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Abstract. The Aerosol Robotic Network (AERONET) has

been providing high-quality retrievals of aerosol optical

properties from the surface at worldwide locations for more

than a decade. Many sites have continuous and consistent

records for more than 10 years, which enables the investi-

gation of long-term trends in aerosol properties at these lo-

cations. In this study, we present the results of a trend ana-

lysis at selected stations with long data records. In addition to

commonly studied parameters such as aerosol optical depth

(AOD) and Ångström exponent (AE), we also focus on in-

version products including absorption aerosol optical depth

(ABS), single-scattering albedo (SSA) and the absorption

Ångström exponent (AAE). Level 2.0 quality assured data

are the primary source. However, due to the scarcity of level

2.0 inversion products resulting from the strict AOD qual-

ity control threshold, we have also analyzed level 1.5 data,

with some quality control screening to provide a reference

for global results. Two statistical methods are used to de-

tect and estimate the trend: the Mann–Kendall test associated

with Sen’s slope and linear least-squares fitting. The results

of these statistical tests agree well in terms of the signifi-

cance of the trend for the majority of the cases. The results

indicate that Europe and North America experienced a uni-

form decrease in AOD, while significant (> 90 %) increases

in these two parameters are found for North India and the

Arabian Peninsula. The AE trends turn out to be different

for North America and Europe, with increases for the for-

mer and decreases for the latter, suggesting opposite changes

in fine/coarse-mode fraction. For level 2.0 inversion param-

eters, Beijing and Kanpur both experienced an increase in

SSA. Beijing also shows a reduction in ABS, while the SSA

increase for Kanpur is mainly due the increase in scattering

aerosols. Increased absorption and reduced SSA are found at

Solar_Village. At level 1.5, most European and North Amer-

ican sites also show positive SSA and negative ABS trends,

although the data are more uncertain. The AAE trends are

less spatially coherent due to large uncertainties, except for a

robust increase at three sites in West Africa, which suggests

a possible reduction in black carbon. Overall, the trends do

not exhibit obvious seasonality for the majority of parame-

ters and stations.

1 Introduction

Atmospheric aerosols have been recognized as an important

climate forcing agent (Charlson et al., 1992) and play a crit-

ical role in global climate change (IPCC, 2013). The cli-

mate effect of aerosols is determined by their optical prop-

erties, including scattering and absorption. Changes in these

properties will thus alter the radiative forcing of aerosols.

Therefore, understanding the space–time variability of these

optical properties is essential in order to quantify the role

of aerosol in recent climate variability and climate change.

Therefore, long-term trends are of particular interest, because

they help us understand the global and regional cycling of

different aerosol species of both natural and anthropogenic

origin, as well as validate emission inventories and the rep-

resentation of aerosols in climate models. Aerosol trends are

also critical in resolving the change in surface radiation bal-

ance over the past few decades, such as global brightening
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found over multiple locations in Europe and North America

(Wild et al., 2005; Wild, 2009).

Previously, many studies have investigated long-term

trends in aerosol loading and related parameters using satel-

lite or ground-based remote sensing data or in situ mea-

surements. Mishchenko et al. (2007) reported a global de-

cline in aerosol optical depth (AOD) found in AVHRR re-

trievals since the 1990s. Zhang and Reid (2010) studied

regional AOD trends using MODIS and MISR over wa-

ter product and revealed regional differences in the trends.

Xia (2011) analyzed AOD trends using Aerosol Robotic Net-

work (AERONET) data at 79 locations and found signifi-

cant decreases over North America and Europe. Other stud-

ies have analyzed trends in visibility as an aerosol proxy

(e.g., Mahowald et al., 2007; Wang et al., 2009; Stjern et

al., 2011) or inferred aerosol trends from solar radiation

(e.g., Wild, 2009, 2012). Most of the above studies fo-

cused on the primary aerosol loading indicator – the opti-

cal depth. A few also included the Ångström exponent (AE).

However, the trends in other aerosol properties, particularly

aerosol absorption, scattering and single-scattering albedo,

remain less well known, which is partly attributed to the diffi-

culty in retrieving these variables using remote sensing tech-

niques. Yet aerosol absorption and single-scattering albedo

are equally or even more important in determining aerosol

forcing. Changes in these quantities impact heavily on both

aerosol direct effect and aerosol–cloud interaction. Recently,

Collaud Coen et al. (2013) analyzed long-term trends in

aerosol scattering and absorption coefficients using in situ

measurements at US and European locations. Their study

indicated significant reduction in scattering coefficients for

both the US and Europe, with less significant reduction in

absorption coefficients. These results both improve our un-

derstanding of changes in aerosol optical properties and pro-

vide an assessment of emission reduction policies. Atmo-

sphere inversion products from AERONET (Holben et al.,

1998; Dubovik and King, 2000; Dubovik et al., 2006) involve

column retrievals of aerosol scattering and absorption, which

complement in situ measurements in providing column opti-

cal information. In addition, the AERONET network is much

more extensive, covering many important aerosol source re-

gions such as Africa, South America and Asia. As a result,

an analysis of long-term trends revealed by AERONET mea-

surements is desirable to better understand the recent changes

in aerosol properties over worldwide locations.

A major difficulty in using AERONET inversion products

for trend analysis is the uncertainty of the measurements. The

accuracy of the retrievals was analyzed in extensive sensitiv-

ity studies by Dubovik et al. (2000). Based on the results of

these studies, Dubovik at al. (2002) recommended a set of

criteria for selecting the high-quality retrieval of all aerosol

parameters, including aerosol absorption. These recommen-

dations were adapted as part of quality assurance criteria ap-

plied to produce the quality-assured level 2.0 inversion prod-

uct (Holben et al., 2006). One of the adapted criteria excludes

all cases with AOD< 0.4, because Dubovik et al. (2000) in-

dicated a significant decrease in accuracy of retrieved aerosol

parameters with decreasing aerosol optical thickness. For ex-

ample, the accuracy of the single-scattering albedo (SSA) re-

trieval dropped from 0.03 to 0.05–0.07 for AOD values of 0.2

and less. However, the observations with AOD< 0.4 actually

represent the bulk of the data for many stations. As a conse-

quence of this AOD screening, very few stations have long-

term, consistent level 2.0 inversion products available. Since

there is no other data set with comparable accuracy and cov-

erage, we have therefore also included level 1.5 data for the

SSA, absorption aerosol optical depth (ABS) and absorption

Ångström exponent (AAE) parameters using the AERONET

quality screening, except for the AOD threshold, to provide a

reference global result. Moreover, due to gaps in many data

records and the non-normal distribution of some parameters

(AOD and ABS), caution must be taken when using statis-

tical methods to estimate the magnitude and significance of

trends.

In this study, we focus on AERONET level 2.0 AOD and

AE retrievals from 90 stations and level 2.0 inversion prod-

ucts from 7 stations. Level 1.5 inversion data at 44 additional

stations are also analyzed. Two statistical methods, namely

the Mann–Kendall test and linear least-squares fitting, are

used to detect the trends in order to improve the robustness

of the results.

The paper is organized as follows: Sect. 2 introduces the

AERONET data and describes data selection/quality control

criteria. Section 3 introduces the analysis techniques with

some examples. Section 4 presents the trends for the five pa-

rameters in three subsections: level 2.0 AOD and AE; level

2.0 SSA, ABS and AAE; and level 1.5 SSA, ABS and AAE.

Discussion of the results is provided in Sect. 5, followed by

a summary of the major findings in Sect. 6.

