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Abstract. The role and potential management of short-lived long-term temporal changes of local, regional, and global
atmospheric pollutants such as aerosols are currently a topiaerosols is needed to improve our scientific understanding of
of scientific and public debates. Our limited knowledge of at- their sources and sinks, and to provide evidence as a basis for
mospheric aerosol and its influence on the Earth’s radiatiorpolicymakers (World Meteorological Organization (WMO),
balance has a significant impact on the accuracy and error a2011; World Health Organization (WHO), 2014; Solomon
current predictions of future climate change. In the last fewet al., 2007; Climate and Clean Air Coalition (CCAC),
years, there have been several accounts of the changes in &0913; Richter et al., 2005). As a result of remarkable ad-
mospheric aerosol derived from satellite observations, but nowances in technology over the last decades, the observa-
study considering the uncertainty caused by different/limitedtions from remote sensing instrumentation on Earth-orbiting
temporal sampling of polar-orbiting satellites and cloud dis- satellite platforms (e.g., Advanced Very High Resolution
turbance in the trend estimates of cloud-free aerosol opticaRadiometer (AVHRR), Total Ozone Mapping Spectrome-
thickness (AOT). This study presents an approach to miniter (TOMS), Along Track Scanning Radiometer (ATSR)
mize the uncertainties by use of weighted least-squares reMulti-angle Imaging SpectroRadiometer (MISR), Moderate
gression and multiple satellite-derived AOTs from the space-Resolution Imaging Spectroradiometer (MODIS), and Sea-
born instruments, MODIS (onboard Terra from 2000 to 2009viewing Wide Field-of-view Sensor (SeaWiFS)) now pro-
and Agua form 2003 to 2008), MISR (Terra from 2000 to vide novel and unique information about global atmospheric
2010), and SeaWiFS (OrbView-2 from 1998 to 2007) andaerosols (Li et al., 2009; Thomas et al., 2010; Yu et al., 2009;
thereby provides more convincing trend estimates for atmoZhang and Reid, 2010; Karnieli et al., 2009; Mishchenko et
spheric aerosols during the past decade. The AOT decreases., 2007; Mishchenko and Geogdzhayev, 2007; Zhao et al.,
over western Europe (i.e., by up to abett0 % from 2003  2008; Massie et al., 2004; Yoon et al., 2011; Hsu et al., 2012;
to 2008). In contrast, a statistically significant increase (aboutde Meij et al., 2012; Xie and Xia, 2008).
+34 % in the same period) over eastern China is observed AVHRR provided global aerosol observations over nearly
and can be attributed to the increase in both industrial outpu5 years from August 1981 to June 2005, which were used
and Asian desert dust. to derive global and regional trends of tropospheric aerosol
(Mishchenko et al., 2007; Mishchenko and Geogdzhayev,
2007; Zhao et al., 2008, 2013). However, the results can
be biased by significant problems in sensor calibration and
1 Introduction orbital drift (Thomas et al., 2010; Yoon et al., 2011). The
TOMS aerosol product over land allows for the relation be-
Anthropogenic aerosol from both fossil fuel combustion andwyeen changes in atmospheric aerosol and ground sulfur

land use change is now well known to impact on humangjoxide emissions to be analyzed (Massie et al., 2004; Xie
health and global climate change. Detailed knowledge of
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and Xia, 2008). However, the uncertainties caused by aerosdtee AOT from polar-orbiting satellites. The uncertainty test
layer height and sub-pixel cloud contamination can have as performed using real-time AERONET data resampled at
serious influence on the retrieval accuracy (Herman et al.the limited/different times, which are related to the orbital
1997; Torres et al., 1998, 2002), and therefore on trend estiperiods for each orbit and local equatorial crossing times of
mates (Yoon et al., 2011). Thomas et al. (2010) investigatedhe Terra, Aqua, and OrbView-2 spacecraft. In Sect. 4, we
the global trend using ATSR-2 aerosol products from 1995test a new trend model for considering the uncertainty from
to 2001, but only covering ocean area. The global aerosotloud disturbance and discuss the significant improvements
products from the instruments MODIS, MISR, and SeaWiFSin the trend estimates of the satellite-retrieved AOTs. We
have often been used for the trend estimates because of theshow the trend validation by comparing the satellite-derived
relatively long-term observation periods, well-calibrated sen-trends with the AERONET trends in Sect. 5, and report the
sor statuses, and intensively validated data over land anttend estimates for the selected regions in Sect. 6. Section 7
ocean (Lietal., 2009; Yu et al., 2009; Zhang and Reid, 2010;summarizes and presents our results and conclusions.
Karnieli et al., 2009; Yoon et al., 2011; Hsu et al., 2012; de

Meij et al., 2012). However, so far no study has discussed

the unrepresentative sampling induced by limited orbital pe2  Regions and data sets

riods, different sampling times, and cloud disturbance.

The unrepresentative temporal sampling of polar-orbitingFigure 1 shows the global distributions of the AOT means
platforms can be a significant uncertainty factor for trend derived using the retrieval algorithms, developed for the in-
analysis of atmospheric aerosol, as discussed elsewhere (Li glependent instruments MODIS (Terra) from March 2000 to
al., 2009; Ignatov et al., 2005; Kahn et al., 2007; Levy et al.,December 2009, MISR (Terra) from March 2000 to Decem-
2009; Yoon, etal., 2011, 2012; Zhao et al., 2013), and will re-ber 2010, SeaWiFS (OrbView-2) from January 1998 to De-
main partially unresolved until an adequate “fit for purpose” cember 2007, and MODIS (Aqua) from January 2003 to De-
measurement system is established. The issue arises becausggnber 2008. Ten regions are selected for more detailed in-
of the different sampling times (e.g., local equatorial crossingvestigation in Europe, the Middle/Near East, Asia, and North
times are 10:30 for Terra, 12:20 for OrbView-2, and 13:30 America, including large urban agglomerations. Recently,
for Aqua), limited orbital period (i.e., roughly 100 min for changes in atmospheric aerosol resulting from direct emis-
each orbit), and frequent cloud disturbance (i.e., no retrievakions by fossil fuel combustion, secondary aerosol created
of cloud-free aerosol optical thickness (AOT) due to cloud by photochemical transformations of trace gases, and min-
occurrence). eral dust downwind from deserts have been reported in these

In this study, we used relevant polar-orbiting-satellite ob- regions (Streets et al., 2003; Zhao et al., 2008; Yoon et al.,
servations, from MODIS (Terra and Aqua), MISR (Terra), 2012).
and SeaWiFS (OrbView-2), to minimize the uncertainty ef-
fect from different/limited sampling in the trend estimate. 2.1 MODIS, on NASA Terra (March 2000-December
The satellites were selected on the basis of their duration 2009) and NASA Aqua (January 2013-December
of the observation periods (National Aeronautics and Space 2008)

Administration (NASA), MODIS Web, 2014, Jet Propulsion

Laboratory — NASA, MISR Multiangle Imaging SpectroRa- The Moderate-Resolution Imaging Spectroradiometer
diometer, 2014; Goddard Space Flight Center — NASA, Sea{MODIS) (NASA, MODIS Web, 2000) on the Terra and
WIFS Project, 2014), stability of the sensor calibration (Kahn Aqua spacecraft has uniquely contributed to our knowledge
et al., 2005a; Bruegge et al., 2007; Li et al., 2009; Barnes ebf atmospheric aerosols over the last decade. The first
al., 2001; Gordon, 1998; Eplee et al., 2001), and retrieval acMODIS instrument was mounted on NASA Terra launched
curacy of cloud-free AOT (Kaufman et al., 1997; Remer eton 18 December 1999. The second instrument, mounted on
al., 2005, 2008; Levy et al., 2010; Kahn et al., 2005b, 2010;the NASA Aqua spacecraft, began providing global aerosols
von Hoyningen-Huene et al., 2003, 2006, 2011; Yoon et al.,from 4 May 2002. The main objective of these instruments
2011). More detailed information about the instrument andis to improve our understanding of global dynamics and
satellite platform characteristics, calibration status, AOT re-processes occurring on land, in the oceans, and in the
trieval accuracy, etc. is summarized in Table 1. In addition,lower atmosphere. They achieve global coverage every
the weighted least-squares regression was used to estimabme to two days. The MODIS instruments have been well
the trend of cloud-free AOT since it is useful to reduce the calibrated ¢ 2% absolute and- 1% precision) (Li et al.,
uncertainty from cloud disturbance (Yoon et al., 2012). 2009) using onboard, vicarious, and lunar calibrations. They

