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Abstract. Both sensor calibration and satellite retrieval al- creasing trends over the eastern US and Europe, and increas-
gorithm play an important role in the ability to determine ing trends over countries such as China and India that are
accurately long-term trends from satellite data. Owing to theexperiencing rapid economic development. In general, these
unprecedented accuracy and long-term stability of its radioresults are consistent with those derived from ground-based
metric calibration, SeaWiFS measurements exhibit minimalAERONET measurements.

uncertainty with respect to sensor calibration. In this study
we take advantage of this well-calibrated set of measure-
ments by applying a newly-developed aerosol optical depth
(AOD) retrieval algorithm over land and ocean to investigate
the distribution of AOD, and to identify emerging patterns
and trends in global and regional aerosol loading during its
13-yr mission. Our correlation analysis between climatic in- he impact of natural and anthropogenic sources of air pol-
dices (such as ENSO) and AOD suggests strong relationshipgition on Earth's weather and climate systems and their
for Saharan dust export as well as biomass-burning activity ifong-term tendencies have gained increasing attention from
the tropics, associated with large-scale feedbacks. The result§€ scientific community in recent years (Mishchenko et al.,
also indicate that the averaged AOD trend over global ocear?007; Rosenfeld et al., 2008; Zhang and Reid, 2010). Indeed,
is weakly positive from 1998 to 2010 and comparable to thattr0Pospheric aerosols not only perturb the radiative energy
observed by MODIS but opposite in sign to that observed bybalance by interacting with solar and terrestrial radiation (Ra-
AVHRR during overlapping years. On regional scales, dis-manathan et al., 2001) but also by changing cloud properties
tinct tendencies are found for different regions associatednd lifetimes (Rosenfeld etal., 2008). Furthermore, the Inter-
with natural and anthropogenic aerosol emission and transgovernmental Panel on Climate Change (IPCC, 2007) report
port. For example, large upward trends are found over thdndicates that the aerosol cooling effect could have partially
Arabian Peninsula that indicate a strengthening of the seacounteracted warming from greenhouse gas increases over
sonal cycle of dust emission and transport processes ovdpe past few decades. However, there are large uncertainties
the whole region as well as over downwind oceanic regions.in the estimation of climate forcing from aerosols due to their
In contrast, a negative-neutral tendency is observed over the0mplex nature and short lifetime. In order to achieve a bet-
desert/arid Saharan region as well as in the associated duf®" understanding of the spatial and temporal variability of

outflow over the north Atlantic. Additionally, we found de- &erosol distributions on both regional and global scales, long-
term satellite measurements of high fidelity are required.