2 AERONET data

The Aerosol Robotic Network (Holben et al., 1998) provides

high-quality measurements of major key aerosol optical pa-

rameters at over 400 stations globally. The direct solar radi-

ation is used to calculate columnar AOD at ±0.01 accuracy

for the visible channels. Direct and diffuse measurements can

also be inverted to retrieve other properties, including SSA

and ABS (Dubovik and King, 2000; Dubovik et al., 2006).

The AOD, ABS and SSA used in the trend analysis are at

440 nm. The AE and AAE parameters are from the standard

AERONET product, which are derived using AOD and ABS

measurements at all four wavelengths in the [440, 870] nm

interval, respectively, to provide information on aerosol size

and composition. The data are obtained from the version 2

level 2.0 direct measurements for AOD and AE, and level

2.0 and level 1.5 inversion products for the other parameters.

For the purpose of our long-term trend study, we select

stations purely based on the availability of an extensive data
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Figure 1. Locations of the stations selected for this study. 905	  
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Figure 1. Locations of the stations selected for this study.

record. Specifically, we first calculate monthly medians of

the parameters using all-point measurements. The reason for

using the median instead of the mean is that many optical pa-

rameters such as AOD and ABS do not follow a normal dis-

tribution, in which case the median is a better representation

than the mean. A monthly median is considered valid only

if there are more than five measurements for that month. To

ensure a continuous time series, we require the data record

to have at least 6 years of measurements, with no less than

nine monthly data points for each year during the 2000 to

2013 period. For the direct sun measurement, 90 stations are

selected. For the inversion product, only seven stations have

qualified level 2.0 data, and they are mostly located in heavily

polluted regions in the Northern Hemisphere. The level 2.0

quality assurance for the inversion product enforces several

thresholds. In particular, only measurements made at solar

zenith angle > 50◦, sky error < 5 % and 440 nm AOD> 0.4

are considered accurate (Holben et al., 2006). However, the

AOD threshold excludes the majority of the stations, espe-

cially those located in North America, Europe and the South-

ern Hemisphere, where AOD is usually low. For a prelimi-

nary examination of changes in aerosol absorption properties

worldwide, which is still limited in the literature, we make

use of level 1.5 data with some screening. Specifically, the

solar zenith angle and sky error requirements are applied to

all-point level 1.5 measurements, but not the AOD threshold.

Also, we only select level 1.5 data when there were coinci-

dent (within ∼ 1 min) level 2.0 AOD data available. This en-

sures the accuracy of input sky radiances. Forty-four level 1.5

stations are then selected, covering most of North America,

Europe and some places in the Southern Hemisphere. The

locations and number of available monthly medians used for

the analysis are listed in Table 1 (AOD and AE) and Table 2

(SSA, ABS and AAE). The distributions of the stations are

displayed Fig. 1. All stations in Fig. 1 are used for AOD and

AE analysis, the stations marked in green are also used for

level 2.0 SSA, ABS and AAE analysis, and those marked in

yellow are used for level 1.5 analysis.

3 Trend analysis methods

Detecting trends in time series data is a non-trivial task, es-

pecially when many of the parameters are not normally dis-

tributed and autocorrelation associated with seasonality usu-

ally exists in the record. To determine and estimate annual

trends, a two-step approach is used here. First, we apply a

12-month running mean to the deseasonalized data (by re-

moving multi-year averaged seasonal cycle) to manually ob-

serve the underlying smoothed structure. Next, two statistical

methods – the seasonal Mann–Kendall (MK) test associated

with Sen’s slope and linear least-squares fitting of the de-

seasonalized data – are used to further test and estimate the

trends. Moreover, we also estimate the trend using the MK

and least-squares methods for each season in order to exam-

ine whether there is obvious seasonality in the trends. The

two trend analysis techniques are described in the following

two subsections.

3.1 Mann–Kendall test and Sen’s slope

The Mann–Kendall statistical test (Mann, 1945; Kendall,

1975) is a nonparametric test to identify whether monotonic

trends exist in a time series. The advantage of the nonpara-

metric statistical tests over the parametric tests, such as the t

test, is that the nonparametric tests are more suitable for non-

normally distributed, censored and missing data, which are

frequently encountered in the AERONET data record. How-

ever, many time series of aerosol parameters may frequently

display statistically significant serial correlation, especially

those associated with seasonal variability. In such cases, the

existence of serial correlation will increase the probability

that the MK test detects a significant trend (von Storch, 1995;

Yue et al., 2002; Zhang and Zwiers, 2004). It is therefore

necessary to “pre-whiten” the time series by eliminating the

influence of AR(1) serial correlation before performing the

test. Yue et al. (2002) indicate that directly removing the

AR(1) component from the raw time series also removes part

of the magnitude of the trend and proposed a pre-whitening

scheme by first removing the linear trend from the time series

using

X′t =Xt − T =Xt − bt, (1)

where b is the slope of the trend estimated using Sen’s

method (Sen, 1968), and then removing the AR(1) compo-

nent from X′t using

Y ′t =X
′
t − r1X

′

t−1, (2)

where r1 is lag-1 autocorrelation, and finally adding the trend

back using

Yt = Y
′
t + Tt . (3)

The blended time series Y preserves the true trend but is

no longer influenced by the effect of autocorrelation. Fur-

thermore, Hirsch et al. (1982, 1984) extended the MK test
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Table 1. Location, aerosol type, number of months used in the analysis (N ), and trends (decade) for 440 nm AOD and AE at the 90 selected

stations. Bold values indicate trends at 90 % significance level. For least-squares fitting, as the logarithm of some parameters are used, the

trends are only indicated by positive or negative.