This paper is organized as follows: we describe thehave produced global cloud-free AOT with high accuracy
AOT data from MODIS-Terra, MODIS-Aqua, MISR-Terra, (£0.05+15% over land andt0.03+ ~5% over ocean)
SeaWiFS-OrbView-2, and AERONET in Sect. 2. Sec- (Kaufman et al.,, 1997; Remer et al., 2005, 2008; Levy et
tion 3 investigates a possible uncertainty caused by lim-al., 2010; Zhang and Reid, 2006; Shi et al., 2011; Schutgens
ited/different sampling time in the trend estimates of cloud- et al., 2013; Hyer et al., 2011), which are suitable for trend
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Table 1. The characteristics of the instruments and their corresponding platforms (i.e. MODIS-Terra, MISR-Terra, SeaWIFS-OrbView-2, and
MODIS-Aqua). The calibration approach/status, aerosol retrieval accuracy, research period, and data set used in this study are summarize
for each instrument.

Sensor MODIS (Moderate-Resolution MISR (Multi-angle SeaWiFS (Sea-
Imaging Spectroradiometer) Imaging viewing Wide
SpectroRadiometer) Field-of-view
Sensor)

Satellite Terra Aqua Terra OrbView-2

Local 10:30 13:30 10:30 12:20

equatorial

crossing time

Launch date 18 Dec 1999 4 May 2002 18 Dec 1999 1 Aug 1997

Orbit descending ascending descending node descending node

node node
Swath (km) 2330 360 2801 (LAC)
1502 (GAC)

Resolution (m) 250 (bands 1-2) 250 1100 (LAC)

500 (bands 3-7) 4500 (LAC)
1000 (bands 8-36)

Number of 36 4 8

bands

Spectral 405-14 385 446-867 402-885

coverage (nm)

View angles {) nadir 0,426.1,+45.6,£60.0, nadir

and+70.5
Reference National Aeronautics and Space Administration (NASA), MODIS Web (2014), Jet
Source Propulsion Laboratory — NASA, MISR Multiangle Imaging SpectroRadiometer

(2014), Goddard Space Flight Center — NASA, SeaWiFS Project (2014)

Sensor onboard, vicarious, and lunar onboard, vicarious, onboard,
calibration and lunar vicarious, lunar,
method comparison with
in situ

Calibration ~ 2% absolute;- 1% precision  ~ 3% absolute, 1-2 % 0.5 % accuracy,
accuracy or channel-to-channel ~ 0.3 % precision
precision relative, 1% precision
Reference Kahn et al. (2005a), Bruegge et al. (2007), Li et al. (2009), Barnes et al. (2001),
source Gordon (1998), Eplee et al. (2001)
Aerosol +0.05+15% (land) +0.05+20% +0.05+20-25%
retrieval and+0.03+ ~ 5% (ocean) (land and ocean) (land and ocean)
accuracy
Reference Kaufman et al. (1997), Remer Kahn et al. von Hoyningen-Huene
source et al. (2005, 2008), Levy (2005b, 2010) et al. (2003, 2006,

et al. (2010); Zzhang and 2011), Yoon et al.

Reid (2006); Shi et al. (2011;) (2011)

Schutgens et al. (2013)
Hyer et al. (2011)

Research Mar 2000—- Jan 2003- Mar 2000— Jan 1998—

periods Dec 2009 Dec 2008 Dec 2010 Dec 2007

Research data AOT (550 nm), CF AOT (558 nm) AOT (510 nm)

Data type level 3 collection 5 level 3 CGAS-F15 level 3 global
product

Data resolution 1x1° 0.5° x 0.5° 1° x 1°

* AOT and CF: aerosol optical thickness and cloud fraction in daytime.
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6884 J. Yoon et al.: Changes in atmospheric aerosol loading retrieved from space-based measurements
(a) MODIS (TERRA) (b) MISR (TERRA) (i.e., 275mx 275m, 275mx 1.1 km, 1.1 kmx 1.1 km), but
R W il it takes around 9 days to cover the entire Earth. The sen-

sor is carefully calibrated¥ 3 % absolute, 1-2 % channel-to-
channel relative, 1 % precision) (Kahn et al., 2005a; Bruegge
et al., 2007) using onboard, vicarious, and lunar calibrations.
This study uses monthly AOTs at 558 ni:(q.05+ 20 %
over land and ocean) (Kahn et al., 2005b, 2010) from level 3
component global aerosol product version F15 (CGAS-F15)
products (0.5 x 0.5 spatial resolution).

2.3 SeaWiFS (NASA OrbView-2, January 1998 to
(d) MODIS (AQUA) December 2007)
- The Sea-viewing Wide Field Sensor (SeaWiFS) (Goddard
3 Space Flight Center — NASA, SeaWiFS Project, 2014) on
OrbView-2, launched in August 1997, continuously mea-
sured Earthshine radiances, which were well calibrated (ac-
curacy: 0.5%,; stability: 0.3%) (Li et al., 2009; Barnes et
al., 2001; Gordon, 1998; Eplee et al., 2001) through use of
onboard, lunar, and vicarious calibration procedures. In this
study, SeaWiFS level 1B global-area coverage data (L1B
T GAC) are used for global AOT retrieval using the Bre-
[ "] No observation or not enough data men AErosol Retrieval (BAER) algorithm (von Hoyningen-

Aerosol Optical Thickness (AOT) [unitless] Huene et al., 2003, 2006, 2011). It has been demonstrated
4 ‘ . that the BAER retrieval error ranges withit0.05+ 20—
0.0 0.1 02 03 04 05 25% over land and ocean (von Hoyningen-Huene et al.,

2011; Yoon et al., 2011). In this study, the AOT trends are

Figure 1. Plots of the mean values ¢&) MODIS (Terra) AOT  estimated using monthly AOTs at 510 nm from the level 3
(550 nm) from March 2001 to December 20@B) MISR (Terra) global product with 1 x 1° spatial resolution.

AOT (558 nm) from March 2001 to December 2016) SeaWiFs All level 3 monthly products used in this study are aggre-

(OrbView-2) AOT (510 nm) from January 1998 to December 2007, . ) .
and(d) MODIS (Aqua) AOT (550 nm) from January 2003 to De- gated and gridded using the level 2 daily products computed
rom the pixel-level retrievals with sufficiently high quality

cember 2008 for the selected regions (1) western Europe, (2) easf o
ern Europe, (3) the Middle/Near East, (4) southern Asia, (5) centralL€VY etal., 2009; Hsu et al., 2012; Di Girolamo et al., 2014;

China, (6) eastern China, (7) southern China, (8) Korea/Japan, (9yon Hoyningen-Huene et al., 2011). The process of aggre-
western USA, and (10) eastern USA. The black star in region 6 isgating and gridding level 2 products can lead to additional
the location of the AERONET station in Beijing. “No observation or error in the trend estimates due to data loss during the pro-
not enough data” represents the discarded data series, which consiséss. Zhao et al. (2008) studied the uncertainty effect of grid-
of less than seven monthly data points for a single year. level data in the long-term trend analysis of AVHRR AOT

by comparing the results from grid-level data and pixel-level

retrievals. They concluded that the differences are negligible
analysis. The monthly AOTs at 550 nm and cloud fraction not only in the seasonal/annual means but also in the result-
(CF) from level 3 collection 5 global products°(x 1° ing trend estimates.
spatial resolution) are used in this study.

