China mainland, and “Western Europe” (“US/Canada”) the land part of the Western Europe
sector (US/Canada sector) in Fig. 8.

(a)
Area-averaged trend

AOD (500 nm) fAOD (500 nm)

India+ eastern China −0.029 (−6 %) : [−6 %] 0.0081 (2 %) : [+3 %]

Western Europe+
US/Canada

−0.028 (−22 %) : [−22 %] −0.016 (−19 %) : [−19 %]

Global −0.0085 (−5 %) : [−5 %] −0.0073 (−9 %) : [−7 %]

(b)
Area-averaged trend

AOD (500 nm) fAOD (500 nm)

India+ eastern China −0.0081 (−1 %) 0.047 (16 %)

Western Europe+
US/Canada

−0.035 (−27 %) −0.032 (−34 %)

Global 0.026 (12 %) 0.014 (11 %)

Fig. 10.Ratio of regionally averaged annual-mean AOD to its 2001
level. Here, we use MODIS and MISR data on the T42 resolution.

shows a comparable reduction over Western Europe sector
but a negligible reduction over US/Canada and Eastern Eu-
rope/Soviet Union sectors (Fig. 10a), again raising concerns
about using satellite data in establishing long-term trends. In
contrast to the West, fAOD had a mild increase in China and
India sectors (Table 4a). In India and eastern China collec-
tively, AOD decreased slightly while fAOD was up slightly.
fAOD could only increase against a backdrop of decreasing
AOD, if coarse-mode AOD decreases significantly. If coarse-
mode AOD, which mostly represents natural aerosols, did not
change in this sector of the world, the level of PM would have
gone up much more in this region.

Using AERONET data alone (Table 4b) reveals somewhat
different trends than using the integrated data. For regional
averages, the differences lie in the magnitude of the trend,
and for the global average even the sign differs. AERONET
sites represent a set of unevenly-located point observations
and cannot properly represent a regional average, let alone
the global average. The area-average fAOD estimates using
the integrated data for trend analysis are one of the novelties
of the present study.

Our finding that AOD and fAOD decreased in the West is
broadly consistent with the identified brightening in various
regions around the world. For instance, Long et al. (2009) re-
ported a widespread brightening for 12 yr (1995–2007) over
the continental United State.

6 Discussion

Through this study, we have sought to provide more ac-
curate estimates of global AOD, and fAOD by integrating
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MODIS, MISR and AERONET observations. Not only is
our integrated AOD closer to AERONET data in accuracy
than MODIS (or MISR) AOD alone over the globe, but our
integrated fAOD is also closer to AERONET data globally.
As stated earlier, satellite-based fAOD is not reliable over
land while AERONET data abound over land. By combining
AERONET data with MISR data, we have generated reliable
fAOD data over land.

Our integrated data have a variety of uses. In one, our
product can be used to validate aerosol simulations. Satellite-
based AODs have been commonly used for such validation
(e.g. Kinne et al., 2006) and in some cases (e.g. Myhre et
al., 2009) AERONET AODs were used. Also, the ratio of
fAOD to AOD can be used to roughly determine the anthro-
pogenic fraction of total aerosol. As stated earlier, in the pre-
vious aerosol forcing estimation studies (e.g. Chung et al.,
2005; Bellouin et al., 2005, 2008), the anthropogenic frac-
tion was derived entirely or partially from aerosol simula-
tions. Our global fAOD product offers a way to derive the
anthropogenic fraction without using a model.

In this study, we have also demonstrated the usefulness of
our product by analyzing the area averages of fAOD. Aerosol
emission inventory studies (e.g. Lamarque et al., 2010; Smith
et al., 2011) are subject to many uncertainties. For black car-
bon emission alone, there is a factor of 2 or more uncertainty
in the estimates (Bond et al., 2013). Given these uncertain-
ties, the time series of our fAOD area averages can be used
to reduce the emission uncertainties.

Lastly, we have investigated the long-term trend of
aerosols using our integrated data. We have analyzed the
trend in global and regional mean aerosol amounts. Satellite
data alone have many uncertainties in assessing long-term
trends. We have attempted to overcome this problem by com-
bining satellite and AERONET data. Since there is very little
AERONET data coverage over some parts of the globe, the
global average results need further validation studies.
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