1 Introduction
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From this increased understanding we can then accuratelg Satellite data and their uncertainties for trend
evaluate aerosol effects in climate models. analysis
Despite its importance, deriving the small signal that rep-
resents the long-term trend in aerosol distribution from theSince 90 % of the top-of-the-atmosphere (TOA) radiance re-
large seasonal cycles and natural year-to-year variabilityceived by a satellite sensor over ocean comes from contri-
which result from large-scale meteorology is highly chal- butions of the atmosphere such as molecular and aerosol
lenging. In order to use satellite measurements to determinecattering, less than 10 % of the signal is attributable to the
aerosol trends with the required level of robustness, severabcean itself (Gordon, 1997). Consequently, the level of accu-
key elements must be addressed. They include: (1) accuracyacy, precision, and long-term stability needed in radiometric
precision, and stability of the sensor calibration, (2) potentialmeasurements from such a sensor are much higher for ocean
for sampling bias due to insufficient temporal or spatial cov- color retrievals than those needed for corresponding land or
erage, (3) potential for algorithm bias (i.e. differences in theatmospheric products. As a result of rigorous on-orbit cali-
cloud screening scheme, temporal changes in the aerosol daration techniques developed using a combination of lunar
surface properties that deviate from assumptions used in thand solar diffuser measurements and vicarious procedures,
retrieval algorithm), (4) sufficient length of the data record, the NASA Ocean Biology Processing Group (OBPG) Cali-
and (5) potential effects of any measurement time drift duebration and Validation Team achieved an extraordinary level
to the diurnal cycle of atmospheric aerosol loading. Earlyof absolute accuracy (1-2 %), precision (0.1%) and, most
satellite sensors, such as the Advanced Very High Resoimportantly, long-term stability (0.3% over the 13-yr mis-
lution Radiometer (AVHRR), provide a longer data record sion) for the TOA radiances from SeaWiFS (Eplee et al.,
for trend determination compared to later, more advanced®011).
satellite sensors such as the Sea-viewing Wide Field-of-view The SeaStar platform carrying SeaWiFS was launched
Sensor (SeaWiFS), Moderate Resolution Imaging Spectrowith a nominal center-of-swath equatorial overpass time of
radiometer (MODIS), Multiangle Imaging Spectroradiome- around noon for the daytime (descending) node. This drifted
ter (MISR), and others. However, due to the limited numberslowly through the mission into a later orbit, although re-
of spectral bands and the lack of onboard calibration for themained before 12:30 p.m. until 2005; the overpass time
early sensors, the uncertainty associated with trends calcueached a maximum around 02:40 p.m. in July 2010, after
lated using measurements from them can be significant. ~ which an orbit raising maneuver was performed to return the
Among the suite of NASAs Earth Observing System orbit slowly closer to noon. Smirnov et al. (2002) investi-
(EOS)-era satellites, the SeaWiFS instrument was primarilygated the diurnal cycle of AOD at various AERONET sites.
designed to measure ocean color; since its launch in 199ver this range of local times, the change in mid-visible
it has been the major source for providing a comprehensiveAOD was found to be of order of a few percent or less of
global data set of such measurements. However, the unprecéie daily mean AOD for most aerosol types; the most rapid
dented set of well-calibrated radiances measured in the wavediurnal variability was generally in early morning or late af-
length range from the visible (412 nm) to the near infraredternoon. This suggests that the drift in SeaWiFS orbit time is
(865 nm) also make it well-suited to providing information unlikely to introduce significant artifacts into derived trends.
about atmospheric aerosols (McClain et al., 1998). In this The SeaWiFS product used in this study is based upon the
study, we will attempt to estimate trends in aerosol opticalSeaWiFS v003 dataset, available frdtp://disc.gsfc.nasa.
depth (AOD) at 550 nm over land and ocean using SeaW-gov/dust This dataset spans the time period September 1997
iIFS measurements from 1997 to 2010 using a new SeaWto December 2010 and is the result of an effort funded by
iFS aerosol dataset that has been produced as part of NASANASA's MEaSURES project to produce a long-term aerosol
MEaSUREs projecthttp://disc.sci.gsfc.nasa.gov/imeasiires data record from SeaWiFS. This aerosol retrieval system uti-
We begin in Sect. 2 by evaluating the performance of thelizes a combination of the Deep Blue algorithm over land
sensor calibration and aerosol retrieval algorithm throughou{Hsu et al., 2004, 2006) and the SeaWiFS Ocean Aerosol Re-
the entire SeaWiFS mission. Section 3 describes our methodrieval (SOAR) algorithm over ocean (Sayer et al., 2012a).
ology for trend determination. This is followed, in Sect. 4, by The Level 2 products are derived with a horizontal reso-
a discussion of the resulting annual and seasonal trends frotution of approximately 13.5km at nadir and include spec-
SeaWiFS and comparisons to ground-based measuremertisl AOD at 412, 490, and 670 nmAngstidm exponent, and
from the Aerosol Robotic Network (AERONET, Holben et single scattering albedo (for dust aerosols) over land, and
al., 1998). A summary and conclusions based on our studgpectral AOD at 510, 670, and 865 ndémgstlt")m expo-
are given in the closing section. nent, and fine mode fractional aerosol volume over ocean.
The AOD at the reference wavelength of 550 nm are also
reported for both land and ocean (cf. Hsu et al., 2004 and
Sayer et al., 2012a for details). Level 3 (gridded) products are
available for daily and monthly averages at both?6«%.5°
and T x 1° resolutions. Figure 1 shows an example of the
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resulting seasonally-averaged AOD at 550 nm throughout theigma, i.e. 68 %, confidence limits). Variation from year-to-
13-yr mission using this newly-developed product. In this year appears smooth, with no abrupt changes.
study, we used the Level 3 k 1° spatial resolution monthly Over ocean, fewer sites are available, particularly for
mean SeaWiFS AOD data at 550 nm to calculate aerosothe early part of the time series, so only the years 1999—
trends which can be compared efficiently with other satellite2010 are considered, from the AERONET sites at Arica
products. (18 S, 70 W), Capo Verde (18N, 22 W), Dakar (14N,

