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Abstract. The aerosol optical depth (AOD) trend between

2001 and 2010 is estimated globally and regionally from

observations and results from simulations with the EMAC

(ECHAM5/MESSy Atmospheric Chemistry) model. Al-

though interannual variability is applied only to anthro-

pogenic and biomass-burning emissions, the model is able to

quantitatively reproduce the AOD trends as observed by the

MODIS (Moderate Resolution Imaging Spectroradiometer)

satellite sensor, while some discrepancies are found when

compared to MISR (Multi-angle Imaging SpectroRadiome-

ter) and SeaWIFS (Sea-viewing Wide Field-of-view Sensor)

observations. Thanks to an additional simulation without any

change in emissions, it is shown that decreasing AOD trends

over the US and Europe are due to the decrease in the emis-

sions, while over the Sahara Desert and the Middle East re-

gion, the meteorological changes play a major role. Over

Southeast Asia, both meteorology and emissions changes are

equally important in defining AOD trends. Additionally, de-

composing the regional AOD trends into individual aerosol

components reveals that the soluble components are the most

dominant contributors to the total AOD, as their influence on

the total AOD is enhanced by the aerosol water content.

1 Introduction

The atmosphere is a mixture of various gases and aerosols.

The increase of greenhouse gases causing climate change is

partially countered or enhanced by aerosol radiation modifi-

cations (the aerosol direct effect; Andreae et al., 2005). Ad-

ditionally, aerosols can modify cloud properties (indirect ef-

fects; Ramanathan et al., 2001a, b; Kaufman et al., 2002).

Furthermore, depending on their composition, aerosols af-

fect ecosystems, quality of life (cardiovascular and respira-

tory diseases; Lelieveld et al., 2013) and visibility. Since the

late 1980s, the decline in solar radiation at the Earth’s sur-

face due to aerosol pollution (dimming) has reversed over the

Northern Hemisphere (Wild et al., 2005; Wild, 2010). This

change from dimming to brightening has important conse-

quences for climate change, affecting the hydrological cycle,

cloud formation processes and surface temperatures, possi-

bly intensifying the warming trend caused by carbon dioxide

(CO2) and other greenhouse gases. Remote sensing instru-

ments and atmospheric chemistry transport models (ACTMs)

provide possibilities for improved qualitative and quantita-

tive analysis of the global burden of atmospheric trace gases

and aerosol particles. ACTMs and chemistry climate mod-

els (CCMs) are additionally used to assess the effects of fu-

ture changes in aerosol (+ precursor) emissions on climate

by making use of physical and chemical process descriptions

in dependency of emission inventories. These emission in-

ventories are constructed from estimates for population and
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economic growth to determine present gas phase and aerosol

emissions as well as future emission scenarios. The emission

inventories include natural and anthropogenic emissions rel-

evant for aerosol formation, such as sulphur dioxide (SO2),

nitrogen oxides (NOx), black (BC) and organic (OC) carbon,

ammonia (NH3) and many more compounds.

SO2 and BC are mainly emitted from fossil fuel (coal and

petroleum) combustion. Primary sources for NOx are road

transport and fossil fuel combustion for energy production,

and NH3 is mainly emitted from agricultural activities (waste

burning and fertilizers) and to a small extent by the combus-

tion of biofuels for energy use. The amount of NH3 emitted

by agricultural activities is related to the type of fertilizer,

meteorological conditions (wet/dry) and soil properties.

Since 1990 in Europe and in North America, the emissions

of aerosol precursors have dropped in response to the imple-

mentation of air quality legislation (Clean Air Act Amend-

ments), which aims to reduce the emissions of sulfur dioxide

(SO2) and nitrogen oxides (NOx). Despite the implemen-

tation of the 11th Five-Year Plan (2006–2010) of the State

Environment Protection Administration (SEPA) in China,

which requires power plants to implement new air pollu-

tion reduction technologies after 2006, air pollution remains

a major concern in this region (Cao et al., 2009). Half of

China’s SO2 emissions are attributed to the burning of coal,

mostly by power plants, which are to a large degree located

in the eastern part of the country where the large cities are sit-

uated. Between 2001 and 2005, SO2 emissions still increased

by 27 % (11th Five-Year Plan, SEPA, March 2006). Lu et al.

(2010) found an increase in SO2 of 53 % between 2000 and

2006 (with annual growth rate of 7.3 %), with 85 % in the

north and 28 % in the south of the country. The increase

has been reduced after 2006, due to the implementation of

new emission reduction technologies (i.e., desulfurization) in

power plants. SO2 emissions in China do not show a strong

seasonal cycle (Zhang et al., 2009), because of the continual

energy production for industry and domestic usage.

Previous studies by Ohmura (2009), Long et al. (2009),

and Norris and Wild (2009) have investigated the global

and regional solar radiation budget by using observations

of the Global Energy Balance Archive (GEBA). Other stud-

ies have used various satellite products to investigate the

impact of air pollution on the incoming solar radiation at

the Earth’s surface (dimming and brightening phenomena),

such as the studies of Wild et al. (2005), Wild (2010, spe-

cial issue J. Geophys. Res., and references therein), Pinker

et al. (2005), Hinkelman et al. (2009), Mishchenko and Ge-

ogdzhayev (2007), Remer et al. (2008), Chylek et al. (2007),

Lu et al. (2010), Zhang and Reid (2010), and Kishcha et al.

(2009). These studies have shown elevated aerosol optical

depths (AODs) (decreasing incoming solar radiation at the

Earth’s surface) over India, East Asia, the Bay of Bengal,

and the Arabian Sea and reduced AODs (increasing incom-

ing solar radiation) over North America and Europe.