Station Longitude Latitude N Mann–Kendall Least-squares fitting

AOD AE AOD AE

N
o

rt
h

A
m

er
ic

a

BONDVILLE −88.4 40.1 132 −0.03 0.3 Negative Positive

BSRN_BAO_Boulder −105.0 40.0 123 −0.01 −0.2 Negative Negative

Billerica −71.3 42.5 107 0.01 0.16 Positive Positive

Bratts_Lake −104.7 50.3 142 0.01 −0.54 Positive Negative

CARTEL −71.9 45.4 124 0.01 0.21 Positive Positive

CCNY −73.9 40.8 117 −0.01 −0.04 Negative Negative

COVE −75.7 36.9 93 −0.01 0.05 Negative Positive

Egbert −79.8 44.2 134 −0.01 −0.14 Negative Negative

French_Flat −115.9 36.8 70 −0.03 0.51 Negative Positive

GSFC −76.8 40.0 166 −0.01 −0.04 Negative Negative

Halifax −63.6 44.6 110 −0.01 −0.21 Positive Negative

Harvard_Forest −72.2 42.5 86 −0.04 −0.13 Negative Negative

Howland −68.7 45.2 88 −0.01 0.17 Negative Positive

La_Jolla −117.3 32.9 103 −0.03 −0.14 Negative Negative

MD_Science_Center −76.6 39.3 149 0.00 −0.10 Positive Negative

Missoula −114.1 46.9 123 0.00 0.20 Positive Positive

Monterey −121.9 36.6 80 −0.01 −0.07 Negative Negative

Railroad_Valley −116.0 38.5 97 −0.00 0.18 Negative Positive

Rimrock −117.0 46.5 140 0.00 0.12 Positive Positive

SERC −76.5 38.9 114 0.00 0.09 Positive Positive

Saturn_Island −123.1 48.8 129 0.02 0.11 Positive Positive

Sevilleta −106.9 34.4 121 −0.01 0.05 Negative Positive

Wallops −75.5 37.9 129 0.01 −0.03 Positive Negative

White_Sands_HELSTF −106.3 32.6 83 0.02 0.01 Positive Positive

S
o

u
th

A
m

er
ic

a Alta_Floresta −56.1 −9.9 148 −0.01 −0.14 Negative Negative

CEILAP-BA −58.5 −34.6 99 0.0 −0.05 Positive Negative

Cordoba-CETT −64.5 −31.5 76 0.01 0.23 Positive Positive

CUIABA-MIRANDA −56.0 −15.7 107 −0.08 −0.18 Negative Negative

La_Parguera −67.0 18.0 132 −0.01 0.04 Negative Positive

Rio_Branco −67.9 −10.0 95 −0.00 −0.11 Negative Negative

1
8

E
u

ro
p

e

Avignon 4.9 43.9 143 −0.02 −0.05 Negative Negative

Barcelona 2.1 41.4 100 −0.07 −0.33 Negative Negative

Belsk 20.8 51.8 101 −0.05 −0.05 Negative Negative

Cabauw 4.9 52.0 104 −0.09 0.02 Negative Negative

Carpentras 5.1 44.1 129 −0.07 −0.13 Negative Negative

Chilbolton −1.4 51.1 90 −0.02 −0.06 Negative Negative

Dunkerque 2.4 51.0 104 −0.07 −0.07 Negative Negative

El_Arenosillo −6.7 37.1 105 −0.01 −0.34 Negative Negative

Evora −7.9 38.6 114 −0.05 −0.05 Negative Negative

FORTH_CRETE 25.3 35.3 101 −0.01 −0.14 Positive Negative

Granada −3.6 37.2 82 −0.03 −0.31 Negative Negative

Hamburg 10.0 53.6 99 0.04 −0.50 Positive Negative

IFT-Leipzig 12.4 51.3 124 −0.05 −0.04 Negative Negative

Ispra 8.6 45.8 114 −0.03 −0.17 Negative Negative

IMS-METU-ERDEMLI 34.3 36.6 124 −0.02 −0.04 Negative Negative

Lecce_University 18.1 40.3 106 −0.06 0.03 Negative Positive

Lille 3.1 50.6 161 −0.04 −0.03 Negative Negative

Mainz 8.3 50.0 98 −0.04 −0.21 Negative Negative
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Table 1. Continued.

Station Longitude Latitude N Mann–Kendall Least-squares fitting

AOD AE AOD AE

Minsk 27.6 53.9 112 −0.01 −0.01 Negative Negative

Moldova 28.8 47 139 −0.01 −0.04 Negative Negative

Moscow_MSU_MO 37.5 55.7 123 −0.03 −0.05 Negative Negative

OHP_OBSERVATOIRE 5.7 43.9 100 −0.03 −0.48 Negative Negative

Palaiseau 2.2 48.7 134 −0.04 −0.02 Negative Negative

Palencia −4.5 42.0 95 −0.00 −0.01 Negative Positive

Paris 2.3 48.9 98 −0.07 0.09 Negative Positive

Rome_Tor_Vergata 12.6 41.8 135 −0.03 0.06 Negative Positive

Sevastopol 33.5 44.6 85 −0.04 −0.33 Negative Negative

Toravere 26.5 58.3 108 −0.04 −0.08 Negative Negative

Toulon 6.0 43.1 72 −0.06 −0.05 Negative Negative

Venise 12.5 45.3 75 −0.04 −0.18 Negative Negative

A
si

a

Beijing 116.4 40.0 135 −0.10 −0.01 Negative Negative

Dalanzadgad 104.4 43.6 106 0.01 −0.32 Positive Negative

Kanpur 80.2 26.5 141 0.08 −0.11 Positive Positive

Karachi 63.1 24.9 69 0.11 0.04 Positive Positive

Hong_Kong_PolyU 114.2 22.3 83 −0.11 0.12 Negative Negative

Mukdahan 104.7 16.6 70 −0.06 −0.17 Negative Negative

Nes_Ziona 34.8 31.9 125 −0.01 −0.24 Negative Negative

Osaka 135.6 34.7 107 −0.06 0.07 Negative Positive

SEDE_BOKER 34.8 30.9 156 0.00 0.01 Positive Positive

Shirahama 135.4 33.7 127 −0.03 0.06 Negative Positive

Solar_Village 46.4 24.9 139 0.13 −0.13 Positive Negative

XiangHe 117.0 39.8 94 −0.18 0.11 Negative Positive

A
fr

ic
a

Banizoumbou 2.7 13.5 148 −0.02 −0.07 Negative Negative

Capo_Verde −22.9 16.7 148 −0.03 −0.03 Negative Negative

Blida 2.9 36.5 86 −0.07 −0.02 Negative Negative

Dakar −17.0 14.4 133 −0.01 −0.04 Negative Negative

IER_Cinzana −5.9 13.3 114 −0.07 −0.12 Negative Negative

Ilorin 4.3 8.3 104 −0.08 0.03 Negative Positive

Izana −16.5 28.3 103 0.01 0.08 Positive Positive

La_Laguna −16.3 28.5 64 −0.01 0.49 Negative Positive

Mongu 23.2 −15.3 99 0.00 0.18 Positive Positive

Santa_Cruz_Tenerife −16.2 28.5 86 −0.03 −0.21 Negative Negative

Skukuza 31.6 −25.0 126 0.02 0.06 Positive Positive

A
u

st
ra

li
a Canberra 149.1 −35.3 125 0.00 −0.03 Positive Negative

Jabiru 132.9 −12.7 107 0.00 0.09 Positive Positive

Lake_Argyle 128.7 −16.1 124 0.01 0.12 Positive Positive

Is
la

n
d

s AscensionIsland −14.42 −7.98 102 0.00 0.12 Positive Positive

Mauna_Loa −155.6 19.5 172 0.00 −0.01 Positive Negative

Nauru 166.9 −0.52 82 0.02 -0.19 Positive Negative

REUNION_ST_DENIS 55.5 −20.9 77 0.02 -0.47 Positive Negative

to take seasonality into account, and estimated annual trend

as the median of seasonal trends. Here we adopt the Yue et

al. (2002) pre-whitening scheme and perform the seasonal

MK test on the pre-whitened times series Y . Two-tailed tests

at both 95 and 90 % significance level were applied to test

either an upward or downward trend.

To estimate the true slope b of the trend, we use the non-

parametric procedure developed by Sen (1968) as follows:

b =Median(
Xi −Xj

i− j
)∀j < i. (4)

A 90 % significance level is applied to calculate the up-

per and lower limits of the confidence interval of the slope.
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Table 2. Location, aerosol type, number of months used in the analysis (N ), and trends (decade) for 440 nm SSA, ABS and AAE at the

54 selected stations. Bold values indicate trends at 90 % significance level. For least-squares fitting, as the logarithm of some parameters are

used, the trends are only indicated by positive or negative.