A detailed validation of the global SeaWiFS AOD using 16° W), Helgoland (54N, 7°E), IMS METU-Erdemli
the collocated v003 Level 2 products against cloud-screene36° N, 34° E), La Parguera (N, 67° W), Nauru (O S,
and quality-assured Level 2 AERONET measurements (Hol-166° E), Shirahama (33N, 1353 E), and Venise (45N,
ben et al., 1998; Smirnov et al., 2000) and other satellite12° E). The intercept 0~0.008 (£0.005) and gradient of
products is presented for land in Sayer et al. (2012a) and for-0.0014 (+0.0008) per year of the best-fit line are not sig-
ocean in Sayer et al. (2012b). Briefly, on a global basis, ovemnificantly different from zero at the 95 % confidence level
one standard deviation (68 %) of AOD matchups were found(the gradient is significant at the 90 % level, but is small in
to agree within an absolute expected error of 5%  magnitude).
over ocean and 0.0620% over land at 550nm. Since a  These results give confidence that the SeaWiFS aerosol
change in the quality of the retrieval with time, due to either dataset is suitable for the analysis of changes in AOD over
calibration drift or other factors described in Sect. 1, couldthis period. This does, of course, rely on the assumption that
mask or amplify any true change in AOD, it was also imper- the evaluation at these sites is a good representation of the
ative to make an assessment of the temporal stability for thisvhole globe, although in the absence of long-term aerosol
dataset. We therefore calculated the differences in 550 nnrmeasurements at every location, this cannot be assessed di-
AOD between SeaWiFS and AERONET data as a functionrectly.
of year over ocean and land separately; the results are de-
picted in Fig. 2 (methodology and general validation results
are presented by Sayer et al., 2012a, b). Only the best qualitg Methodology
SeaWiFS data, with a quality assurance (QA) of 3 over land
and a QA of 2 and 3 over ocean, are included in our analyse# order to show changes in spatial and temporal distribution
(as recommended in the aforementioned references). Also, inf aerosol loading, linear trends were calculated based on the
order to ensure the consistency of AERONET measurement® x 1° spatial resolution monthly mean SeaWiFS AOD data,
locations throughout the SeaWiFS lifetime, only AERONET from September 1997 to December 2010. These monthly
sites with records lasting for most or all of the SeaWiFS time datasets are calculated as the simple mean of the daily mean
series are considered, as otherwise an apparent change AOD for each month; the daily mean is computed from all
comparison statistics could simply be the result of changeshose retrievals of sufficiently high QA (2 or 3 over ocean,

in regional sampling. and 3 over land). An additional criterion used in the creation
For retrievals over land, the stations used in our analysi®f the monthly mean AOD dataset is that eachx11° re-
are Alta Floresta (9S, 56 W), Avignon (43 N, 4° E), Bani- gion must consist of at least 20 % of the available daily mean

zoumbou (13N, 2° E), Beijing (32 N, 116 E), Bondville  data. If this condition is not met, monthly mean AOD for that
(40° N, 88 W), Bratts Lake (50N, 104 W), the CART  1° x 1° region is not calculated and therefore not included in
site (36 N, 977 W), Dakar (14N, 16°W), Dalanzadgad the trend analysis. In order to remove the large influence of
(43* N, 10& E), GSFC (38N, 76° W), HJ Andrews (44N, the annual cycle, the data were first deseasonalized by ob-
1222 W), llorin (8°N, 4°E), IMS METU-Erdemli (36N, taining the time series of AOD anomaly for each grid cell.
34°E), Ispra (45N, 8 E), Kanpur (28 N, 80° E), MD Sci- The anomaly is defined as difference between monthly varia-
ence Center (3N, 76°W), Mongu (15 S, 23 E), Sede tion and climatology (i.e. the month-wise average over all the
Boker (30 N, 34 E), Sevilleta (32N, 106 W), Skukuza years). A least-squares fit was applied to the AOD anomaly
(24 S, 3P E), Solar Village (285N, 46° E), and Wallops time series to get the slope coefficient of the linear regression
(37N, 75 W). Figure 2 shows that the median and meanthat represents annual trend (AOD'Y).