A recent work of Hsu et al. (2012) with the SeaWIFS(Sea-

viewing Wide Field-of-view Sensor) instrument has shown

high precision in trend derivation while reporting decreas-

ing trends over the eastern US and Europe and increasing

trends over China and India. Hsu et al. (2012) additionally

have investigated the impacts of other uncertainty factors

in trend estimates, e.g., retrieval algorithm deficiency and

sampling bias, by comparing their results with AERONET

(AErosol RObotic NETwork) and MODIS (Moderate Reso-

lution Imaging Spectroradiometer)-Terra products. In partic-

ular the correlation analysis between large-scale meteorolog-

ical events (such as the El Niño Southern Oscillation and the

North Atlantic Oscillation) and SeaWiFS-retrieved AOD in-

dicated strong influences of the climatic indices on Saharan

dust outflow and biomass-burning activity in the tropics.

In de Meij et al. (2012a) the trends in AODs by remote

sensing instruments have been investigated and linked to the

changes of the aerosol (precursors) emissions in different

emission inventories. They have found significant decreas-

ing trends in observed AODs by MODIS, MISR (Multi-angle

Imaging SpectroRadiometer) and AERONET over western

Europe and the northeastern United States between 2000 and

2009, associated with the reported negative trends in SO2,

NH3 and NOx emissions. Positive AOD trends have been

found over parts of Asia. Seasonal trends were also investi-

gated in the same study. However, no model simulations have

been performed to quantify the changes in the aerosol (pre-

cursors) emissions on aerosol and AOD trends. In the present

study we relate the chemical reactions of the gas and aerosol

species on the trends in the simulated AODs and compare

them with observations. A recent study by Chin et al. (2014)

assessed the aerosol variations and trends over a period of

30 years. They used the GOCART model on 2.5◦× 2◦ hor-

izontal resolution, with ACCMIP (Atmospheric Chemistry

and Climate Model Intercomparison Project) and RCP8.5

emissions. Two simulations were performed, one with all

natural and anthropogenic emissions and the second one with

no anthropogenic emissions. They have found that changes

in calculated AODs are consistent with the changes in the

emissions. They also have reported that for global averaged

AOD values no significant trend could be identified and that

analysis on regional scale is required. However, one must be

careful in the conclusions as the annihilation method (i.e., re-

moving all the anthropogenic emissions, in this case) could

lead to strong effects due to the non-linearities (e.g., chem-

istry, aerosol microphysics) inherent in the climate system.

The objective of this work is to investigate the causes of

AOD trends over different regions of the world, especially

linking the trends to changes of natural/anthropogenic emis-

sions or changes in atmospheric dynamics. To achieve this

objective, two different simulations were performed: (a) an-

thropogenic and biomass-burning emissions change realisti-

cally during the decade 2001–2010, and (b) anthropogenic

and biomass-burning emissions are kept constant and are
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equivalent to the year 2000 (i.e., with no inter-annual emis-

sion variability).

To our knowledge, no work has been reported comparing

the AOD trends from satellite measurements with model sim-

ulation with and without changing emissions for the decade

2001–2010 on global scale. This work clearly defines the

causes of significant AOD trends for some regions.

In the next section, the model used in this study is pre-

sented (Sect. 3), followed by the description of the analyzed

observational data set. In Sect. 4 the model results are com-

pared with observations to evaluate its capability to repro-

duce AOD and AOD trends. The AOD trends in global and

regional scale are analyzed in Sect. 5, and the causes of AOD

trends for specific regions are discussed in details in Sect. 6.

The conclusions are summarized in Sect. 7.

2 Model description and setup

The ECHAM/MESSy Atmospheric Chemistry (EMAC)

model is a numerical chemistry and climate simulation sys-

tem that includes submodels describing tropospheric and

middle atmosphere processes and their interaction with

oceans, land, and human influences (Jöckel et al., 2010).

It uses the second version of the Modular Earth Sub-

model System (MESSy2) to link multi-institutional com-

puter codes. The core atmospheric model is the 5th gener-

ation European Centre Hamburg general circulation model

(ECHAM5, Roeckner et al., 2006). For the present study we

use ECHAM5 version 5.3.02 and MESSy version 2.42.

The EMAC model has been extensively evaluated for gas

tracers (e.g., Pozzer et al., 2007) and for aerosols (e.g.,

Pringle et al., 2010a; Pozzer et al., 2012; Astitha et al., 2012).

The modeled AOD is calculated at 550 nm using concen-

trations of dust and sea salt particles, biomass-burning prod-

ucts (black carbon and organic carbon) and anthropogenic

aerosols (sulphates, nitrates, etc). The aerosol optical prop-

erties are calculated with the EMAC submodel AEROPT,

which is based on the scheme by Lauer et al. (2007) and

makes use of predefined lognormal modes (i.e., the mode

width σ and the mode mean radius have to be taken into

account). Lookup tables with the extinction coefficient, the

single scattering albedo and the asymmetry factor for the

shortwave and extinction coefficient for the longwave part of

the spectrum are pre-calculated with explicit radiative trans-

fer calculations (see Pozzer et al., 2012). The considered

compounds are organic carbon, black carbon, dust, sea salt,

water-soluble compounds (WASO, i.e., all other water sol-

uble inorganic ions, e.g., NH+4 , SO2−
4 , HSO−4 , NO−3 ) and

aerosol water (H2O).

Aerosol water is determined by the aerosol partition-

ing model ISORROPIA II (Fountoukis and Nenes, 2007),

which is based on a The Zdanovskii-Stokes-Robinson rela-

tionship (ZSR) relation (Stokes and Robinson, 1966) of the

simulated aerosol compounds. Furthermore, additional com-

pounds such as organic carbon further contribute to aerosol

water following the κ-approach (Petters and Kreidenweis,

2007). Aerosol water uptake is limited by a relative humid-

ity of 95 % of grid box mean relative humidity. The extinc-

tion, single scattering albedo and asymmetry factor are de-

termined with the help of the volume-weighted complex re-

fraction index of the particles assuming an internal mixture

of the individual components. This assumption partially in-

fluences the absolute values of the calculated AOD (see e.g.,

Klingmüller et al., 2014, and references therein). Potential

impacts can be amplified absorption by soot due to multiple

reflection as seen from a detailed core–shell treatment. How-

ever, as all simulations use the same assumption of internal

mixing, potential trends in AOD should be affected only to a

minor degree.