Station Longitude Latitude N Mann–Kendall Least-squares fitting

SSA ABS AAE SSA ABS AAE

N
o
rt

h
A

m
er

ic
a

BONDVILLE −88.4 40.1 117 0.063 −0.009 0.215 Positive Negative Positive

BSRN_BAO_Boulder −105.0 40.0 124 0.046 −0.005 0.046 Positive Negative Positive

Billerica −71.3 42.5 92 0.047 −0.007 0.189 Positive Negative Positive

Bratts_Lake −104.7 50.3 116 0.029 −0.003 0.117 Positive Negative Positive

COVE −75.7 36.9 78 0.024 −0.007 0.209 Positive Negative Positive

GSFC −76.8 40.0 166 −0.001 −0.001 −0.061 Negative Negative Negative

Halifax −63.6 44.6 113 −0.012 0.000 −0.004 Negative Negative Negative

La_Jolla −117.3 32.9 96 0.003 −0.001 −0.028 Positive Negative Negative

MD_Science_Center −76.6 39.3 138 −0.050 0.005 −0.048 Negative Positive Negative

Railroad_Valley −116.0 38.5 95 0.081 −0.006 −0.857 Positive Negative Negative

Wallops −75.5 37.9 112 −0.013 0.000 −0.032 Negative Positive Negative

White_Sands_HELSTF −106.3 32.6 76 0.107 −0.006 −0.133 Positive Negative Negative

S
o
u
th

A
m

er
ic

a CEILAP-BA −58.5 −34.6 124 0.023 −0.003 −0.111 Positive Negative Negative

La_Parguera −67.0 18.0 127 0.017 −0.002 0.122 Positive Positive Positive

E
u
ro

p
e

Avignon 4.9 43.9 136 0.027 −0.004 0.023 Positive Negative Positive

Barcelona 2.1 41.4 99 0.028 −0.008 −0.005 Positive Negative Negative

Carpentras 5.1 44.1 130 0.020 −0.011 −0.063 Positive Negative Negative

El_Arenosillo −6.7 37.1 102 0.056 −0.009 −0.265 Positive Negative Negative

Evora −7.9 38.6 110 −0.033 −0.001 −0.120 Negative Negative Negative

Ispra 8.6 45.8 93 −0.026 −0.002 −0.172 Negative Negative Negative

Lecce_University 18.1 40.3 99 0.032 −0.010 −0.010 Positive Negative Negative

Lille 3.1 50.6 132 0.044 −0.016 0.008 Positive Negative Negative

Minsk 27.6 53.9 89 0.051 −0.011 0.209 Positive Negative Positive

Moldova 28.8 47 132 0.016 −0.004 0.011 Positive Negative Positive

OHP_OBSERVATOIRE 5.7 43.9 93 −0.005 −0.002 −0.127 Negative Negative Negative

Palaiseau 2.2 48.7 113 0.036 −0.009 0.070 Positive Negative Positive

Palencia −4.5 42.0 89 0.031 −0.006 0.078 Positive Negative Positive

Rome_Tor_Vergata 12.6 41.8 104 0.071 −0.019 −0.197 Positive Negative Negative

Sevastopol 33.5 44.6 77 0.010 −0.006 −0.062 Positive Negative Negative

Toulon 6.0 43.1 70 0.100 −0.016 −0.075 Positive Negative Negative

A
si

a

Beijing∗ 116.4 40.0 125 0.032 −0.04 0.342 Positive Negative Positive

Kanpur∗ 80.2 26.5 110 0.022 0.000 −0.207 Positive Positive Negative

SEDE_BOKER 34.8 30.9 142 0.004 −0.002 0.197 Positive Negative Positive

Shirahama 135.4 33.7 121 0.049 −0.015 −0.104 Positive Negative Negative

Solar_Village∗ 46.4 24.9 111 −0.013 0.016 0.178 Negative Positive Positive

XiangHe∗ 117.0 39.8 92 0.013 −0.028 0.112 Positive Negative Positive

A
fr

ic
a

Banizoumbou∗ 2.7 13.5 115 −0.011 0.002 0.350 Negative Positive Positive

Capo_Verde −22.9 16.7 141 0.033 −0.011 −0.063 Positive Negative Negative

Blida 2.9 36.5 79 0.096 −0.016 0.241 Positive Negative Positive

Dakar∗ −17.0 14.4 100 −0.010 0.013 0.443 Negative Positive Positive

IER_Cinzana∗ −5.9 13.3 95 −0.027 0.014 0.584 Negative Negative Negative

Izana −16.5 28.3 84 0.021 −0.001 0.282 Positive Negative Positive

Mongu 23.2 −15.3 132 0.016 −0.004 0.011 Positive Negative Positive

Santa_Cruz_Tenerife −16.2 28.5 85 0.090 −0.012 0.027 Positive Negative Negative

Skukuza 31.6 −25.0 90 0.028 −0.012 −0.114 Positive Negative Negative

A
u
st

ra
li

a Birdsville 139.3 −25.9 74 −0.100 −0.003 −0.053 Negative Negative Negative

Canberra 149.1 −39.3 99 −0.046 0.003 0.011 Negative Positive Positive

Lake_Argyle 128.7 −16.1 107 0.002 0.000 0.035 Positive Positive Positive

Is
la

n
d
s

Mauna_Loa −155.6 19.5 148 −0.001 0.000 −0.007 Negative Positive Negative

REUNION_ST_DENIS 55.5 −20.9 77 −0.057 0.004 −0.310 Negative Positive Negative
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Compared to other slope estimators such as the linear regres-

sion coefficient, Sen’s slope is much less sensitive to outliers,

which is particularly suitable for level 1.5 data, in which out-

liers occasionally appear.

3.2 Linear least-squares fitting

Linear trends and their significance level are also estimated

using the method by Weatherhead et al. (1998). The data time

series is modeled by fitting the following relationship with a

least-squares approximation:

Yt = Y0+ bt +Nt . (5)

Yt is the deseasonalized monthly median time series, b is the

linear trend, Y0 is the offset at the start of the time series and

Nt is the noise term. The noise term Nt is further modeled as

an AR(1) process:

Nt = φNt−1+ εt . (6)

Weatherhead et al. (1998) suggested that the standard devia-

tion of the yearly trend σb can be estimated as

σb ≈
σN

n3/2

√
1+φ

1−φ
, (7)

where σN is the standard deviation of Nt and n equals the

total number of years in the series. Weatherhead et al. (1998)

also found that if |b/σb|> 2, the trend is significant at 95 %

significance level, and if |b/σb|> 1.65, the trend is signifi-

cant at the 90 % level (Hsu et al., 2012). In a large number

of applications, the least-squares approach is based on the

Gaussian distribution of uncertainties. However, a number

of studies have pointed out that this assumption is often not

appropriate for the analysis of some properties derived in re-

mote sensing applications. For example, O’Neill et al. (2000)

suggested using the lognormal distribution as a reference for

reporting aerosol optical depth statistics. Moreover, Dubovik

and King (2000), and earlier Dubovik et al. (1995), pointed

to the importance of using lognormal distribution as a noise

assumption in statistically optimized fitting of positively de-

fined physical characteristics. Indeed, the curve of the normal

distribution is symmetrical and the assumption of a normal

probability density distribution necessarily implies the possi-

bility of negative results arising even in the case of physically

nonnegative values (e.g., intensities). For nonnegative char-

acteristics, this assumption is clearly more reasonable. First,

lognormally distributed values are positively defined, and a

number of theoretical and experimental reasons show that,

for positively defined characteristics, the lognormal curve

(multiplicative errors; Edie et al., 1971) is closer to reality

than normal noise (additive errors; a statistical discussion can

be found in Tarantola, 1987). Therefore in the present study,

the least-squares fitting for AOD and ABS is performed on

the logarithm of the data.