AOD difference between SeaWiFS and AERONET for these The statistical significance of the calculated trends has
sites is generally small and negative. Therefore, for a typ-been assessed using the method of Weatherhead et al. (1998),
ical case, SeaWiFsS is likely to exhibit a slightly low bias. which has been applied in many studies, including those re-
The lines are reasonably stable over time, suggesting that thiated to AOD trends (e.g. Zhang and Reid, 2010; Yoon et
quality of the dataset does not change throughout the Seaal., 2011; de Meij et al., 2012). The relevant details are sum-
WIFS mission. The intercept of the best-fit line of the meanmarized here, although Weatherhead et al. (1998) present a
error against time is-0.016 (+0.007), with a gradient of thorough discussion and derivation. This treats the trend as a
0.0003 (£0.0009) per year (both in units of absolute AOD). simple linear model,

Therefore, the temporal bias is not statistically different from

zero at the 95 % level (quoted fit uncertainties are the oneY;, = u +wX,+ N, t =1, ..., T D
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Fig. 1. SeaWiFS seasonally averaged AOD at 550 nm from 1998—-2010. Regions shaded in grey indicate insufficient sampling sizes of aerosol
retrievals due to the presence of snow/ice or frequent cloud cover.

whereY; is the time seriesy an offset termw the trend
(AODyr~1), andX, the years of the time serieX(=1/12,

(a) Sites with long time series, ocean

0.2F
= E where the t are the individual months of the time series,
%é O.F el ) 3 and the total number of years is given hy. The termN,
B3 : N Rk FUPLI represents the noise on the time series (i.e. residuals on the
<L 0.0 =t=t—ea—=a AN o straight-line fit), which is assumed to be autoregressive with
£a ST e E a lag of one month. Onae has been estimated (through or-
%2 0.1F T e E dinary least squares regression), Weatherhead et al. (1998)
A 02 2 E show that the uncertainty,, on the estimated trend can be
99 00 01 02 03 04 05 06 07 08 09 10 approximated by:
Year

(b) Sites with long time series, land 0y X % iJ_F—Z 2
L 02FT T T T T T T T T
§ E o1 _ ) ] In the aboveoy is the standard deviation of the residuals
2; CE oL, T R N; on the fit, andp the autocorrelation coefficient. From the
L;:JQ 0 05 3 above equation it follows that when the time series shows
As W positive autocorrelatiow,, increases, i.e. confident detec-
;8 o1 20N o ) . K tion of the trend becomes more difficult. The significance of
CR: Tt et Treeanl the trend is assessed using the réigo,,| (i.e. the absolute
2 ook E trend relative to its uncertainty); if this ratio is 2 or more, the

trend is significant at the 95 % confidence level. Unless stated
otherwise, the term “significance” in this work refers to such
trends. Similarly, significance at the 90 % level is found for
Fig. 2. Yearly variations in the differences between SeaWiFS and| /¢, | > 1.65 (the z-score of the 10 % point of the Normal
AERONI_ET AOD over(a) (_)cean_anolb) Ia_nd. Red is_the mean dif- distribution).
E;?tgiiet;lgfl?greﬁizr’rgnhll:;Tﬁ@:rcntkr;?ftsgi/mefdt:?ngoz eachyear. |, most areas of the world, the magnitude of the auto-
9 o ofthe data. correlation coefficient was found to be small (less than 0.2),
such that the significance level calculated using this method
is similar to that using other techniques such as the Student’s

97 98 99 00 01 02 03 04 05 06 07 08 09 10
Year
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t-test. Additionally, as least-squares regression can be sen
sitive to outliers, autocorrelation, and heteroscedasticity of
errors in the input data, linear AOD trends were also esti-

mated using the non-parametric Theil-Sen (aka “median gra-
dients”) method, which is an estimator robust to these dif-

ficulties (Theil, 1950; Sen, 1968). Global trends calculated

using the Theil-Sen method were within approximately 10 %

of the least-squares regression values for all the sensors cor
sidered, suggesting the least-squares model is appropriate fc
this situation.