Previous studies using the EMAC model have proven that

the simulated AOD is able to capture the overall global pat-

tern, although a general underestimation is present (de Meij

et al., 2012b; Pozzer et al., 2012). The seasonal cycle of AOD

is in general well represented in the EMAC model simula-

tions in most parts of the globe, especially over dust influ-

enced regions. In heavily anthropogenic polluted regions, the

modeled AOD slightly overestimates the observations.

In this study, the chemistry–climate model (CCM) EMAC

has been used with a T63L31 resolution, corresponding to

a horizontal resolution of≈ 1.875◦×1.875◦ of the quadratic

Gaussian grid, and with 31 vertical levels up to 10 hPa in the

lower stratosphere. The model set-up used in this work was

presented by Pozzer et al. (2012), and here only the differ-

ences and the central features are described.

The atmospheric chemistry is simulated with the MECCA

(Module Efficiently Calculating the Chemistry of the At-

mosphere) submodel by Sander et al. (2005, 2011), while

the aerosol microphysics and gas-aerosol partitioning are

calculated by the Global Modal-aerosol eXtension (GMXe)

aerosol module (Pringle et al., 2010a, b). For descriptions of

the emission and deposition routines, we refer to Kerkweg

et al. (2006a), Kerkweg et al. (2006b), Pozzer et al. (2006),

and Tost et al. (2007).

As in Pozzer et al. (2012) and Pringle et al. (2010a),

both dust and sea-salt emissions are offline prescribed us-

ing offline monthly emission files based on AEROCOM and

do not depend on the model meteorology, hence having no

multi-annual variability. However, desert dust and sea salt

aerosol concentrations that influence the AOD calculation

exhibit multi-annual variability as the model description of

the aerosol microphysical process (coagulation, condensa-

tion, ageing) as well as transport (advection, convection) and

deposition processes are subject to meteorological variabil-

ity.

The biomass-burning contribution was added using the

Global Fire Emissions Database (GFED version 3, van der

Werf et al., 2010) with a monthly temporal resolution.

In this work, we used the emissions scenarios recently

developed for the ACCMIP (www.giss.nasa.gov/projects/

www.atmos-chem-phys.net/15/5521/2015/ Atmos. Chem. Phys., 15, 5521–5535, 2015
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accmip/) initiative, which focuses on emissions scenarios

based on the Representative Concentration Pathways (RCPs)

(Lamarque et al., 2011; Meinshausen et al., 2011; van Vu-

uren et al., 2011b, a, and references therein). The RCPs con-

sist of four emission scenarios, also called RCP 2.6, 4.5, 6.0,

and 8.5 representing the radiative forcing of anthropogenic

activity from 2.6 to 8.5 Wm−2 in 2100, which depend on

the mitigation or emission scenarios. Among them, the emis-

sion scenario RCP 8.5 is used in this study as Granier et al.

(2011) showed that it is a “reasonable” choice for anthro-

pogenic emissions after the year 2000 and for the recent past.

In this work, two simulations were performed covering the

year 2000–2010:

– a simulation named BASE, where the anthropogenic

emissions were based on the RCP 8.5 scenario and the

biomass burning were based on the GFED3.1 (Global

Fire Emissions Database, Van der Werf et al., 2006;

Randerson et al., 2013) emissions (e.g., with annual

variability of the emissions);

– a simulation named FIXEMI, where the anthropogenic

and biomass-burning emissions were kept constant dur-

ing all the simulation and equivalent to the year 2000

(i.e., with no interannual variability of the emissions).

Additionally, to compare the different simulations, the

chemistry and the dynamics have been decoupled, such that

there is no direct interaction and feedback between the atmo-

spheric composition of the gas phase and aerosol particles

with the dynamics of the atmosphere.

Accordingly, both simulations follow the same (i.e., binary

identical) dynamics and meteorology; i.e., the CCM is used

as a chemistry-transport model. The model dynamic has been

weakly nudged (Jeuken et al., 1996; Jöckel et al., 2006) to-

wards the analysis data of the European Centre for Medium-

Range Weather Forecasts’ (ECMWF) operational model to

represent the actual day-to-day meteorology in the tropo-

sphere, which allows a direct comparison of the simulations

results with observations.

Although the simulations cover the period 2000–2010, the

first year is used as spinup time, and the results of this work

are based on 10 years of data (2001–2010). Additionally, the

submodel SORBIT (Jöckel et al., 2010) was used to sample

the AOD at the correct local time of the satellite overpass.

Hence, we can neglect any influence of the diurnal cycle in

the comparisons performed in the next sections.

3 Remote sensing data

In this work, observations from three different satellite sen-

sors have been analyzed independently. Specifically, the fol-

lowing satellite data sets have been used:

– The Multi-angle Imaging SpectroRadiometer (MISR)

instrument (Diner et al., 1998) is located onboard the

Terra satellite and has been operational since Febru-

ary 2000. The instrument is designed to measure the

solar radiation reflected by the Earth–atmosphere sys-

tem by a multiple camera configuration (four forward,

one nadir, and four backward at viewing angles of 70.5,

60.0, 45.6, 26.1, and 0◦). Each camera measures in four

different wavelengths centered at 446 nm (blue), 558 nm

(green), 671 nm (red) and 866 nm (near-infrared). MISR

data are acquired at 0.275×0.275 km2 and 1.1×1.1km2

and aerosol products are derived at 17.6×17.6km2 res-

olution. There is a time difference of 7.5 min between

the first and the last camera to view the exact geo-

graphic position as the satellite flies over. Each path has

a swath width of 360 km with a 16-day repeat cycle.