2.4 AERONET (AErosol RObotic NETwork)
2.2 MISR (NASA Terra, March 2000—-December 2010)

AERONET is a global network of ground-based aerosol re-
The Multiangle Imaging SpectroRadiometer (MISR) (Jet mote sensing (i.e., Sun photometers) for monitoring aerosol
Propulsion Laboratory — NASA, MISR Multiangle Imag- optical properties at globally distributed stations and validat-
ing SpectroRadiometer, 2014) instrument, one of the sening the aerosol products retrieved from satellite-borne mea-
sors onboard the Terra spacecraft, provided Earth viewsurements. It provides long-term records of cloud-free AOT
ings in the visible wavelength range simultaneously at nine(Remer et al., 1997; Dubovik et al., 2002) with high tem-
widely spaced angles. This unique feature enables differporal resolution as well as high retrieval accuracy (Holben
ent types of atmospheric aerosols, clouds, and land suret al., 1998, 2001; Eck et al., 1999). In this study, level 2.0
face covers to be distinguished. In addition, the instru-AERONET AOTSs are used not only to estimate uncertainty
ment provides global coverage at high spatial resolutionfrom temporal sampling limitations but also to validate the
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only by the different and limited temporal sampling. The
AERONET stations were selected using the series of criteria
as defined in Yoon et al. (2012) as follows:

1. The qualified monthly mean reflecting the parent pop-
ulation is calculated with the number of observations
larger than 300 per month.

2. The complete yearly data set is composed of more than
seven qualified monthly means in order to minimize a
bias from data missing in the trend estimate.

3. The minimum temporal coverage for the trend estimate
is a continuous 5-year set of the complete yearly data.

Figure 3 shows the Taylor diagram, which describes three
statistical metrics in one plot, viz. temporal correlation, nor-
Figure 2. The AERONET stations used for estimating the uncer- malized standard deviation, and normalized centered root-
taint% cause”d by Iimite?j/different t((jampo:]al sargplingr;] and”validat(; mean-square (rms) difference of the two data sets (Taylor,
ing the satellite-retrieved AOT trends in this study. The yellow an . .

green stars denote the AERONET stations with continuous yearlyi%oééi(;gr;%r}it;t rze(;(;n l\/lleshltit] aII., 20|O7)' th1 e_n:onthly_
data for more than 3 and 5, respectively. These stations are listed on™— . . pled atine local equatorial cross
the Tables 2 and 4, respectively. ing times o_f the instruments for th_e tempora_l pa_ttern correla-
tion analysis. The AERONET stations used in Fig. 3 are clas-

sified by their regional dominant aerosol types (e.g., indus-

AOT trends derived from the satellite products. The selectedrial/biomass burning, free troposphere, desert dust, and rural
is explained in Yoon et al. (2012). At the stations influenced

by desert and rural aerosols, the temporal pattern correlation
3 Different/limited temporal sampling of polar-orbiting ~ is obtained for all the sampling times i.e. 08temporal
satellites R <0.98, 0.87<normalized temporal STB1.13, and
0.19< normalized centered rms differens®.44. In con-
The reduction of the error and uncertainty in the trend analy-trast, the correlation at the stations where industrial/biomass
sis of cloud-free AOT, retrieved from measurements of theburning and free tropospheric aerosols are dominant is
upwelling solar and thermal infrared spectrum by instru- poorer (0.7 temporalR < 0.94, 0.78< normalized tempo-
ments on polar-orbiting satellites, has been achieved throughal STD< 1.21, and 0.36& normalized centered rms differ-
a variety of approaches. This includes optimization of instru-ence< 0.80). As there is no difference in retrieval accuracy,
ment calibration and the refinement of retrieval algorithmscloud-filtering method, and spatial resolution, as previously
(zZhao et al., 2008; Karnieli et al., 2009; Mishchenko et al., mentioned, this difference can be only attributed to the dif-
2007; Mishchenko and Geogdzhayev, 2007; Massie et al.ferent and limited sampling times and it can relate to diurnal
2004; Hsu et al., 2012). Thus far, no study has fully addressedariation of the aerosol sources (Smirnov et al., 2002; Kocha
the issue of the unrepresentative sampling induced by differet al., 2013; Arola et al., 2013). In particular, the temporal
ent/limited temporal sampling of the instruments. Adequatecorrelation coefficient at the Beijing station ranges from 0.72
sampling is a prerequisite for deriving reliable and convinc-to 0.83, and there is good chance of deriving different trends
ing trends. Even though the polar-orbiting satellites can covefrom the different/limited samplings over such a large urban
the entire Earth for a single day, they cannot provide contin-agglomeration.
uous sampling for a given location. For a more detailed investigation at the Beijing sta-
The temporal pattern correlations between differ- tion, Fig. 4 shows the linear trends derived using monthly
ent/limited samplings (at 10:3830 min for Terra, 12:20 AERONET AOTs (550 nm), which are calculated either from
430 min for OrbView-2, and 13:38:30 min for Aqua) and all available or resampled AERONET data. The figure shows
all available sampling were investigated using real-timethat the trend estimates from different/limited temporal sam-
AERONET AOTs at 550 nm, which are determined from plings can significantly differ from each other and from “ac-
the retrieved AOTs at 440 nm by using knowledge of thetual trend”. The difference is likely to be attributed to the dif-
Angstrém exponent for the 440-675 nm region. Since therderent sampled population due to the different/limited tem-
should be no difference in retrieval accuracy, cloud-filtering poral sampling as shown in Figs. 3 and 4.
method, and spatial resolution for each AERONET station, To support it, let us suppose an ideal condition that AOT
the different pattern correlations are likely to be causeddaily mean PV) for Nth day is the sum of the sampled
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Table 2. The AERONET stations classified by regional dominant aerosol types (Yoon et al., 2012) for the investigation of the temporal
pattern correlation in Fig. 3. The AERONET stations are selected using the criterion that the minimum length of the data set is 5 years (Yoon
etal., 2012).

AERONET Geolocations Research Number Dominant

stations (latf)/long.[°)/alt.[m]) periods of months  aerosol type

Avignon +43.934-4.88/32 2001-2005 59 Industrial/biomass burning
Banizoumbou +13.544-2.66/250 2002-2008 84 Desert

Beijing +39.984-116.38/92 2003-2007 59 Industrial/biomass burning
Dakar +14.39/-16.96/0 2004-2008 60 Desert

GSFC +38.99/-76.84/87 1995-2008 168 Industrial/biomass burning
Ispra +45.804-8.63/235 2001-2007 83 Industrial/biomass burning
Mauna_Loa +19.54/-155.58/3397  1998-2009 144  Free troposphere
MD_Science_Center  439.28/76.62/15 2000-2006 84 Industrial/biomass burning
Mongu —15.254-23.15/1107  2000-2004 69 Desert

Ouagadougou +12.20/1.40/290 2000-2004 59 Desert

SEDE_BOKER +30.86/4-34.78/480 2003-2008 70 Desert

Sevilleta +34.35/106.89/1477  1998-2002 58 Rural

Shirahama +33.694-135.36/10 2003-2009 81 Industrial/biomass burning
Skukuza —24.994-31.59/150 2000-2007 95 Industrial/biomass burning
Solar_Village +24.914-46.40/764 2001-2007 82 Desert

values 6{;’) divided by the numbern of sampling times  potential possibility that AOT can change differently at each

(tn): time of day because of different changes in anthropogenic
y SQ] +S{§ TR emissions, secondary production, meteorological transport,
DN = no (1) etc.
n - Table 3 lists the relative percentage errors to the ac-
Then the monthly meany) is calculated using daily means tual trend at the selected AERONET stations. Except for
as follows: the Mongu station (because of an almost negligible ac-
pliD24 ...+ DN tual Frend), the statipns inflgenced by .ipdustrial or biomass
M= burning aerosols (i.e., Avignon, Beijing, GSFC, Ispra,
1 a N . S ) A N MD_Science_Center, Shirahama, and Skukuza) have larger
Sfl”lej“'*sfn + S’1+St2:"'+5'n I w relative errors £156 to 399.2%) than the stations (Ban-