4 Results and discussions

4.1 Correlations between SeaWiFS AOD anomaly with
ENSO and NAO

In order to estimate global and regional trends in AOD,
we need to first examine the inter-annual variability of the
aerosol distribution and its relationship with large-scale cli-
matic variations such as the Elidi/La Nifa-Southern Os-
cillation (ENSO) and the North Atlantic Oscillation (NAO).
These large-scale meteorological processes could perturt
the aerosol distributions through changes in aerosol emis-
sions by altering the precipitation and/or soil moisture, or
through aerosol transport via atmospheric circulation feed-
backs. The correlation coefficient®) are thus calculated
between deseasonalized monthly SeaWiFS AOD anomalies
and the Multivariate ENSO Index (MEI; Wolter and Timlin,
1993, 1998) from 1997 to 2010.

As shown in Fig. 3a, the most prominent regions of high
correlation with ENSO signatures are in the tropics near In-
donesia and Central America. In Indonesia/Borneo, fires are
primarily used to clear vegetation waste associated with deFig. 3. Correlation coefficients of SeaWiFS deseasonalized monthly
forestation for agricultural expansion and usually peak in theAOD anomaly with the multivariate ENSO index (ME(4) from
fall and spring season, when the air is relatively dry andthe same month (no lag)p) leading by 6 months, an(t) leading
precipitation is low. These smoke plumes, which can oftenbY 1 yr- l?ots |nd'|ca.te S|g.n|f|ca.nge at 95%conf|dencellevel. Regions
stretch over hundreds of kilometers, are readily observeosm"deOI In grey indicate insufiicient aerosol sample sizes.
by satellites. The times series of SeaWiFS monthly AOD
anomaly along with ENSO index is shown in Fig. 4 and in-
dicates that the intensity of resulting smoke is predominantlyin Fig. 3b). The lag time for South America appears to be
linked to El-Nino-induced droughts over this region; strong even longer (6 months to a year) compared to that for Cen-
peaks are seen in the years 1997-1998, 2002, and 2006. tral America. Such time lags between ENSO and fire season

Since the amount of precipitation affects the interannualseverity in South America have also been reported by Chen
variability of biomass burning activities and dust emission et al. (2011), with significant lagged correlations emerging
through changes in soil moisture, these effects could be acen a 3—7 month time scale. However, there seems to be lit-
cumulative. We also calculate the correlation coefficients betle time lag observed over Indonesia between AOD anomaly
tween SeaWiFS AOD anomaly and the ENSO index withand ENSO-induced drought. This is probably indicative of
various time lags. Figure 3b and c show AOD anomaly corre-the differences in agriculture/land clearing practices between
lations with ENSO index leading by six months and one year,South America, Central America, and Indonesia.
respectively. We note that the intensity of biomass burning The results shown in Fig. 5 indicate that summertime Sa-
smoke in Central America is sensitive not only to the ENSO-haran dust loadings highly correlat® £ 0.5 at 95 % confi-
induced rainfall changes during the peak burning season, budence) with the ENSO index from 6 months earlier over dust
also to those accumulated throughout several months priosource regions in northern Sahel, as well as over the Atlantic
to the start of burning (i.e. on a 6-month time lag as shownalong the dust transport pathway reaching as far as Barbados,
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Fig. 4. Time series of AOD anomaly and ENSO Index over Indonesia regiv848 N, 90-130 E).