In this study, Level 3 Component Global Aerosol Prod-

uct version F15 (CGAS-F15) data are used. Specifically

the AOD (aerosol optical depth) retrievals at 558 nm

from the level 2 product are averaged on a monthly

basis and stored on a geographic grid of 0.5◦× 0.5◦.

The validation of MISR AODs over land and ocean

with AERONET (AErosol RObotic NETwork) data has

shown that MISR retrievals are within ±0.05 or ±20 %

of that of AERONET (Kahn et al., 2005, 2010).

– The Moderate Resolution Imaging Spectroradiometer

(MODIS) sensor is also located on the Terra satellite.

In contrast to MISR, the MODIS instrument has only

one nadir-looking camera which measures radiances in

36 spectral bands, from 0.4–14.5 µm, with spatial res-

olutions of 250 m (bands 1–2), 500 m (bands 3–7) and

1000 m (bands 8–36). Daily level 2 (MOD04) aerosol

optical thickness data are produced at the spatial res-

olution of 10× 10km over land, aggregated from the

original 1×1km pixel size. As the swath width is about

2330 km, the instrument has almost a daily global cov-

erage. MODIS aerosol products are provided over land

(Kaufman et al., 1997) and water surfaces (Tanré et al.,

1997) with uncertainties being ±0.05± 0.15×AOD

(Chu et al., 2002; Remer et al., 2008; Levy et al., 2010)

and±0.03±0.05×AOD (Remer et al., 2002, 2005), re-

spectively. In this paper, AOD550 data from the MODIS

level 3 (Col. 051) gridded product are used at a spatial

resolution of 1◦× 1◦. In this work the Deep Blue algo-

rithm products was not used, as does not present any

coverage after the year 2007 in this MODIS version.

Nevertheless, this algorithm allows retrieval from bright

surfaces and therefore could allow a full coverage also

over desert area (Sayer et al., 2013).

– The SeaWIFS (Sea-viewing Wide Field-of-view Sen-

sor) instrument operated on board GeoEye’s OrbView-2

(AKA SeaStar) satellite providing data from Septem-

ber 1997 to December 2010. AODs at different wave-

lengths have been retrieved over land with the use of the

Deep Blue algorithm over land (Hsu et al., 2004, 2006)

and ocean using the SeaWiFS Ocean Aerosol Retrieval

Atmos. Chem. Phys., 15, 5521–5535, 2015 www.atmos-chem-phys.net/15/5521/2015/
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(SOAR) algorithm (Sayer et al., 2012a) at a horizontal

resolution of ∼ 13.5km. Here, SeaWiFS v004 level 3

AOD550-gridded data are used at a spatial resolution of

1◦× 1◦ following (Hsu et al., 2012). Validation studies

of SeaWIFS’ AOD550 with ground-based observations

from AERONET and data from other satellite sensors

indicate an absolute expected error of±0.03±15% over

ocean and ±0.05+±20 % over land at 550 nm (Sayer

et al., 2012a, b).

In addition to the satellite observations, AOD from station

observations are also used in this work. The AOD observa-

tions have been obtained from the global AErosol RObotic

NETwork (AERONET Holben et al., 1998; Dubovik et al.,

2000). The solar extinction measurements are used to cal-

culate the aerosol optical depth with an accuracy of about

±0.01 AOD units (Eck et al., 1999). The cloud-screened

quality-assured level 2 AOD data used in this work were ob-

tained from the website http://aeronet.gsfc.nasa.gov/cgi-bin/

combined_data_access_new, and contain AOD daily aver-

ages. Furthermore, the AOD at 550 nm was calculated from

the AOD values reported at 870 and 440 nm by using the

information of the Ångström exponent (see Eqs. 1 and 2,

de Meij et al., 2012b).

4 Model evaluation and AERONET observations

comparison

The model AOD product was extensively evaluated already

in a number of publications (Pringle et al., 2010a; de Meij

et al., 2012b; Pozzer et al., 2012; Astitha et al., 2012). Impor-

tant for this work is the study of Pringle et al. (2010b), which

used the same water uptake coefficients used here. Pringle

et al. (2010b) has shown that there is both qualitatively

and quantitatively good agreement of aerosol hygroscopicity

(and hence water uptake) with measurement campaigns all

over the world. Pringle et al. (2010b) included comparison of

the modeled values with surface concentrations and vertical

profiles (available from several campaigns). This agreement

provides us with confidence that the representation of wa-

ter uptake of the aerosol particles in the model is sufficiently

credible to draw conclusions from temporal trends.

In this section, we therefore compare briefly the model

with AERONET observations to confirm the previous find-

ings. Additionally, in this work the AERONET data are

purely used for evaluation of the model performance, but no

AOD trends will be estimated and compared with the model,

as this was already performed by de Meij et al. (2012b).

As shown in Fig. 1, the model reproduces the AOD ob-

served by AERONET within a factor of 2 in 73.5 and 72.9 %

of the cases for BASE and FIXEMI, respectively. When the

observed AODs are compared to the simulated AODs, it is

interesting to notice that both simulations show similar lin-

ear fit: the correlation coefficients (0.57 and 0.52 for BASE

and FIXEMI, respectively) and the bias (0.02 and 0.03 for

Figure 1. Scatter plot of observed (AERONET) and simulated daily

AOD. The model is sampled in the same temporal/spatial location of

the observations. The colored lines represent the linear fit, with the

coefficient listed in the figure: blue – model results from simulation

FIXEMI; red – model results from simulation BASE.

BASE and FIXEMI, respectively) are very similar while the

slope is almost equal to 1 for both simulations. This implies

that the average global observed and calculated AODs do not

vary significantly during 2001 and 2010, which corroborates

the study by Chin et al. (2014). It also indicates that both

simulations are in general able to reproduce the overall max-

ima/minima, although BASE shows slightly better agreement

for correlation and slope of the linear fit. However, large dif-

ferences are found in the AOD trends on a regional scale be-

tween BASE and FIXEMI, and this will be further discussed

in the next sections.