= N izoumbou, Dakar, Ouagadougou, SEDE_BOKER, and So-
S1is21 4sN  slyg2y LGN lar_Village) near desert regions-63.6 t0+59.3 %). At the
1A 2 2o 244 Mauna_Loa (in free troposphere and open ocean) and Sevil-
n leta stations (rural region), the relative errors range from
1 —100.0% to 0.0%. These errors demonstrate that the trend
n (Mfl t Myt an) : @) estimate from different/limited temporal sampling can be dif-
ferent to the actual trend. In addition, Fig. 5 shows the com-
parisons between the AERONET-resampled trends. The un-
certainty is more serious over the regions where industrial
or biomass burning aerosols are dominant, and thereby it is
possible to derive different or contradictory trends to the ac-
3) tual trend. Generally, the AERONET-resampled trends are
underestimated by 24 to 36 %. This knowledge is important

The temporal change/trend is given by the partial differentialfor understanding the difference in the AOT trends from the

n

SE4+S2 4. 48N
N

In other words, the monthly mea() is the average of the
monthly means ¥/, ) of the sampled values at the specific
times ¢,). The time series composed of the monthly means
is expressed as a vector equation as follows:

-  1/— — —
M:Z(M,1+Mt2+...+Mtn).

of Eq. (3) as follows: different/limited temporal sampling of the satellite data.
— — — —

IM 1(aM, M, aM,,

ot n\ or + ar T T | @ 4 Weighted trend model for considering cloud

disturbance

Finally, the "actual trend(5) is identical to the average of An insufficient number of AOT retrievals induced by cloud

N
AOT trends (”:,4—,’") at each time;), and it also presents a occurrence in the instrument field of view can cause a bias
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Figure 3. Taylor diagrams for analyzing temporal pattern correlations between monthly means of different/limited sa(apli@y30

430 min, (b) 12:20+30 min, and(c) 13:30+30 min) and all available sampling using the real-time AERONET AOT (550 nm) data. The
normalized centered root-mean-square (rms) difference is proportional to the distance from the point “ALLxoaxtedi.e., shown as

purple dashed semicircles). The AERONET stations are classified by regional dominant aerosol types — industrial/biomass burning, free
tropospheric, desert, and rural aerosols (Yoon et al., 2012) — and listed in Table 2.

in the trend estimate since it is a significant influence onmonthly AOTs ) are used for fitting the linear regression,
the statistical representativeness of monthly AOT meanswherey? is minimized by

(Yoon et al., 2011). Therefore, to derive an accurate and ) - 2

reliable change/trend estimate of atmospheric AOTs, thex (4. B) = 2, (wt; x (y1— A — Bx, —3M))", ®)
impact of cloud disturbance needs to be considered. Th%\/herewt, is the monthly weighting factoﬁJn_,/ (O'z/)’t)).t

cloud occurrence generally leads to a decrease of the "85 time in months{=1...T), A is a constant termB is the
trieval/observation number) of cloud-free AOT (Kim et magnitude of the tren(.j.;.)er ’yeaart(: 1/12), n, is the num-

al., 20141 Kaufmlan f‘t al., 1997; Remer eF al., 2005, 2008}, o ohservations per monthy is the monthly mean of all
Levy etal., 2010; Kahn et al., 2005b, 2010; von Hoynmgen-AOT measurements, ang is the standard deviation of the

Huene et al., 2003, 2006, 2011; Yoon et al., 2007, 2011, hy AOTs. 5™ represents the mean of totalfor each
2012). A relatively large standard deviation compared 0 onth (n=1...12) (i.e., the climatological monthly vary-

the mefanhcf,/ ) is a |g°°d |.nr(]j|c?to(rj of unrepres_entgtwer; ing pattern in AOT) and accounts for the seasonal/natural
ness of the mean value, with cloud contamination in the N cvcle in the trend estimation,

cloud-free AOT retrieval being one possible cause (Yoon et Figure 6 shows the simple
a."." 2007, 2011). Therefore, the compinat?on of wo qu"’m'changes/trends, as well as means and standard devia-
tities (y/m/ (o1/y0) can effectively minimize the uncer- tions of cloud fractions (CFs) derived from MODIS (Terra)

tainty from cloud disturpance and unrepresentative data "broducts (March 2001—-December 2009). The simple linear
the change/trend analysis of cloud-free global AOT (Yoon etyng weighted trends shown in Fig. 6a and b are generally

al., 2012), and is used as a weighting factor in this study. Theconsistent. However, in terms of the intensity and tendency,

linear and weighted
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Table 3.Trend estimates of AERONET AOT (550 nm) from different sampling times (1&:30min for Terra, 12:2@-30 min for OrbView-
2, and 13:36t30 min for Aqua, and all available samplings) and corresponding relative errors.

AERONET stations Linear trends of AERONET AOT (550 nm) for different sampling
times [yr‘l] and *relative percentage errors [%0]
All available 10:30 12:20 13:30
+30min +30min +30min
Avignon +0.00120 +0.00344 +0.00599 +0.00334
(+186.7 %) (+399.2 %) (+178.3%)
Banizoumbou +0.00538 +0.00857 +0.00196 +0.00700
(4+59.3 %) (—63.6 %) (+30.1%)
Beijing +0.00537 +0.00624 +0.01077 —0.00047
(+16.2 %) (+100.6 %) (—108.8 %)
Dakar —0.00834 —0.00936 —0.00907 —0.01011
(+12.2%) (+8.8%) (+21.2 %)
GSFC —0.00219 —0.00054 —0.00062 + 0.00038
(—75.3%) (—71.7%) (—117.4%)
Ispra —0.00496 +0.00101 + 0.00279 + 0.00019
(—120.4 %) (—156.3%) (—103.8 %)
Mauna_Loa +0.00014 —0.00000 +0.00008 +0.00014
(—100.0%) (—42.9%) (+0.0%)
MD_Science_Center  —0.00225 —0.00463 —0.00043 —0.00033
(+105.8 %) (—80.9 %) (—85.8%)
Mongu +0.00002 +0.00104 —0.00292 +0.00123
(+5100.0 %) (—-14700.0% (4+6050.0 %)
Ouagadougou +0.02895 +0.01635 +0.01478 +0.02017
(—43.5%) (—48.9%) (—30.3%)
SEDE_BOKER +0.00143 +0.00161 +0.00116 +0.00165
(+12.6 %) (—18.9%) (+15.4 %)
Sevilleta +0.00232 +0.00101 +0.00104 +0.00034
(—56.5 %) (—55.2%) (—85.3%)
Shirahama +0.00107 +0.00263 +0.00461 +0.00218
(+145.8%) (+330.8%) (+103.7 %)
Skukuza —0.00463 —0.00022 —0.00438 —0.00468
(—95.2%) (—5.4%) (+1.1%)
Solar_Village +0.01965 +0.01531 +0.01814 +0.01875
(—22.1%) (—7.7%) (—4.6 %)

*The trend estimates from all available and limited/different temporal samplings at the selected AERONET stations are deagigsl 8¥d7reampling respectively, and
the relative percentage errors (RPE) between them are defined as follows:

_ (TResampling~ TActual)
Tactual

RPE

x 100%

Relative errors over{100 %] are shown in bold type. Please note that errors less-th@@ %, shown in bold-italic type, indicate the opposite tendency (sign) of resampling

to the “actual trend”.

significant differences are found predominantly over regions

with large CF variability in Fig. 6¢:

i. A clear spatial division of the AOT trends in Fig. 6a

is found near coastal locations, i.e., across the land—
sea boundary, even though they have a common source

al., 2006), significant amounts of atmospheric aerosol
are expected to be produced by anthropogenic activity.

iii. The simple linear AOT trends in Fig. 6a show a clear

discontinuity between land and surrounding ocean areas
over southern Africa and southeastern Asia.

of continental aerosol. The pattern of increasing trendsThese findings are indicative of either instrumental (e.g.,
over the Indian subcontinent is often different across itsplatform characteristics, sensor calibration, etc.), retrieval

land and ocean boundaries.