Fig. 5.Lagged correlation of summertime average (JJA) mean AOD anomaly with winter (DJ) mean ENSO Index leading by 6 months over

the North Atlantic and surrounding regions (0250 100° W—60° E). Dots indicate significance at 95 % confidence level. Regions shaded
in grey indicate insufficient aerosol sample sizes.

West Indies. This is consistent with the findings of Prosperocirculation on the summer time Saharan dust transport into
and Lamb (2003) and Chiapello et al. (2005), who reported ahe Atlantic.
close link between dust concentrations observed in Barbados The effects of the NAO on the Saharan dust distribution
followed by the occurrence of major ENSO events and theare also investigated as shown in Fig. 6. The NAO is one of
associated drought in Sahel. In contrast to the Sahara, whicthe dominant factors of northern winter (December-January-
receives little rainfall each year, dust emissions over the SaFebruary) climate variability in the North Atlantic region,
hel are apparently more influenced by the year-to-year varispanning central North America and Europe. The NAO win-
ability of the precipitation, as expected. Besides the transporter index used in this study is based upon the difference
route from the Sahel to Barbados, the high ENSO/AOD cor-of normalized sea level pressure between Lisbon, Portugal
relation results shown in Fig. 5 also indicate the possibility of and Stykkisholmur, Iceland (Hurrell, 1995). Based upon the
a widespread association between ENSO and dust transparésults in Fig. 6, a sizeable and statistically significant (at
in the western and northern parts of the North Atlantic along95 % confidence) correlatiorR(> 0.5) is apparent between
the edge of the Saharan dust outflow regions. This anomathe SeaWiFS AOD anomaly and NAO index over extensive
lous pattern also coincides with the main development regiorareas encompassing the western part of the North African
(MDR), primarily between 10-2(N, of tropical cyclone ac- continent into the North Atlantic. In addition, we also ob-
tivity in the Atlantic. This is likely to be linked to the effects serve a secondary branch of positive correlation that is statis-
of ENSO induced changes of the atmospheric dynamics antically significant along the pollution outflow of the eastern
US across the most northern edge of the Atlantic. We found

Atmos. Chem. Phys., 12, 8038053 2012 www.atmos-chem-phys.net/12/8037/2012/
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no statistically significant correlation over this region for sea- Zhang and Reid, 2010). This downward trend in AVHRR
sons other than winter. This is consistent with the findings ofdata continues until 2009, based on our analysis of the
Ginoux et al. (2004) and Chiapello et al. (2005) based uporAVHRR Pathfinder Atmospheres — Extended (PATMOS-x)
the 17-yr record of TOMS data (1979-2000, except for 1982A0D data (not shown), which is in contrast to the trends ob-
and 1993-1996). served from SeaWiFS and MODIS from this study.

These results suggest that, while the NAO has a large in- The difference in sign associated with trends in the past
fluence on the wintertime dust distribution over the Atlantic, decade could partly be due to the overall calibration ac-
significant variability of the AOD anomaly in this region is curacy/orbital drift in the AVHRR data record. Thomas et
influenced by ENSO during the summer months. We alsoal. (2010) compared changes in AOD between Along-Track
note that large scale meteorological events such as ENSO arfscanning Radiometer 2 (ATSR-2) and AVHRR data for
NAO appear to have significant impacts on the interannuall995-2001. They found that the global downward trend in
variability of aerosol distribution in the dust-laden regions the AVHRR AOD was largely driven by the southern oceans,
such as the Sahel, western part of North Africa, and the surfor which the latitudinal range of sampling during daylight
rounding waters, as well as in the biomass burning smokehours changed significantly during the study period, due to
dominated regions such as South America and the equatdadrifts in the AVHRR platform’s orbit. Even for those regions
rial zone in Southeast Asia. Therefore, trend determinationwhere daylight availability is not an issue, diurnal variability
in such regions is more susceptible to the influence of thesén cloud cover can lead to changes in the availability of clear-
large-scale climatic driving forces, which result in larger in- sky pixels for AOD retrieval as the satellites drift, resulting in
terannual variability in AOD and consequently less likely to further sampling bias (e.g. Devasthale et al., 2012). The drifts
meet the level of statistical significance as described in thén orbit time for the AVHRR sensors were generally larger