5 AOD trends

5.1 AOD trends – geographic patterns

In Fig. 2 the global trends observed by MODIS, MISR and

SeaWIFS instruments are shown. A simple linear model has

been applied to estimate the trends following the work of

(Weatherhead et al., 1998): Yt = µ+ωXt+ St+Nt, where

Yt, µ, ω andXt denote the monthly time series, the offset, the

trend (i.e., AOD yr−1), and the years of the time series (Xt =

t/12 with t as month), respectively. St is a seasonal compo-

nent representing the effect of the seasonal variations in the

trends estimates, while Nt is the residual term of the interpo-

lation. The seasonal component we have taken into account

is based on the Fourier series as proposed by Weatherhead

et al. (1998, 2002) with St =
∑4
j=1[β1,j sin(2πjt/12)+

β2,j cos(2πjt/12)]. A statistically significant trend at 95 %

confidence level is defined by the absolute value of the ratio

of the trend to its standard deviation which is larger than two

www.atmos-chem-phys.net/15/5521/2015/ Atmos. Chem. Phys., 15, 5521–5535, 2015
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Figure 2. Linear trend between 2001 and 2010 in 10−2 year−1 from

different satellite instrument. The gray area means that less than six

observations for each year were present, while white area means

that not retrieval is present. Locations with trend significant at the

95 % level are covered with the + symbol.

(Tiao et al., 1990; Weatherhead et al., 1998), with the stan-

dard deviation of the trend estimated again with the approach

of Weatherhead et al. (1998, Eq. 2). Finally, no trends were

calculated for locations with less than six data points for each

year between 2001 and 2010 (gray area in Fig. 2).

It is clear that trends from monthly averages of level 3 data

should be interpreted with caution, as the monthly averages

are calculated independently of the representativeness of the

data sampled. The sampling of actual retrievals is highly non-

uniform in space and time, even at the resolution of the prod-

ucts used in this work (Kahn et al., 2009). Therefore, espe-

cially in the case of locations with very high frequencies of

cloud-covered sky, the monthly averages could be calculated

based on the value of few observations for each month.

As already shown by de Meij et al. (2012a), “significantly

negative trends are present over Europe and North America,

whereas over South and East Asia they are mostly positive”.

More specifically, both MISR and SeaWIFS show a signifi-

cant decrease over North America and part of Europe that is

smaller than what was observed by MODIS. A strong, sig-

nificant increase is instead visible over Saudi Arabia for both

MISR and SeaWIFS. MODIS presents a much better spatial

coverage (due to the almost daily global coverage), showing

a strong reduction of the AOD in the decade 2001–2010 espe-

cially over the eastern US, Europe, and biomass-burning re-

gions, such as central Africa and Southeast Asia. The south-

ern Arabian peninsula shows a significant increasing trend,

although this is not shown directly by MODIS, as the stan-

dard Dark Target product does not present aerosol informa-

tion over bright surfaces, such as deserts and ice. Although

the Deep Blue algorithm corrected this deficiency, no data

are available after the year 2007 in the version of the MODIS

data used in this work; therefore no trends can be calculated

from the MODIS Deep Blue data set and this product is not

used in this work.

In Fig. 3 the trends are estimated for both simulations

(FIXEMI and BASE), using the same method as for the

remote-sensed observations. For both model simulations,

AOD data are sampled at the same co-located time of the ob-

servations, thanks to the submodel SORBIT (Sample along

satellite ORBIT, Jöckel et al., 2010), following the trajecto-

ries of the platform TERRA (on which MODIS and MISR

instruments are on board) and OrbView-2 (with the SeaW-

IFS instrument on board).

The model presents some discrepancies on developing re-

gion and over regions strongly influenced by biomass burn-

ing. On the other side, the sign of the trends is correctly

reproduced over North America and Europe. The tenden-

cies over North America and Eastern Europe are consistent

with the results of various studies based on trend analysis

of satellite-retrieved AOD (e.g., Zhang and Reid, 2010; Hsu

et al., 2012; Yoon et al., 2014). Since the satellite-retrieved

AOD data, which have been used in most of the trend analy-

ses, are only available under cloud-free conditions, the trend

estimates based on the cloud-free AOD products can be bi-

ased due to insufficient retrievals in cloudy seasons (Yoon

et al., 2014). It must also be underlined that the simulation

data are not screened for cloudy conditions, as is done for the

satellite data, but represent aerosol optical properties at all

times. However, due to the relative-humidity-limited aerosol

water uptake, a large overestimation of AOD due to the high

water available for aerosol growth in cloudy conditions is not

expected. Nevertheless, the cloudy conditions contribute to

AOD values at the upper edge of the extinction probability

density function.

In the model results, a significant increase of AOD both

in simulations BASE and FIXEMI can also be observed over
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Figure 3. Linear trend between 2001 and 2010 in 10−2 year−1 for simulations FIXEMI and BASE (left and right column respectively)

estimated using the output of the submodel SORBIT, i.e., at the correct overpass time of the TERRA and OrbView-2 platform.

the Arabian peninsula; this was confirmed by the observa-

tions. In addition, a strong significant increase during the

decade 2001–2010 is observed over East Asia, which is how-

ever not fully corroborated by the observations. The strong

decreasing trend over the tropical/southern Africa is not well

reproduced by the model.

The model results from simulation data FIXEMI (see

Fig. 3, left plots) do not show significant trends both in Eu-

rope and the northern US, while they still do present sig-

nificant trends both in northern Africa (Sahara Desert) and

Southeast Asia.