(AOT retrieval accuracy), or sampling/atmospheric issues
(changes resulting from human activity or natural phenom-

ii. There is no positive signal over Brazil even though it is ena). Nonetheless, as mentioned above, one important sys-
one of the BRICs (a group of countries — Brazil, Russia, tematic source of error for the trend estimate of cloud-free
India, and China — with advanced economic develop-AOT can be attributed to cloud disturbance. Thus the trend
ment; Goldman Sachs, 2003). In spite of efforts to di- estimate is expected to be less robust over regions where
minish the impact of slash-and-burn deforestation sincefrequent cloud occurrence persists throughout the year, as
2001 in Brazil (Davidson and Artaxo, 2004; Kirby et shown in Fig. 6¢c and d, e.g., most of the marine areas or
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Beijing the mean value; the small standard deviation is generally at-
€ +1.Q[TTTTITITTTT T [TIT T T [T T T IT I T I 7T tributed to the small numberofobservationsandtheIargeone
EOE 1'0.00537/YEAR 3 . . €r ot ob .

38 405 = is caused by the high variability in aerosol itself. To remove
§g = A A]\ M g outliers from the weighting factors, we use the Grubbs test
;:. = R VA rt r\‘w‘y"v WY ”"\[ = (Grubbs, 1969) and Gaussian test within a 95 % confidence
%g osE- = level. Firstly, the Grubbs test is used to detect outliers based
2% - 3 on the assumption that an approximately normal distribution
< -1.0TlllllllllllllllllllllllIllllllllllllllllIlllllIllllIllllIT isthemostprobabledistribution:
+1.0JIIIIIIIIII|IIIIIIIIIII|IIIIIIIIIII IIIIIIIIIII|IIIIIIIIIIL
£ - +0. 00624/YEAR =
OE 05—
€ -
ii oo: I\. AM A/\ [\\/\A : Gi= W= 1)/N\/(°‘/NN 2)/<N 2+t(°‘/NN 2)>
Sg + s v - .
s TRV W T \[ N3 with G; = (Wi; — ) /owr, (6)
32 05— —
- - 3 whereN, uy:, andoy,, are the number, mean, and standard
-1_0'I'IIIIIIIIII|IIIIIIIIIII|IIIIIIIIIII|IIIIIIIIIII|IIIIIIIIIIT'
+1.0[ deviation of totalwr;, respectively.s? denotes the

(¢/N,N—2)
critical value of ther distribution with v — 2) degrees of

freedom and a significance level af/N). If the weight-

RV ing factor satisfies Eq. (6), it is rejected as an outlier. After
\ removing outliers by using the Grubbs test, the remaining
weighting factors follow a Gaussian distribution. In a second
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-1.0b step, the hypothesis of no outliers within a 95 % confidence
- +1.0élllIIIIIII|IIIIIIIIIII|IIIIIIIIIII|IIIIIII6II¥ TTT IIIIII; |eV€|ISdISC3rdedlfvt, SatISerSthefO”OWIngEq (7)
gg +0.5:— —:
§§ = \\/ \’“ V \1 E Using these statistical tests and assumptions, outliers in the
P 05E" = weighting factors are successfully removed. Figure 7 illus-
1_0'_I'IIIIIIIIII|IIIIIIIIIII|IIIIIIIIIII|IIIIIIIIIII|IIIIIIIIIIT' trates an exampleoftheoutliertestsforsignificantweighting

2003 2004 2005 g 200 2007 2008 factors at the GSFC AERONET station from 1993 to 2009.
In this case, 9 outliers are filtered out and 187 significant
Figure 4. Time series of monthly anomaly of AERONET AOTs weighting factors remain after the tests.
(550 nm) (i.e., all available data or those sampled at 18:30min,
12:20+30 min, and 13:3@:30 min.) from 2003 to 2007 and corre- 4.2  Significance test of the weighting trends
sponding trend estimates at Beijing station.
For a statistically meaningful analysis of regional AOT
trends, the present study takes into account the weighted
tropical rain/cloud forests around the Intertropical Conver-trend (By) for each grid cell (1 x 1° for MODIS and Sea-
gence Zone (ITCZ). WIFS or 0.8 x 0.5° for MISR) within a 95% confidence
For the problematic regions shown in Fig. 6a, the discon-level. The significant trend is determined by the significance
tinuities of the MODIS-Terra AOT trend between land and (IBg/os,|) larger than 2 (Weatherhead et al., 1998, 2002).
ocean over southern Asia, southeastern Asia, and southermhe standard deviation of the gridded treng, is estimated
Africa have disappeared, and a positive trend is now foundusing the bootstrap method (Mudelsee, 2010) (i.e., Monte
over South America in Fig. 6b. Over the majority of the Carlo error bar analysis), using 5000 resampling iterations of
ocean, a continuous cloud occurrence disturbs sufficient sammonthly AOT anomalies for each grid (i.e., 5000 bootstrap-

plings all year around, as shown in Fig. 6¢c and d, and theresample trends from 5000 bootstrap-resample data sets).
derivation of statistically significant AOT trends over oceans

is therefore limited by this issue. Consequently, for the re-

gional trend estimate of cloud-free AOT, the present studyd Trend validation with AERONET observation

focuses on those regions which are not significantly influ-

enced by cloud disturbance as selected and shown in Fig. 1The weighted trends derived from the satellite AOT prod-
ucts as described in Sect. 4 have been validated by compar-

4.1 Outlier tests of the weighting factors ing with the AERONET trends at the stations, listed in Ta-
ble 4. Figure 8 shows the scatter plots and correlation anal-
The weighted trend model defined in Eq. (5) is very sensi-ysis. The AERONET stations are selected with the criterion
tive to the outliers in weighting factors. The outliers occur that there are more than 3 years of continuous observation,
due to very small or large standard deviation compared tavhich has been defined in Sect. 3. The 3-year time span
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Figure 5. Scatter plots of comparison between the linear trends of all available measurements and those samplé &b8ad-30 min,
(b) 12:20+30 min, and(c) 13:30+30 min using the real-time AERONET AOT (550 nm) data.

may be insufficiently short for the trend estimation, but it either an underestimation of SeaWiFS AOT (up to 20 % near
is practical for trend validation over global area. Since theheavily polluted areas as a result of absorbing aerosols) (von
AERONET monthly AOT is calculated from all available Hoyningen-Huene et al., 2011), an OrbView-2 orbital drift
samplings, the AOT trends derived from satellite observa-(about 2 h of delay until the end of 2007) (Yoon et al., 2011),
tions are expected to be different compared to the AERONETor the strict cloud-filtering method applied in BAER (von
AOT trends, at least due to different and limited sampling Hoyningen-Huene et al., 2011; Yoon et al., 2011). In con-
times as discussed in Sect. 3 (i.e., around 24 to 36 % undetrast, the linear fit between the weighted trends of MODIS
estimation in the “ideal satellite-derived trend” compared to (Aqua) and AERONET AOTs shows a higher slope of 0.7
the actual trend). In summary, from this comparison we canbut rather poorer correlatiomk(= 0.6), as shown in Fig. 8d.
show how different the satellite-derived trends are comparedviajor discrepancies between the AOT trends derived from
to the AERONET AOT trends, i.e., actual trends. satellite- and ground-based observations are likely due to
In Fig. 8a and b, the AERONET AOT trend shows a bet- many uncertainties in the AOT retrieval, e.g., sensor cali-
ter correlation with the MODIS (Terra) trend than with the bration status, retrieval accuracy, and cloud contamination
MISR trend. This is partly explained by MISR long revisiting (Zhao et al., 2008; Li et al., 2009; Yu et al., 2009; Zhang and
cycle (i.e., global coverage time is 7-9 days due to 360 kmReid, 2010; Karnieli et al., 2009; Yoon et al., 2011; Hsu et
of swath width) compared to MODIS (global coverage time: al., 2012; de Meij et al., 2012). In addition, these discrepan-
1-2 days; swath width: 2330 km), even though MODIS andcies can be attributed to different sampling times and limited
MISR are onboard the same space platform, Terra. How-orbital periods, as demonstrated in Sect. 3.
ever only MISR provides the available trend estimates over
desert regions in this study. This is because the MISR algo-
rithm retrieves AOT over the highly reflective surfaces using6 Regional trend estimate
its multiple-viewing observations (Kahn et al., 2007, 2010).
The weighted trends of the SeaWiFS/BAER and AERONET Figures 9 and 10 show the global significances of weighted
AOTs are h|gh|y Corre|ated[(= 08), as shown in F|g 8c. trends and statistically Significant trends within a 95 % con-
However, the low slope of the linear fit might be attributed to fidence level (see Sect. 4.2). In this study, the significant
trends of cloud-free AOTs from the individual instruments
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Figure 6. (a) Simple linear andb) weighted trends of AOT (550 nm) from MODIS (Terra) observations from March 2001 to December
2009. The standard deviation and mean of total cloud fractions in daytime for the same periods are gbpandif).