3.3 Analysis example

Here we show an example of the trends observed by run-

ning mean, and estimated using MK/Sen’s slope and least-

squares fitting, using level 2.0 direct measurements and in-

version products from the Beijing station. Figure 2 displays

the deseasonalized time series with 12-month running mean,

results of the MK test and Sen’s slope, and the linear trend

from least-squares fitting for the six parameters. According

to Fig. 2, three of the parameters – ABS, SSA and AAE – ex-

hibit statistically significant (statistically significant here and

afterwards means statistically significant at the 90 % level)

trends, from both MK and least-squares fitting results, while

the other parameters do not have significant trends. For ABS,

even with a large gap in the time series from 2007 to 2009, a

continuous decrease can still be observed from the smoothed

time series (black curve in the top panel). The MK test and

least-squares fitting results are also consistent in indicating

significant negative trends. Similarly, consistent increasing

trends are found for SSA. Since AOD does not have signif-

icant trends, the decrease in ABS is responsible for the in-

crease in SSA at Beijing. The AAE parameter also shows an

increase, although the increase mostly lies in the later part of

the time series. Since the mixing of black carbon with other

species such as dust and organic carbon tends to increase the

AAE value (Russell et al., 2010), this result may imply a re-

duction in black carbon fraction, which is consistent with the

decrease in ABS and increase in SSA. The normal proba-

bility plots (normplots) of the least-squares fitting residuals

are also presented in Fig. 3, which shows that the residuals

follow a normal distribution and thus verifies the validity of

least-squares fitting.

4 Results

In this section, we focus on presenting and discussing global

maps showing the magnitude and significance of the trends

of the six variables at each station in the main text; the plots

of the trend analysis at each individual station are included in

the Supplement. Only statistically significant trends (> 90 %)

are indicated in the figures. In addition, Tables 1 and 2 list the

magnitude and significance of the trends at all stations from

the MK and least-squares analysis. The magnitude is shown

as Sen’s slope while the results of least-squares fitting are

indicated as positive or negative. This is due to the fact that

least-squares fitting is performed on the logarithm of some

parameters so that the magnitude of the trend is not directly

comparable to Sen’s slope. Comparing the results for MK

and least-squares fitting (Tables 1 and 2), we see that the two

techniques yield consistent results in the significance for the

majority of the cases. In the following discussion, we only

present trends that are determined to be significant by both

methods as we consider these trends to be the most robust.

Note that trends for the level 2.0 AOD globally, and for SSA,
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 907	  

Figure 2. Trend analysis for the six parameters using a 12-month running mean (left 908	  

column), Mann-Kendall test associated with Sen’s slope (middle column) and least 909	  

squares fitting (right column) for Beijing station using Level 2.0 data. The solid black 910	  

lines in the MK and least squares fitting results show the linear trend, and the dashed 911	  

curves in the middle column indicates the 90% confidence interval of the estimated Sen’s 912	  

slope. 913	  

914	  

Figure 2. Trend analysis for the six parameters using a 12-month running mean (left column), the Mann–Kendall test associated with Sen’s

slope (middle column) and least-squares fitting (right column) for the Beijing station using level 2.0 data. The solid black lines in the MK

and least-squares fitting results show the linear trend, and the dashed curves in the middle column indicates the 90 % confidence interval of

the estimated Sen’s slope.

Figure 3. Normplots for the residuals of least-squares fitting shown in the right column of panels of Fig. 2. The majority of the data points

concentrate around the red dashed line, indicating that the residuals closely follow a normal distribution.

ABS at the seven level 2.0 stations, are the most reliable; thus

emphasis is given to these results.

4.1 AOD and AE trends

Statistically significant 440 nm AOD trends at the 90 selected

stations are presented in Fig. 4. The AERONET AOD mea-

surements are highly accurate; therefore the AOD trends are

the most robust among the parameters analyzed. Only trends

above the 90 % significance level are shown, and larger dots

indicate trends above the 95 % significance level. The ma-

jority of the stations with significant trends exhibit nega-

tive trends in AOD, including most stations in North Amer-

ica and Europe, one biomass burning site in South America

(CUIABA-MIRANDA) and two sites in Japan (Osaka and

Shirahama). The largest decreases are found over western

Europe, reaching ∼−0.1 decade−1. Strong positive trends

are found at Kanpur in North India, and Solar_Village in the

Arabian Peninsula.

We also examine the trend for each season, using the MK

and least-squares methods on the seasonal mean time series.

The results are shown in Fig. 5. In general, the trends are

most prominent during the spring (MAM) and summer (JJA)

seasons, which usually correspond to the seasons with the
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Figure 4. Global map showing the magnitude and significance of the 440 nm AOD trends. Only statistically significant (> 90 %) trends are

shown. The smaller dots indicate trends at 90 % significance, while larger dots indicate trends at 95 % significance. The magnitude of the

trend (decade−1) is indicated by the color of the dots, following the color scale on the right. The small panel at the bottom is an enlarged

map of Europe.

highest aerosol loading for many locations in the Northern

Hemisphere. The patterns on each seasonal trend map agree,

in general, with the global results. Some stations only ex-

hibit significant trends for certain seasons. For example, the

European and North American stations mostly show signifi-

cant decreasing trends for the spring (MAM), summer (JJA)

and fall (SON). For India, significant trends are found dur-

ing the fall and winter (DJF). By further examining the time

series (figures in the Supplement), it is found that the sea-

sons without significant trends frequently have missing data,

which affects or even precludes the detection of trends. Over-

all, the similarity between the four panels in Fig. 5, and be-

tween Figs. 5 and 4, indicates that there is no obvious sea-

sonality in the AOD trends.

In addition to column aerosol loading, the Ångström ex-

ponent parameter is an indication of the contribution of fine-

and coarse-mode aerosols and can also be potentially useful

to infer aerosol composition. The global AE trends are shown

in Fig. 6. It is interesting to note that while AOD decreased

uniformly for both North America and Europe, AE trends

are opposite there. North America generally exhibits positive

trends, while coherent negative trends are found for Europe.

This result suggests a change in the aerosol composition. The

AOD reduction in Europe might be due to reduced fine-mode

anthropogenic emission, while that for North America might

be related to a reduction in natural sources such as coarse-

mode mineral dust. The AE decrease for the Arabian Penin-

sula, a major dust source, is consistent with AOD increase,

suggesting an increase in dust emission. In addition, the weak

positive trend at Kanpur, North India, suggests that increased

anthropogenic aerosols are likely the contributor to the posi-

tive AOD trend. The seasonal AE trends are shown in Fig. 7.