Discrepancies between simulation BASE and MODIS ob-

servations are clearly observed in central Africa and South

America. Nevertheless this is not corroborated by other satel-

lite observations. On the contrary, both MISR and SeaWiFS

present in this region not enough observations to estimate

a trend. This points out the large effect that clouds have on

these regions and the possible influence on the remote-sensed

data. Therefore these regions will not be analyzed in detail,

as observational data sets could be contaminated (Yoon et al.,

2012).

5.2 AOD regional trends

The global analysis of the AOD trends discussed in the previ-

ous section revealed regions of interest where the trends from

either satellite instruments or model simulation BASE are

significant and require further investigation. The seven se-

Figure 4. Regions used in this work.

lected regions are eastern United States (EUS), western Eu-

rope (WE), Sahara Desert (SD), the Middle East (ME), South

Asia (SA), eastern China (EC), and Southeast Asia (SEA) (il-

lustrated in Fig. 4). In addition, three more regions have been

included for completeness, i.e., the Northern Hemisphere

(NH), Southern Hemisphere (SH), and the whole globe (GL).

The regional trend analysis is illustrated with scatter plots

that show the comparison between the model and the satel-

lite AOD trends (Fig. 5), each point representing the regional

mean trend for the respective regions. Additionally, temporal

time series both for observations and model results are in-

cluded in the Supplement, together with trends estimated for

different meteorological parameter particularly relevant.
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Figure 5. Linear trend between 2001 and 2010 in %year−1 by regions from model and satellite observations. The trends estimated by

observations are on the x axis. The trends estimated by simulations are on the y axis. The letters define the regions. The bars represent the

2σ (i.e., 2 standard deviations) of the trends: top – data from MODIS data set; middle – data from MISR data set; bottom – data from the

SeaWiFS data set; left – data from simulation FIXEMI; right – data from simulation BASE.

The two model simulations (FIXEMI, BASE) are equally

important in investigating the effect of decadal emission

changes during 2001–2010. By comparing the two model

simulations, we obtain useful information about the con-

tribution of the emissions to the positive or negative AOD

trends. The first evident conclusion is that the trends calcu-

lated from the BASE simulation (varying emissions) com-

pare well with the satellite trends in contrast with the FIX-
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EMI simulation (constant emissions). The correlation coeffi-

cients for the BASE-satellite trends range between 0.73 and

0.87, whereas for the FIXEMI the values are significantly

lower (0.32–0.41). This result alone gives a first insight on

the importance of the emissions variation of the AOD within

the time period under analysis.

Focusing on the target regions, over western Europe (WE)

the AOD trends are negative by the model simulations

and the satellite retrievals, with BASE being closer to the

satellite-based trend. This is related to the influence of the

anthropogenic emissions regulation imposed in western Eu-

rope that resulted in a decrease of the atmospheric aerosol

load during the decade 2001–2010 (Vestreng et al., 2007,

2009). The same applies to the eastern US (EUS) with re-

sults by simulation BASE and observed AOD having a neg-

ative trend. Nevertheless, the model overestimates the nega-

tive trend by MISR and SeaWIFS and correlates better with

the MODIS retrievals.

A common pattern appears in the AOD trends for the cli-

matically sensitive region of the Middle East (ME) by the

model simulations and satellite data. The positive trends cal-

culated from the observations (the three satellite products

agree) are somewhat higher than predicted by the model,

which shows a slightly positive trend in both simulations

(BASE and FIXEMI). This means that the variation in the

anthropogenic and biomass-burning emissions did not affect

the AOD trend in this region, (see FIXEMI results) which

is mostly affected by desert dust emissions and the dynamic

factors that control dust transport and deposition. Moreover,

the dust emissions were prescribed off-line in the model, i.e.,

independent of the wind fields and therefore independent of

the meteorological conditions and without any interannual

variability. Therefore, the positive trends in this region can

be attributed to the decrease in the precipitation and the con-

sequent reduction of wet scavenging of dust particles, phe-

nomena already observed by several authors for the decade

2001–2010 (e.g., Shehadeh and Ananbeh, 2013; Philandras

et al., 2011).

The latest is confirmed by the precipitation trends cal-

culated from the model results, which is shown in Fig. 6.

Clearly the region over North Africa presents negative pre-

cipitation trends which influence the dust deposition and its

transport. Further confirmation is by the Global Precipitation

Climatology Project (GPCP), which shows a strong decrease

in precipitation over the Middle East during the period 2007–

2010 (not shown). Finally, despite the increasing AOD trend

in the region simulated by the model, this is still lower than

what is estimated by the observations, due to (i) the con-

stant emissions which do not include enough variability in

the source areas (Astitha et al., 2012), and (ii) lower precip-

itations decrease in the model simulations than the observed

one for the period 2007–2010.

The same behavior is found for the Sahara Desert (SD)

region, where the AOD trends remain unchanged between

the two model simulations (i.e., implying a meteorological

Figure 6. Linear trend in % year−1 for surface precipitation in both

simulations BASE and FIXEMI.

driven trend), which can be attributed to the decrease pre-

cipitation over North Africa (see Fig.6). The trends observed

by the satellites exhibit a small variation (for MODIS it is

slightly negative; for MISR and SeaWIFS it is slightly pos-

itive) which can be attributed to the different algorithm as-

sumptions (Kahn et al., 2007, 2009), calibration methods,

and differences in the aerosol models used to construct the

lookup tables in the retrieval algorithms (Abdou et al., 2005).

Nevertheless, the difference in the trends is very small con-

sidering the high total AOD values in this region.