(i.e., MODIS-Terra from March 2001 to December 2009, 2012). This tendency is attributed to the success of envi-
MISR-Terra from March 2001 to December 2010, SeaWiFS-ronmental regulation in EU countries (Streets et al., 2003;
OrbView-2 from January 1998 to December 2007, andYoon et al., 2011, 2012; Hilboll et al., 2013). The weighted
MODIS-Aqua from January 2003 to December 2008) aretrends of satellite-retrieved AOTs range froni.41+ 1.09

only used for the regional trend estimates as shown in Fig. 11to —6.594 5.30 % yr L. Over eastern Europe, region 2, large
Over Europe, regions 1 and 2 in Fig. 1, various types of at-emissions of smoke aerosols from summer peat/forest fires
mospheric aerosol are observed, i.e., anthropogenic polluand industrial pollutants from urban areas have been reported
tant from traffic, industrial, and urban sources (Marmer et(Korontzi et al., 2006; Hayn et al., 2009; Yoon et al., 2011,
al., 2007; Karnieli et al., 2009), biomass burning aerosolChubarova et al., 2011, 2012; Barnaba et al., 2011; Zhou
emitted from forest fires mostly in summer (Pace et al.,et al., 2012; Giles et al., 2012; Bovchaliuk et al., 2013).
2006; Tafuro et al., 2008), and dust transported from north-Overall, AOT decreases in this region.70+ 2.55% yr 1

ern African deserts in spring/summer (Hatzianastassiou efor MODIS-Terra,—1.17+0.93 % yr ! for MISR-Terra, and

al., 2009). In particular, for western Europe, many previous—1.32+ 1.00 % yr 1 for SeaWiFS-OrbView-2 AOT). This is
studies reported that AOT from industrial and traffic sourcescomparable to the results over eastern Europe reported in
significantly decreases, for exampl®.0027+ 0.0014 yr! Karnieli et al. (2009) and de Meij et al. (2012), i.e:38 %
from 1997 to 2010 (Hsu et al.,, 2012%9 to —30%  of MODIS-Terra AOT from 2000 to 200743 % of ground-
from 2000 to 2009 (de Meij et al., 2012), and2.25 to  based AOT observation from 1998 to 2007, arfsito —25 %
—2.78%yr ! at the Ispra AERONET station (Yoon et al., of MODIS-Terra, MISR-Terra, and AERONET AOT from
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Table 4.Geolocations of AERONET stations and research periods of AERONET level 2.0 AOT data for the validations of the satellite-derived
trends in Fig. 8.

AERONET Geolocations Countries Research  Targets for

stations (lat.[°)/long.[°])/alt.[m]) periods trend validatioR

Alta_Floresta —9.87/-56.10/277 Brazil 2001-2004 MOD, SEA

Avignon +43.93/44.88/32 France 2003-2005 MOD, MIS, SEA,
MYD

Banizoumbo#f +13.544-2.66/250 Niger 2003-2008 MIS

Beijing +39.98/4116.38/92 China 2004-2007 MOD, MIS, SEA,
MYD

BONDVILLE +40.05/-88.37/212 USA 2002-2006 MOD, MIS, SEA,
MYD

Capo_Verde +16.73/22.94/60 Sal Island 2005-2008 MOD, MIS, SEA,
MYD

CEILAP-BA —34.57/58.50/10 Argentina 2000-2007 MOD, SEA, MYD

Dakaf +14.39/16.96/0 Senegal 2004-2007 MIS

Dalanzadgad +43.58/+104.42/1470  Mongolia 1999-2004 MIS

El_Arenosillo +37.11+6.73/0 Spain 2002-2005 MOD, MIS, SEA,
MYD

GSFC +38.99/-76.84/87 USA 1998-2008 MOD, MIS, SEA,
MYD

Ispra +45.804-8.63/235 Italy 2001-2007 MOD, MIS, SEA,
MYD

Kanpur +26.514-80.23/123 India 2001-2006 MOD, MIS, SEA,
MYD

La_Parguera +17.97/67.05/12 Puerto Rico 2006-2009 MOD, MIS, MYD

Mauna_Loa +19.54/-155.58/3397 USA 1998-2009 MOD, MIS, SEA,
MYD

MD_Science_Center +39.28/-76.62/15 USA 2000-2006 MOD, MIS, SEA,
MYD

Mongu —15.254-23.15/1107 Zambia 1999-2008 MOD, MIS, SEA,
MYD

Ouagadougdt +12.20/1.40/290 Burkina Faso 2000-2004 MIS

SEDE_BOKER +30.86/-34.78/480 Israel 2004-2008 MIS

Shirahama +33.694135.36/10 Japan 2002-2009 MOD, MIS, SEA,
MYD

Skukuza —24.994-31.59/150 southern Africa  2001-2007 MOD, MIS, SEA,
MYD

Solar_Villagé +24.91446.40/764 Saudi Arabia 2001-2007 MIS

Venice +45.314-12.51/10 Italy 2000-2005 MOD, SEA, MYD

@ AERONET stations used for the trend validation of MISR AOT only.
b MOD, MIS, SEA, and MYD are abbreviations for MODIS (Terra), MISR (Terra), SeaWiFS (OrbView-2), and MODIS (Aqua).

2000 to 2009. According to Karnieli et al. (2009), the de- noted that only different/limited temporal sampling is able to
creases result from changes in the vehicle fleet and indusyield different trend estimates, as demonstrated in Sect. 3.
trial practices, leading to a 25 % reduction of fine aerosols’ Cities in the Near/Middle East, such as Cairo, exhibit some
mass from 1995 to 2004. However, in contrast a significantof the highest local air pollution levels due to a combina-
temporal increase of MODIS (Aqua) AOT is observed in tion of increasing population, intense fossil fuel combus-
the afternoon+{4.66=+ 3.82 % yr1). In this context, positive  tion, and poorly regulated vehicle emissions (Kanakidou et
trends of NG emissions over eastern Europe in the afternoonal., 2011). In addition, mineral dust transported from the Sa-
have been identified (Zhou et al., 2012; Streets et al., 2006)hara and Arabian deserts is a dominant aerosol type over the
similarly, burned area from Global Fire Emissions DatabaseNear/Middle East (Sabbah et al., 2006; Zhao et al., 2008;
(GFED) (Giglio et al., 2010) increases over eastern Europeyoon et al., 2012), region 3 in Fig. 1. Significant amounts
for the period 2004 to 2008, as shown in Fig. 12. It should beof fine-mode aerosols produced by the petroleum industry
and related shipping activities are observed (Basart et al.,
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ool b L e L to 2010 over northern India (Hsu et al., 2012), and signifi-
Outior Tosts N=196, bin=1.0| cant increases in SQand black carbon emission from 1980
1. Grubbs Test (95% Confidence Level) to 2009 over southern Asia (Street et al., 2006; Mian Chin et
- 2. Gaussian Test (85% Confidence Level) | al., 2013). The recent rapid economic growth in India, where
g | GDP increased (World Bank Group, 2014)by.5 % annu-
é ally from 1998 to 2010, coupled with the second largest and
%,': 0.05| . growing population of the world, can contribute to the sig-
= G(ilfe,sgiaf ggit{iggté?n ] nificant enhancement in the release of aerosol and its precur-
£ h ' sors (Ramanathan et al., 2007a, b; Lawrence and Lelieveld,
= 2010).