Like AOD, the trends for the four seasons are also consistent

with annual trends. However, note that, different from AOD,

which exhibits the most prominent trends in the spring and

summer, most AE trends are found during the winter season

(DJF). Yet winter usually has the minimum aerosol loading

for many Northern Hemisphere locations. The uncertainty

in the AE parameter is significantly higher than AOD, es-

pecially under low-AOD conditions. According to Kato et

al. (2006), the uncertainty in the AE parameter can be esti-

mated as

1AE=


n∑
i=1

e2
i

(n− 1)
n∑
i=1

(lnλi − lnλ)2


1
2

, (8)

where ei is the error of the Ångström relation, n is the num-

ber of wavelengths λ used to calculate AE, and lnλ is the

average of the logarithm of the wavelengths. The ratio
εi

AODi
is used to represent ei . εi is the uncertainty of AOD and is

specified as 0.01 here. Using Eq. (8) and spectral AOD mea-

surements made at the GSFC site during the study period,

we found that the AE uncertainty during the winter season is

0.56 when the 440 nm AOD average is 0.08, while that for

the summer is only 0.15 when AOD average is 0.33. Similar

differences in the uncertainty of AE as a function of season

should be expected for most Northern Hemisphere stations

with similar seasonal cycles. Therefore, the AE trends un-

der low-AOD conditions such as Northern Hemisphere win-

ter must be evaluated within the context of these increased

uncertainties. The same applies to the South America trends

during non-peak AOD seasons of summer and winter.
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Figure 5. AOD trend maps for the four seasons. MAM: March-April-May; JJA: June-July-August; SON: September-October-November;

DJF: December-January-February. Only statistically significant (> 90 %) trends are shown. The smaller dots indicate trends at 90 % signif-

icance, while larger dots indicate trends at 95 % significance. The magnitude of the trend (decade−1) is indicated by the color of the dots,

following the color scale on the right.

Figure 6. Global map showing the magnitude and significance of the trend in the AE parameter. Only statistically significant (> 90 %) trends

are shown. The smaller dots indicate trends at 90 % significance, while larger dots indicate trends at 95 % significance. The magnitude of the

trend (decade−1) is indicated by the color of the dots, following the color scale on the right.

4.2 SSA, ABS and AAE trends using level 2.0 data

Single-scattering albedo and absorption optical depth are

closely related, and both indicate the absorption properties

of aerosols. These two parameters play even more important

roles in aerosol forcing, as the changes in ABS or SSA not

only alter direct forcing but also have a potential impact on

aerosol–cloud interaction if the changes are associate with

aerosol composition change such as trends in black carbon

fraction. Additionally, the AAE parameter, defined as the

wavelength dependence of ABS,

AAE=− log
(
ABSλ1

/ABSλ2

)
/ log(λ1/λ2, ) (9)

where ABSλ1
and ABSλ2

are aerosol absorption optical

depth at two wavelengths λ1 and λ2, respectively, is also an

indicator of aerosol composition, and is determined by the
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Figure 7. Seasonal trend for the AE.

mixing of different absorbing species, including black car-

bon, dust and organic carbon aerosols. We therefore examine

these three parameters together.

The SSA, ABS and AAE trends for the seven qualified

level 2.0 stations are presented in Fig. 8. All of these stations

are located in the Northern Hemisphere and are located in

major aerosol source regions, including the dust-dominated

region of the Arabian Peninsula (Solar_Village) and West

Africa (Dakar, IER_Cinzana and Banizoumbou) and heavily

polluted areas in North India (Kanpur) and North China (Bei-

jing and XiangHe). Both Beijing and Kanpur show positive

SSA trends, while Solar_Village displays a negative trend

(Fig. 8a). Beijing, as well as a nearby station – XiangHe,

also has decreased ABS. It should be kept in mind that no

significant AOD trends are found for Beijing (Fig. 4); there-

fore the reduction in absorption should be responsible for the

increase in SSA. East China has been considered as a re-

gion of increased aerosol loading in previous studies (e.g.,

Wang et al., 2009; Zhang and Reid, 2010; Hsu et al., 2012);

here AERONET data indicate that aerosol absorption has ac-

tually declined over the past decade for at least two loca-

tions. Nonetheless, the ability of only two nearby stations

to represent larger-scale patterns is still limited. No signifi-

cant ABS trend is found for Kanpur. Because this station ex-

hibits a strong increase in AOD (Fig. 4), the positive SSA and

AOD trends should be mainly attributed to increased frac-

tion of scattering species, such as sulfates and nitrates. The

Solar_Village station also has increased AOD (Fig. 4), and

a corresponding increase in ABS as well. Because dust is

the primary aerosol species at this location which has strong

shortwave absorption, the positive ABS and AOD trends, and

negative SSA trends consistently suggest an increase in dust

activities. With respect to the AAE, positive trends are ob-

served for Beijing and the three stations from West Africa,

while Kanpur shows a negative trend. The theoretical value

of AAE for black carbon is 1, and the value increases in the

presence of dust and organic carbon (Bergstrom et al., 2002;

Russell et al., 2010). The AAE increase in Beijing might

be associated with decreased black carbon fraction, which is

consistent with previous inferences from the AOD, SSA and

ABS trends. The positive AAE trends for West Africa might

be associated with increased dust fraction, which tends to

raise the AAE value. However, as no spatially coherent AOD

or ABS trends are found over this region, the AAE trends

are subject to question. The AAE trend for Kanpur seems

to suggest an increase in black carbon fraction, which ap-

pears to be in contrast to AOD and SSA trends. Note that the

AAE parameter has even larger uncertainty levels than the

AE, owing to the smaller ABS values and large uncertainties

at low aerosol loading. Giles et al. (2012) performed a series

of sensitivity of the AAE parameter by perturbing SSA using

AERONET measurements, and found that AAE can vary by

±0.6 for dust sites with ±0.03 perturbation in SSA, which

is the uncertainty level for this parameter at level 2.0. There-

fore, the AAE trends alone are not sufficient to infer aerosol

composition changes and need to be evaluated with other in-

formation such as AE and ABS.

Seasonally, the SSA and ABS trends are highly consistent

with the annual trend for Beijing and Solar_Village (Fig. 9).

Significant decreases in ABS and SSA are observed at Bei-

jing for all seasons. This is a sign of changes in local aerosol

source rather than seasonal transport. For Solar_Village, the

trend is absent in winter but significant for the other three

seasons. The AOD values are lowest in winter at this sta-

tion, and the absence of the trend is primarily attributed to

the lack of level 2.0 data under these low-AOD conditions
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Figure 8. Trends for the SSA (a), ABS (b) and AAE (c) parameters

at the seven stations with sufficient level 2.0 inversion data. Only

trends above 90 % significance level are shown.

(see the Supplement for the time series). At Kanpur, again

no significant change in ABS is found, while the increase

in SSA is only observed for the fall and winter. The sea-

sonality of SSA trends is consistent with previously shown

AOD seasonal trends (Fig. 5), which is due to the frequently

missing data during the spring and summer. One the other

hand, the seasonality of the trends also indicates possible

changes in anthropogenic aerosol emissions, the dominant

aerosol type over North India during the post-monsoon and

winter season (e.g., Corrigan et al., 2006). The positive trend

in AAE is also present in all seasons, supporting the argu-

ment of decreased black carbon fraction. The seasonality for

the three West Africa stations, however, is not consistent.

Dakar shows positive trends during the spring, summer and

fall, and IER_Cinzana during the winter, while Banizoum-

bou displays a negative trend during the fall. This spatial dis-

crepancy further confounds the understanding of the results.

Considering the large uncertainty in the AAE, more infor-

mation, such as that from in situ measurements of aerosol

physical and optical properties, is needed to fully resolve the

change in aerosol composition.

4.3 SSA, ABS and AAE trends using level 1.5 data

As shown in the last section, only seven stations have suf-

ficient level 2.0 inversion data for long-term trend analysis.