For South Asia (SA) and eastern China (EC), the improved

temporal correlation coefficients by the BASE simulations

with the satellite trends shows the importance of the variabil-

ity in the emissions compared to the constant emission as-

sumption. The sign of the trend changes from negative (FIX-

EMI) to positive (BASE) in the two simulations, which is

due to the increased emissions of the fast-developing coun-

tries like China and India. The high positive trends mod-

eled by simulation BASE over EC deviate from the satellite

trends; this can be explained by the influence of desert dust

aerosols that is not accurately represented by the model simu-

lations. In fact, the MODIS trends for the entire EC region are

slightly negative, whereas the sign is positive by both MISR

and SeaWIFS (see Fig. 5). This could be attributed to uncer-

tainties in the AOD retrieval, e.g., sensor calibration status,

retrieval accuracy, and cloud contamination. In addition, in-

sufficient sampling not reflecting actual data population due

to different sampling times, limited orbital periods, and cloud

occurrence, which can be serious over polluted and cloudy

areas, could be another reason for differences between the

trends estimated from satellite observational data sets (see

Yoon et al., 2012, 2014).

In Southeast Asia (SEA), the model (sampled on the

TERRA platform overpass) calculated a statistically signif-

icant negative trend in FIXEMI (−1.77±0.6 %yr−1) caused

by changes in the meteorological conditions. Interestingly,

this trend is enhanced in BASE (−3.03± 1.65 %yr−1, not

significant) due the decrease of biomass -burning emissions

(Yoon and Pozzer, 2014) during this decade in the region.
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Figure 7. AOD changes between 2001 and 2010 for different regions and species calculated from model results of simulation BASE. The

error bars depict 2 standard deviations.

Therefore, AOD trend in this region seems to be caused both

by meteorological and emissions changes during the decade.

Finally, the model presents a significant negative trend in

the in the Northern Hemisphere (NH) and globally (GL).

These trends are also calculated for MODIS and MISR in-

struments for the same regions, although the results are not

significant. Interestingly, in the simulation FIXEMI, no sig-

nificant trend is detected for the NH, which is emissions

driven, while a significant decrease is estimated for the

Southern Hemisphere (SH) and globally (GL).

6 Effects of aerosol components in modeled AOD

trends

In this section, the main causes of positive/negative trends

in the regions of interest are analyzed. The trends for each

of the regions defined in Sect. 5.2 are decomposed by esti-

mating the AOD trends for the different aerosol components

(see Fig. 7 and Table 1): black carbon (BC), organic carbon

(OC), dust (DU), aerosol water (H2O), sea salt (SS) and wa-

ter soluble compounds (WASO, i.e., all water soluble inor-

ganic ions). Additionally, in this section, the full model out-

put was used, so that the results are based on the full 10-year

model results.

In general, aerosol water content has the largest contribu-

tion to the total AOD with the notable exception of desert

area where dust dominates and therefore must be considered

as the most effective extinction component in the aerosol pol-

luted atmosphere (Gao, 1996). De Meij (2012b) found that

over Europe and North America, the associated aerosol wa-

ter contributes around 40–45 % to the total AOD.

In the eastern part of the US and in the western part of Eu-

rope, a decrease in the WASO components (i.e., ammonium,

nitrate, and sulphate) is found during the decade 2001–2010.

Additionally, since the aerosol water uptake efficiency and

consequently, the aerosol water content is decreased by the

decrease presence of the WASO components, the negative

AOD trends are further amplified. This highlights the fact

that the observed AOD trends depend on the reduction in

the emissions (van Vuuren et al., 2007; Vestreng et al., 2007,

2009), but also on the nature of the aerosols. The WASO-

H2O relationship was analyzed by de Meij et al. (2012b),

both for the EMAC model and the observations for differ-

ent regions. They showed that, in Europe, the WASO aerosol

contributes about 37 % to the yearly mean and the associated

aerosol water 45 %, respectively. In North America the inor-

ganic part contributes 30 to 40 % to the total AOD and the

associated aerosol water 40 %.

Over SD and the ME the positive AOD trends are mainly

caused by an increase of the natural dust. The WASO compo-

nents reduce the total AOD trends in these regions due to the

lower anthropogenic aerosol transport from Europe into this

region. This results in a lower aerosol water content which

also reduces the total AOD trends. The increase of the natural

dust component to the total AOD does not only compensate

for this reduction but also exceeds it, causing, as mentioned

before, an overall positive trend over the desert-covered re-
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Table 1. Regional trend estimates of BASE-based AODs, i.e., total, black carbon (BC), organic carbon (OC), dust (DU), water soluble

(WASO), H2O, and sea salt AODs, in 10−3 year−1. One standard deviation is also shown. Bold type indicates the significant trend within

95 % of confidence levels.

Region total BC OC DU WASO H2O SS

(a) EUS −5.542± 0.489 −0.034± 0.002 −0.033± 0.033 −0.004± 0.019 −1.337± 0.112 −4.111± 0.434 −0.022± 0.016

(b) WE −4.674± 0.619 −0.042± 0.003 −0.098± 0.016 −0.065± 0.282 −0.923± 0.144 −3.498± 0.408 −0.046± 0.011

(c) SD +1.299± 0.611 −0.000± 0.002 −0.018± 0.016 +1.927± 0.609 −0.272± 0.88 −0.325± 0.199 −0.009± 0.006

(d) ME +0.587± 0.484 +0.009± 0.001 −0.025± 0.007 +0.754± 0.316 −0.079± 0.070 −0.070± 0.260 −0.001± 0.001

(e) SA +1.524± 0.876 +0.011± 0.006 +0.001± 0.040 −0.489± 0.263 +0.818± 0.209 +1.236± 0.564 −0.054± 0.023

(f) EC +5.403± 1.749 +0.099± 0.017 +0.012± 0.121 −0.410± 0.188 +0.897± 0.317 +4.850± 1.488 −0.046± 0.015

(g) SEA −2.753± 1.474 −0.050± 0.037 −0.363± 0.301 −0.027± 0.012 −0.300± 0.197 −1.907± 0.911 −0.104± 0.035

(h) NH −0.798± 0.247 −0.005± 0.002 −0.062± 0.030 −0.018± 0.037 −0.126± 0.038 −0.565± 0.166 −0.020± 0.004

(i) SH −0.164± 0.139 +0.001± 0.003 +0.009± 0.033 −0.017± 0.005 +0.013± 0.029 −0.143± 0.075 −0.027± 0.004

(j) GL −0.481± 0.140 −0.002± 0.002 −0.026± 0.023 −0.018± 0.017 −0.056± 0.022 −0.354± 0.094 −0.024± 0.002

gions. The decrease of WASO components in these regions,

potentially increases the aerosol lifetime due to the miss-

ing coating effect (e.g., sulphate particles over dust) which

makes the particles less susceptible for wet removal. This ef-

fect plays only a minor role here, as the AOD trends in the

FIXEMI and BASE simulations are similar, implying that the

trends are strongly dominated by meteorological factors, i.e.,

the decrease in precipitation as described in Sect. 5.2 and

shown in Fig. 6.