Regions 5-7 in China show markedly increasing AOT.
The Chinese economy is the second largest in the world
(GDP of approximately USD 7.3 trillion in 2011; World

10 20 30 40We]gm:0 60 70 80 Bank Group, 2014) and had annual growth rates (World
Bank Group, 2014) of- 10 % or more over the past decade.
Figure 7. An example of outlier tests (Grubbs and Gaussian tests)Moreover, China is the world’s most populous country,
within a 95 % confidence level using monthly AERONET data at with a growing population of more than 1.35 billion peo-
GSFC from 1993 to 2009. The frequency of weights is normalizedple. As a consequence of the growth of industry, related
to total number &). In this case, 9 outliers are filtered out and 187 construction, and changes in land usage, large amounts of
significant weighting factors remain after the outlier tests. aerosols and their precursors are emitted into the atmosphere
(Smith et al., 2001, 2003; Zhao et al., 2008; Yoon et al.,
2012) in the conurbations of China. Additionally, increas-
2009; Yoon et al., 2012). Franke et al. (2009) and Richtering amounts of mineral dust from Asian deserts are trans-
et al. (2004) also reported the emissions from fossil fuelported by the predominantly westerly winds in spring and
combustion by ships passing through the Suez Canal andummer into this region, prior to its transport and deposi-
Red Sea. The trend in the Near/Middle East shows a signiftion into the Pacific (Zhang et al., 2003; Yoon et al., 2012).
icant increase (i.e+1.63+1.07 % yr ! for MODIS-Terra, Except for the decrease in MODIS-Terra AOT over cen-
+2.74+1.78 %yr ! for MISR-Terra,+1.72+1.13%yr ! tral China, a significant increase prevails over all regions of
for SeaWiFS-OrbView-2 AOT, and+3.844+2.66%yr!  China ¢-2.2641.71 t042.97+2.30%yr ! for MODIS-
for MODIS-Aqua). This has been explained by increasesTerra, +2.43+1.94 to +3.39+2.53%yr! for MISR-
of coarse-mode aerosols from desers3@7%yr?! for Terra, +1.45+ 1.05 to +2.854+1.99 % yr! for SeaWiFS-
coarse-mode dominant AOT from 2001 to 2007 at the So-OrbView-2, and+4.05+ 3.66 to +5.66+4.14%yr ! for
lar_Village station, Yoon et al., 2012) and fine-mode aerosolsMODIS-Aqua AOT). Similarly, a positive tendency has been
from oil production, refining, and other industry in and reported in various studies, e.g:17.34 6.7 % decade! of
around the Red Sea and the Persian Gulf (Sadrinasab antOMS AOT from 1979 to 1998 for the coastal plain of China
Kampf, 2004). The increasing trends are comparable to thérom (Massie et al., 2004)-0.0031+ 0.0036 yr ! of Seaw-
results;+0.0092+ 0.0026 yr'! from 1997 to 2010 over the iFS AOT from 1997 to 2010 (Hsu et al., 2012)15 to+52 %
Arabian Peninsula (Hsu et al., 2012}5 to +23% from of MISR and AERONET AOTSs from 2000 to 2009 (de Meij
2000 to 2009 over the Middle East (de Meij et al., 2012), et al., 2012), and-4.59 t0+6.26 % yr ! from 2003 to 2007
and 64% enlargement of transported freight volume by shipat the Beijing AERONET station (Yoon et al., 2012).
through the Suez Canal between June 2003 and June 2008 The AOT trend over region 8 (Korea and Japan), lo-
(de Ruyter de Wildt et al., 2012). cated in the same belt of westerly winds (Yoon et al.,

Aerosol over the Indian subcontinent, as shown in re-2007; Kim et al., 2007; Lee et al.,, 2010), shows a con-
gion 4 in Fig. 1, is increasing. Here, AOT is influenced sistent increase 40.66+0.50%yr 1 for MODIS-Terra,
by a variety of emission sources, e.g., fossil fuel combus—+4.16+3.30%yr ! for MISR-Terra,+2.40+ 1.76 % yr 1
tion, domestic burning of biofuels, biomass burning, for- for SeaWiFS-OrbView-2 AOT, and-0.51+ 0.41 % yr ! for
est fires, mineral dust, and maritime aerosol (Dey et al. MODIS-Aqua), which is slightly less pronounced than over
2004; Ramanathan et al., 2007a, b). Significant AOT in-China. Although a decrease in local industrial emissions of
creases are observed in all four data sets during the obsulfur dioxide (SQ) from 1999 to 2007, Ohara et al., 2007;
servation periods2.38+1.49%yr ! for MODIS-Terra,  Lu et al., 2010) and significantly decreasing tropospheric ni-
+2.50+1.82%yr ! for MISR-Terra,+1.52+1.07%yr®  trogen dioxide (N@) amounts from 1996 to 2011 have been
for SeaWiFS-OrbView-2 AOT, ang-4.77+ 3.21 % yr* for reported (Hilboll et al., 2013), this behavior can be attributed
MODIS-Aqua). These increases are comparable with the reto the increasing desertification around Asian deserts (Jeong
sults,+0.02 decade! from 1984 to 2003 over the Arabian et al., 2011). This hypothesis is supported by the results
Sea (Zhao et al., 2008):0.0063+ 0.0040yr! from 1997  of previous studies}0.01 decade! of AVHRR AOT from
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Figure 8. Scatter plots of comparison between the weighted trends of AERONET{aaiODIS (Terra),(b) MISR (Terra),(c) SeaWiFS
(OrbView-2), andd) MODIS (Aqua) AOTSs.

1984 to 2003 over the East China Sea and Yellow Sea (Zhatrend has been consistently reported in many studies, e.g.,
et al., 2008), and+0.58 to+1.84%yr ! for coarse-mode —0.02decade! of AVHRR AOT from 1984 to 2003 over
dominant AOT from 2003 to 2009 at the Shirahama stationthe North Atlantic Ocean close to the eastern USA (Zhao
in Japan (Yoon et al., 2012). et al., 2008):—0.0028+ 0.0010 yr! of SeaWiFS AOT from