The location and aerosol types of these stations are far from

enough to represent aerosol variability on a global basis. Ob-

servations at many other places are needed to address in-

teresting questions regarding the effects of pollution con-

trol measures taken in developed regions, including Europe,

North America and Japan, and changes in biomass burning

emissions in the Southern Hemisphere. Although ideally we

would prefer to use level 2.0 data only, the AOD threshold of

0.4 applied to the data, as required by the quality assurance

criteria (Holben et al., 2006), eliminates the bulk of the data,

especially for the abovementioned regions, where aerosol

loading is typically low. In Fig. 9 we plot the distribution of

AERONET AOD (from level 2.0 direct sun measurements)

globally and for five regions, using the stations selected for

this study. The small panel in the upper-right corner of each

larger panel shows the enlarged distribution for the [0, 0.5]

AOD interval, and the threshold value of 0.4 is marked by

black dashed lines. We can clearly see that the AOD > 0.4

portion only captures the tail of the AOD distribution, while

the bulk of the data fall between 0 and 0.4. Even for Africa

and Asia, where AOD are, in general, larger, the 0.4 cutoff

will still eliminate roughly 75 % of the data. Since there are

currently no other SSA or ABS measurements with compa-

rable spatial and temporal coverage to AERONET, here we

also show the results of an analysis of the more-uncertain

level 1.5 inversion products in order to provide greater spa-

tial coverage, which may serve as a reference for future stud-

ies when better quality data become available. However, the

reader should keep in mind that level 1.5 data are subject to

larger uncertainty when interpreting these results. Only an-

nual trends are shown. Seasonal trend maps can be found in

the Supplement.

Figure 10 shows the global SSA, ABS and AAE trends for

level 1.5 data. The seven level 2.0 stations are also included,

but level 1.5 data were used for producing Fig. 10. This is

for the purpose of evaluating the effect of AOD cutoff on the

trend estimate. Globally, positive SSA trends are found at the

majority of the stations, in particular Europe, North Amer-

ica and Asia. Correspondingly, ABS is found to have de-

creased over these regions, with the strongest decrease over

Europe reaching ∼−0.03 decade−1. Solar_Village and three

Southern Hemisphere stations exhibit negative SSA and pos-

itive ABS trends. The AAE trends are less spatially coher-

ent, which is more likely due to larger uncertainty associated

with that parameter. Moreover, by comparing Fig. 11 with

Fig. 9 for the seven level 2.0 stations, we find that the sign

and significance of the trends are highly consistent, although

the absolute magnitudes may differ due to changes in sam-

pling. (Note that the color scales for Figs. 8 and 10 are dif-

ferent in order to accommodate additional level 1.5 stations

with larger trends.) One can further refer to the Supplement
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Figure 9. Seasonal trends for SSA (a), ABS (b) and AAE (c) at the level 2.0 stations. Only statistically significant (> 90 %) trends are

shown. The smaller dots indicate trends at 90 % significance, while larger dots indicate trends at 95 % significance. The magnitude of the

trend (decade−1) is indicated by the color of the dots, following the color scale on the right.
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Figure 10. Global and regional 440 nm AOD distributions using

data from the 90 stations used here in the AOD and AE trend

study. The smaller panels in the upper right show an enlargement

of the [0, 0.5] AOD interval. The black dashed line marks the posi-

tion of AOD= 0.4, which is the quality control threshold used for

AERONET level 2.0 inversion product.

and compare the level 1.5 and level 2.0 time series for these

stations.

Figure 10 is produced without any AOD thresholds. Only

solar zenith angle and sky error criteria are used to screen the

data. As the errors in these parameters, especially the SSA

and AAE, increase as AOD becomes lower, we further re-

peat the analysis using an intermediate AOD threshold of 0.2

to increase some reliability. However, this screening results

in a loss of roughly 60 % of the data, and only 12 stations

are left with sufficient data for analysis. The SSA, AAE and

ABS trends for these stations also agree with their level 1.5

trends without screening (Fig. 10). The level 2.0 trends at

the stations shown in Fig. 8 are also consistent with Fig. 10.

The only exception is the Banizoumbou station, where SSA

trends become insignificant at level 2.0. In fact, Dubovik

et al. (2000) performed a series of sensitivity studies, and

Figure 11. Global SSA (a), ABS (b) and AAE (c) trends using level

1.5 data. Only statistically significant (> 90 %) trends are shown.

The smaller dots indicate trends at 90 % significance, while larger

dots indicate trends at 95 % significance. The magnitude of the trend

(decade−1) is indicated by the color of the dots, following the color

scale on the right.

while they suggested a drop in the accuracy of AERONET

retrievals at lower AODs, they did not find any biases due to

assumptions in the retrieval model.

The consistency in level 1.5, level 1.5 screened with AOD

> 0.2, and level 2.0 trends, together with spatial coherency of

the level 1.5 trends for North America and Europe, increases

our confidence in the trends estimated using level 1.5 data.

However, neither the level 2.0 nor the level 1.5 results should

be considered to represent the ground truth. Although level

2.0 data are accurate, the analysis is biased towards areas and

conditions of large aerosol loading, while missing some other

important information. A typical example is measurements at

island stations, which are more representative of global back-

ground aerosol and are important in understanding aerosol
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Figure 12. SSA (a), ABS (b) and AAE (c) trends for the 12 sta-

tions selected with AOD> 0.2 threshold. Only statistically signifi-

cant (> 90 %) trends are shown. The smaller dots indicate trends at

90 % significance, while larger dots indicate trends at 95 % signif-

icance. The magnitude of the trend (decade−1) is indicated by the

color of the dots, following the color scale on the right.

climate forcing, yet the AODs are usually too low for the

inversion products to be reliable. Therefore, improvements

in AERONET data quality control are needed to ensure data

accuracy without losing too much spatial and temporal cov-

erage. The spatial correlation of the measurements, such as

the consistent trends for all stations in Europe shown above,

might be a helpful factor, although this information is only

available for limited places where the AERONET network is

sufficiently dense.

5 Discussion

The significant decline found in AERONET AOD over Eu-

rope, North America and Japan is consistent with studies us-

ing satellite remote sensing products (e.g., Zhang and Reid,

2010; Hsu et al., 2012) and visibility data (Wang et al., 2009),

as well as independent studies using level 2.0 AERONET

direct beam retrievals (Xia et al., 2011; Yoon et al., 2012).

The sign of the level 1.5 ABS and SSA trends is also in

good agreement with trends in aerosol scattering and ab-

sorption coefficients derived from in situ measurements re-

ported by Collaud Coen et al. (2013), although Collaud

Coen et al. (2013) suggested a stronger decline in scatter-

ing coefficients for North America than Europe, and also

less significant trends in absorption than scattering, while

the AERONET data indicate significant decreases in both

scattering and absorption, and comparable trends for North

America and Europe. These differences may stem from sev-

eral factors. For example, Collaud Coen et al. (2013) utilize

surface in situ sampling data, while the AERONET data rep-

resent the atmospheric column. Also, most of the sites in Col-

laud Coen et al. (2013) are remote sites, while many of the

selected AERONET stations are urban. The timing of these

trends also appears to be in line with emission control mea-

sures that have taken place in Europe and North America dur-

ing the past decades. In the US, PM2.5 has been estimated to

have been reduced by 50 %, and SO2 by 55 % (EPA, 2011).

Murphy et al. (2011) found significant decreases in both

PM2.5 and elemental carbon using data from the IMPROVE

network. Reductions in PM2.5 and SO2 are also reported for

Europe (Tørseth et al., 2012), although the decrease is weaker

than that found for the US.