The simulation with the BASE scenario for SA and EC

(see Fig. 7) reveals a reverse situation. The highly soluble

WASO components and the water content exhibit a posi-

tive AOD trend while the dust component exhibits a nega-

tive trend with the overall AOD trend being positive in these

two regions. The trends of the WASO components are very

similar for the two regions, while the aerosol water content

trend over eastern China is nearly 3 times that of South Asia.

This is due to the higher relative humidity over eastern China

with respect to South Asia (∼ 73 and ∼ 59 %, respectively,

for the 2001–2010 average) which causes a more effective

water uptake due to the exponential relationship between wa-

ter uptake and relative humidity.

Finally, over SEA, the negative AOD trends are due to

the decrease of all aerosol components (see Table 1). Dust

and sea salt, however, show a significant decrease, implying

trends driven by meteorological conditions. In particular, this

trend is enhanced by the decrease of the aerosol water con-

tent (also significant), which is mostly due to the decrease

of the highly soluble sea salt. Nevertheless, the BC/OC de-

crease (due to biomass-burning decrease in the region dur-

ing the 2001–2010 decade) enhances the negative trends by

≈ 0.4× 10−3 yr−1. Therefore the total trend in this region

(≈ 2.75×10−3 yr−1) is a combination of a meteorological ef-

fect and a decrease of the biomass-burning emissions. How-

ever, it is unclear what meteorological parameter is driving

such a trend in the region. In fact, the only significant de-

tectable trends in the simulation is a decrease of wind speed

at the surface (see Supplement), which could possibly de-

crease the transport of sea salt from the open ocean to this

region and consequently the water contribution to the AOD,

as sea salt is highly hydrophilic.

Finally, the NH presents a decreasing significant trend

(−0.798±0.247 10−3yr−1) 70 % of which caused by the wa-

ter uptake decrease. Interestingly, on a global scale (GL, see

Fig. 7 and Table 1) the same proportion is kept, with water

contributing by 73 % to the total (significant) AOD decrease.

7 Conclusions

In this work, the AOD was simulated for a period of 10 years

(2001–2010) with the EMAC Chemistry General Circulation

Model. AODs from AERONET stations were used to evalu-

ate the model results prior to the calculation of the global and

regional AOD trends. Satellite retrievals from MODIS, Sea-

WiFS and MISR have subsequently been used to estimate the

AOD trends and compare them with the simulated results.

The trends in the aerosol extinction are qualitatively repro-

duced over North America, Eastern Europe, North Africa,

and the Middle East, while some discrepancies are found

over other regions. Seven regions of interest are selected to

conduct a regional analysis, based on the strength of the sig-

nal from both model and satellite AOD trends.

The main objective of this work is to identify the causes of

the decadal AOD trends for the designated regions of interest

by decomposing the AOD trends into its aerosol components

trends. Therefore, two simulations have been performed to

address the research objective; one with changing and one

with constant emissions, using identical same atmospheric

dynamics. The differences between the two simulations show

that the observed AOD increases in the model over the Mid-

dle East and North Africa are due to meteorological effects

as a strong increase in the dust component of the AOD is

found in both simulations for those regions. However, these

results are obtained without any online dust emissions cal-

culation, but rather with fixed prescribed monthly emissions.

Therefore this AOD increase could be enhance or dampened

if interactive dust emissions were calculated. Over the east-
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ern US and western Europe, significant decreasing trends are

deduced from the model simulation only when realistic, de-

creasing emissions in the decade 2001–2010 are included.

This indicates the strong influence of anthropogenic emis-

sions on aerosol load and the related AOD. Consequently, it

can be confirmed that in the eastern US and western Europe,

the AOD decrease is purely driven by emissions reduction

policies.

For South Asia and eastern China, the AOD trend is pos-

itive both from model results and satellite observations. The

differences between the two model simulations identify that

the AOD is increasing due to a combination of changes in the

anthropogenic emissions, and the meteorological conditions

in the denoted areas. Finally, for Southeast Asia, the decreas-

ing trends are due to the decrease in the biomass-burning

emissions and the meteorological conditions; here, the purely

meteorological trend contributes approximately 50 % of the

total AOD trend. The role of natural aerosols (i.e., desert

dust) has proven to be significant for the Middle East and

North Africa and non-negligible for China and South Asia.

Future work in this area would include the online production

of dust and sea salt emissions during the simulation time in

order to identify the effects of meteorology in the dust com-

ponent AOD by introducing emission variability for both sea

salt and dust in the model. Even though the existing parame-

terizations for emissions of natural species hide a number of

uncertainties, the comparison with the AOD trends that re-

sults from off-line prescribed inventories will identify the rel-

ative importance of the two methods (e.g., if the AOD trend

from dust changes significantly). Finally, the use of a newly

developed data set of remote-sensed observations (such as

the MODIS collection 6) could improve the reliability and

agreements of these data sets and decrease artificial trends

due to calibration (Lyapustin et al., 2014).

The Supplement related to this article is available online

at doi:10.5194/acp-15-5521-2015-supplement.
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