In the western USA (region 9), the increasing 1997 to 2010 over the eastern USA (Hsu et al., 2012); 40.5
trend observed by MODIS (Aqua) from 2003 to 2008 to 85.3% decrease from 2001 to 2010 at station Shenan-
(+5.594 0.41 % yr1) apparently disagrees with the trends doah NP, Virginia, eastern USA (Collaud Coen et al., 2013);
derived from the other instruments {.364 0.90 % yr ! for and —0.34 to —0.67 %yr ! from 2003 to 2007 at GSFC
MODIS-Terra, —0.304+0.24%yr ! for MISR-Terra, and AERONET stations (Yoon et al., 2012). As reported in
—0.77+0.56 % yr! for SeaWiFS-OrbView-2 AOT). The previous studies (Streets et al., 2003; Zhao et al., 2008;
low rainfall and resultant enhanced fire activity (see Fig. 12)Yoon et al., 2012), this behavior can be attributed in large
which occurred over parts of the western USA from 2003 part to the results of legislation and the subsequent mea-
to 2008 (La Nifia phases) (Westerling et al., 2006) couldsures introduced to reduce pollutant emissions. The increas-
be the cause of the significant difference between the trenihg trend of MODIS (Aqua) AOT in the afternoon (i.e.,
estimates. Furthermore, although the fire activity generally+1.16+ 0.85%yr 1) is different to the other derived trends.
lasts for several days, as wildfires typically ignite in the However, it should be noted that the MODIS (Aqua) trends
afternoon (Mu et al., 2011), the increase resulting from theover the eastern USA are not significant in most areas, and
fires might be much more significant in MODIS (Aqua) were contributed by the significant trends over the central
AOT, which flies in a Sun-synchronous orbit with an early USA, as shown in Figs. 9d and 10d.
afternoon Equator-crossing time. Collaud Coen et al. (2013) To investigate further the remarkable behavior of AOTs
reported a significant positive trend of the aerosol scatteringover eastern China (region 6), where the largest aerosol load-
coefficient (i.e., 21.66 % increase from 2001 to 2010) at theings are observed, the time series of atmospheric AOTs nor-
station on Mt. Zirkel Wilderness, Colorado, western USA. malized to means, tropospheric N@nd SGQ columns from

Over the eastern USA (region 10), a decreasing AOTSCIAMACHY (Burrows et al., 1995; Richter et al., 2005;
trend is generally observed—b6.21+3.47%yr ! for Bovensmann et al., 1999; Hilboll et al., 2013), and Chinese
MODIS-Terra, —2.87+2.14%yr ! for MISR-Terra, and GDP (World Bank Group, 2014) are compared in Fig. 13
—0.86+0.63%yr! for SeaWiFS-OrbView-2 AOT). This from 2003 to 2008. This period is chosen because almost all
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(a) MODIS (TERRA) (b) MISR (TERRA) (a) MODIS (TERRA) (b) MISR (TERRA)

(d) MODIS (AQUA) (c) SeaWiFs (OrbView-2) (d) MODIS (AQUA)
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Figure 9. Plots of the significance of weighted trends derived Figure 10. Weighted trends derived from satellite-retrieved AOTs
from (a) MODIS (Terra) AOT (550 nm){b) MISR (Terra) AOT  for the selected regions. Each spaceborne instrument has a different
(558 nm), (c) SeaWiFS (OrbView-2) AOT (510nm), an¢d) local sampling time; the equatorial crossing times for the satellites
MODIS (Aqua) AOT (550nm). The significance is defined as are 10:30 for Terra (descending node), 12:20 for OrbView-2 (de-
’Bg/OBg ’ whereBg ando, are the weighted trend and its stan- scending node), and 13:30 for Aqua (ascending node). Weighted
dard deviation. A significance larger than 2 means that the trend id"€nds Bg) for each grid with significancé‘Bg/aBg D less than
statistically significant within a 95 % confidence level. 2 are shown in grey, representing nonsignificant trends.

data sets are available. As shown in Veefkind et al. (2011)al., 2011). As shown in Fig. 14, SCIAMACHY SQover
the spatial distribution of aerosol and short-lived trace gase®astern China is temporally correlated with AERONET fine-
(i.e., NO; and SQ) over China are similar and highly cor- mode dominant AOT (i.e., correlation coefficieRt=0.6)
related because they are generated from a common anthrgdYoon et al., 2012) at Beijing in winter, when mineral dust
pogenic source (Yoon etal., 2012; Zhang et al., 2003). Therefrom Asian deserts is low. Therefore, the AOT trend in win-
fore, a similar behavior of these aerosols and trace gaseter over eastern China can be partly attributed to change of
is expected when the influence of wind-blown mineral dustsecondary gas-transformed aerosol due to industrial growth.
from Asian deserts is minimal. In spite of having different Winter trends of+22.41%yr?! for fine-mode dominant
temporal samplings and retrieval algorithms, the relative be-aerosols in Beijing and-9.32 % yr! for SO, over eastern
haviors of the AOTSs retrieved from the set of satellite instru- China from 2003 to 2008 are obtained.
ments are all in reasonable agreement with each other and The maximum aerosol loading over China occurs in spring
the ground-based observations, e.g., the AERONET AOTsand early summer (i.e., dry and windy seasons), when min-
measured in Beijing. The AOT trends over eastern China ineral dust is transported by westerly winds from the Asian
spring, summer, autumn, and winter are up-@.53,+3.25, deserts (Yoon et al., 2007, 2012; Kim et al., 2007; Lee et al.,
+3.26, and+3.58 % yr! from 2003 to 2008, respectively.  2010). The MISR AOTs over the Asian deserts are strongly
The atmospheric oxidation of S@roduces sulfuric acid, correlated with the other three independent AOTS over east-
H2SO4, which has low volatility but is highly hygroscopic, ern Asia (i.e., the correlation ranges from 0.8 to 0.9, as shown
and thus an ideal cloud condensation nucleus (Wallace anth Fig. 15). A significant increase of atmospheric aerosol
Hobbs, 2006). Additionally, S®in the atmosphere reflects in spring is observed in all data sets, which varies from
the amount and type of fossil fuel combustion (Veefkind et +0.94 to+2.53 % yr L. This can be attributed to the growth

www.atmos-chem-phys.net/14/6881/2014/ Atmos. Chem. Phys., 14, 688202 2014
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for the regions defined in Figs. 1, 9, and 10. The regional trends are Winter seasons (DJF) from 2003 to 2008

the mean of the weighted trends that are significant within a 95%  °©
confidence level. The blue bar chart below shows the percentage
of pixels showing a significant trend for the selected regions. For = 05
region 3 (Middle/Near East), only MISR AOTSs are available over
both land and ocean as a result of the bright surface saturating the;

measurements made by the other instruments.
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set (top) and Global Fire Emissions Database (GFED) burned area
(bottom) over eastern Europe (region 2, black) and the western USA  Conclusions and outlook

(region 9, red) from 2003 to 2008.

By using a new trend model (i.e., weighted least-squares
regression) and independent measurements (i.e., MODIS-

of Asian deserts (Jeong et al., 2011) and thus the increasfterra, MISR-Terra, SeaWiFS-OrbView-2, and MODIS-Aqua
ing occurrence of desert dust aerosols accompanied by resbservations) from 1998 to 2010, we have estimated the tem-

duced precipitation (approximately5.62 % yr1 estimated

poral change of AOT in the selected regions. The uncer-

from NCEP/NCAR reanalysis data (NOAA Earth System tainty caused by the limited/different temporal sampling of

Research Laboratory, 2014)).
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polar-orbiting satellites has been identified using real-time

www.atmos-chem-phys.net/14/6881/2014/



J. Yoon et al.: Changes in atmospheric aerosol loading retrieved from space-based measurements 6897

(a) Spring seasons (MAM) from 2003 to 2008 (b) Spring seasons (MAM) from 2003 to 2008
16 06° — ; 0

" R=0.8#0.1, Y=(+2.140.8)X+(-0.120.2) C R=0.930.1, Y=(+0.5£0.2)X+(+0.11+0.05)

05—

S

041

0.3

o
@

[ OIK: SEPY

0.2

6%;:&:. :

0.1

MODIS AOT (550 nm) over East China [unitless]
SeaWiFS AOT (558 nm) over East China [unitless]

0.0 L L L L L L L L
08 0.0

o
=)

0.8

o
o

0.2 0.4 0.6 0.2 0.4 0.6
MISR AOT (558 nm) over Asian Deserts [unitless] MISR AOT (558 nm) over Asian Deserts [unitless]

(c) Spring seasons (MAM) from 2003 to 2008
1.2 T

- R=0.80.2, Y:(n]ﬂ),;)xqmoxo.z)

09

03

MODIS AOT (558 nm) over East China [unitless]
S
T
. i & D
L

0.0
0.0

0.2 0.4 0.6 0.8
MISR AOT (558 nm) over Asian Deserts [unitless]
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