The positive SSA trends found over East Asia (East China

and Japan) agree with the results of a previous study by Lya-

pustin et al. (2011) also using AERONET data and with the

results of an analysis of independent measurements by Kudo

et al. (2010). The reduction of ABS for the Chinese sta-

tions, especially Beijing, seems somewhat controversial in

light of the trends in emission inventories. For example, Lu

et al. (2011) indicated an increase in SO2 emission in China

of 62 % from 2000 to 2006, with a decrease of 9.2 % from

2006 to 2010, while black carbon and organic carbon emis-

sions increased by 72 and 43 %, respectively, from 2000 to

2010. Zhang et al. (2009) also suggested emission growth by

13–55 % from 2001 to 2006 for most species, including SO2

and black carbon. As the results presented here are only from

two nearby stations – Beijing and XiangHe – the representa-

tiveness of the results is quite limited. Moreover, the aerosol

properties in Beijing are perturbed by the air quality con-

trol measures during the Olympic Games (e.g., Cermak and

Knutti, 2009; Zhang et al., 2009; Guo et al., 2013), which

may be one of the reasons for the observed decline in ABS.

However, difficulty arises as most of the AERONET stations

in China were established in recent years and their records

are not long enough for trend analysis, while satellite remote

sensing techniques are not capable of retrieving absorption

properties. More observation-based trend analyses for China

may become possible in the next few years once more of the

stations have longer-term measurements.

The positive AOD trends found at Kanpur, India, are con-

sistent with studies using satellite remote sensing products

(Dey and Girolamo, 2011; Ramachandran et al., 2012) and

independent ground-based measurements (Babu et al., 2013).
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The AERONET results presented here imply that scatter-

ing aerosols are primarily responsible for this increase in

AOD. The increase in aerosol scattering also largely agrees

with positive trends in SO2 over India, as reported by Lu et

al. (2013) and Mallik et al. (2013).

The increase in AOD at the Solar_Village station is cor-

roborated by satellite observation (Hsu et al., 2012; Chin et

al., 2014) and transport model results (Chin et al., 2014).

AERONET data further verify that the change is due to in-

creased dust emission with negative AE trend, negative SSA

and positive ABS trend.

Particular attention should be paid to the trend in SSA

as revealed by AERONET data. Whether changes in atmo-

spheric aerosol loading will induce a heating or cooling ef-

fect on the climate heavily depends on the SSA parameter.

It is believed that there is a critical value of the SSA above

which aerosols produce a negative forcing (cooling), and be-

low which the aerosol produce a positive forcing (warm-

ing). Hansen et al. (1997) concluded from general circula-

tion model experiments that aerosols with SSA up to 0.9

would lead to global warming, and that the anthropogenic

aerosol feedback on the global mean surface temperature is

likely to be positive. Ramanathan et al. (2001) indicated for

SSA< 0.95 that aerosol net forcing can change from nega-

tive to largely positive depending on aerosol height, surface

albedo and cloud conditions. Moreover, the change in this

parameter implies changes in the relative fraction of absorb-

ing species (mainly black carbon) with respect to scattering

aerosols, which may have a broad impact on their total radia-

tive effect. Ramana et al. (2010) found that the warming of

black carbon strongly depends on the ratio of black carbon to

sulfate aerosols. Therefore, the change in SSA for many loca-

tions implies a potentially larger change in the aerosol forc-

ing. In particular, while the recent increase in surface radia-

tion, or global brightening, found for Europe, North America

and Japan has been largely attributed to the reduction of total

aerosol loading, the increase in SSA could also contribute to

this trend (Kudo et al., 2010).

Another important consequence of trends in SSA is the

impact of aerosol properties on satellite-retrieved trends. As

most satellite retrieval algorithms assume constant SSA val-

ues for the aerosol models, systematic changes in SSA over

time may produce spurious tendencies in the retrieved AOD

(Mishchenko et al., 2007). Lyapustin et al. (2012) indicated

that the temporal change in the bias between MODIS and

AERONET AOD over Beijing can be explained by the in-

crease in SSA at this station. Mishchenko et al. (2012)

showed that decreasing SSA in the AVHRR AOD retrieval by

0.07 from the start to the end of the data record could elimi-

nate the downward trend in the data. Therefore, the trends in

SSA revealed by AERONET measurements should be taken

into account in the retrieval algorithms to yield a more accu-

rate representation of temporal changes in aerosol loading.

Admittedly, the AERONET data are not perfect. Several

limitations may affect the accuracy of the trend analysis pre-

sented here. In addition to the larger uncertainties associated

with low-AOD conditions for AE, SSA, ABS and AAE, the

spatial representativeness of the stations is also a factor that

should be considered when evaluating the trends at each in-

dividual station. Many of the stations selected here are urban

sites, where aerosol properties tend to be highly variable due

to the influence of many local emission sources. For exam-

ple, some nearby stations in Europe have opposite trends in

the ABS and SSA, which suggests that they may be domi-

nated by different local sources and aerosol types. To address

this problem, more efforts should be made to maintain long-

term, continuous monitoring of aerosol properties at remote

locations. Nonetheless, to date, AERONET is the most ex-

tensive ground-based aerosol observation network with high

retrieval accuracy, and the trends presented here are signifi-

cant according to both the MK test and least-squares fitting

methods. Both these factors improve the robustness of the

results.

6 Conclusions

In this study, we presented the results of a trend analysis

of key aerosol properties retrieved from AERONET mea-

surements. Although trends in total aerosol loading such as

AOD have been extensively investigated, fewer studies can

be found for the absorption and scattering properties. This

work therefore serves as a reference for evaluating recent

changes in aerosol forcing and the assessment of emission

inventories and emission control measures. The major con-

clusions are summarized below:

– Significant decreases in AOD are found for most loca-

tions, in particular, North America, Europe and Japan.

The Kanpur station in North India and Solar_Village in

the Arabian Peninsula experienced increases in AOD.

– The AE parameters exhibit positive trends over North

America but negative trends over Europe, suggesting

decreases in natural and anthropogenic aerosols are re-

sponsible for the AOD reduction over these two regions,

respectively.

– AERONET level 2.0 inversion products reveal increases

in SSA and decreases in ABS for Beijing and So-

lar_Village. Positive SSA trend is also observed for

Kanpur but is attributed to the increase in scattering

aerosols.

– Level 1.5 inversion data are also analyzed for a broader

spatial coverage. Spatially uniform increases in SSA are

found for Europe and North America, associated with

decreases in ABS. For the seven stations with qualified

level 2.0 data, the trends are consistent at level 1.5, level

1.5 with AOD> 0.2 threshold, and level 2.0.

– No obvious seasonal dependence is found for any of the

trends.
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Finally, it is important to restate that level 1.5 results pre-

sented here are subject to large uncertainty. Moreover, except

for the AOD, the parameters also have large uncertainties

under low-AOD conditions, even for level 2.0. The excep-

tions are sites with very high AOD such as Beijing, Kan-

pur, XiangHe, IER Cinzana, Banizoumbou, Solar_Village

and Dakar, where very high AOD levels allow for accurate

retrievals of all parameters analyzed. With the further devel-

opment of the AERONET algorithm, such as the release of

version 3 data in the near future, a more accurate estimation

will become possible.

The Supplement related to this article is available online

at doi:10.5194/acp-14-12271-2014-supplement.
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