next section. than for SeaWiFS, and when compositing multiple AVHRR
records together to create a longer time series, there are time
4.2 Global trend discontinuities when one satellite is replaced by the next. Ad-

ditionally, other factors contributing to this noted difference

Figure 7 shows comparisons of the time series of absolutenay be related to data sampling issues arising from different
AOD and AOD anomaly averaged over global ocean fromcloud-screening schemes employed by AVHRR and SeaW-
SeaWiFS with those from MODIS Terra (data record begin-iFS/MODIS.
ning in 2000) and Aqua (beginning 2002) during their over-  Also shown in Fig. 7 is the time series of over-ocean AOD
lapping years. Although there is an offset between MODISand anomaly from the data assimilation (DA) grade MODIS-
Terra and Aqua in terms of absolute values of AOD, the Terra dataset, which is a product based on bias correction
short-term tendency during the overlapping period is sim-and additional quality screening of the MODIS Collection
ilar between the two (Zhang and Reid, 2010). This com-5 aerosol product (Zhang and Reid, 2006; Shi et al., 2011).
parison shows that the interannual variability of the SeaW-Only the period 2000-2009 is available. These data track the
iFS AOD anomaly follows both MODIS Terra and Aqua SeaWiFS record very closely. This is consistent with Sayer et
until mid- 2009. From 2009 onwards, the SeaWiFS AOD al. (2012), who found for collocated daily Terra/DA-MODIS
anomaly is higher than that from MODIS, resulting in a and SeaWiFS data over ocean a correlation of 0.87 and bias
more positive trend (i.e. 0.00098 +0.00023 ¥mith |w/o,,| of —0.006 between the two (SeaWiFS lower). In contrast,
of 4.3) over global ocean compared to the MODIS values (i.ethe Collection 5 MODIS Terra had a slightly lower corre-
0.00061 +0.00029 y* with |w/o,| Of 2.1) over an over- lation with SeaWiFS (0.80), and SeaWiFS a more negative
lapping period of eleven years (2000-2010). According tobias (-0.027). Only Terra data are shown; the offset between
Fig. 2, the comparisons of SeaWiFS retrieved AOD at 550 nmthe two MODIS sensors becomes smaller in the DA-MODIS
with the AERONET values do not indicate any significant product (Shi et al., 2011; Sayer et al., 2012).
drift from the zero line after the mid 2009, and thus suggests Zhang and Reid (2010) found, using a similar methodol-
that the satellite-derived aerosol trend is likely not to be dom-ogy to this study, an annual trend of 0.001¥based upon
inated by sensor calibration drift. ten-year (2000-2009) global-average over-ocean Terra/DA-

It is worth pointing out that long-term global ocean AOD MODIS AOD (and a similar figure noted for Aqua). This is
measurements based on AVHRR data have been shown fa good agreement with the results of this study from both the
have a downward tendency for the period 1982—2005 (Mis-DA-MODIS and SeaWiFS records. However, after perform-
chenko et al., 2007; Zhao et al., 2008). Although reviseding a correction to both the Terra and Aqua data to account
calibration procedures applied to AVHRR radiances havefor a drift in the quality of the validation statistics against
broadly resulted in comparable AOD when compared toAERONET since 2005 (Levy et al., 2010; Zhang and Reid,
MODIS (zZhao et al., 2008; Li et al., 2009), the short-term 2010), the magnitude of this trend decreased by a factor of
trends of AOD in the period of overlap between MODIS and three, and it became statistically insignificant. Their best es-
AVHRR are opposite in sign (positive for MODIS and nega- timate is therefore that there has been no significant change
tive for AVHRR) for the period 2000-2005 (Li et al., 2009; in global-average over-ocean AOD during this period.
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Fig. 6. Correlation of AOD anomaly and NAO Index during winter (DJF) months over the North Atlantic and surrounding regiorfsNp—-50
100° W-6( E). Dots indicate significance at 95 % confidence level. Regions shaded in grey indicate insufficient aerosol sample sizes.

Table 1. Global and regional annual trends derived based upon 13-yr SeaWiFS AOD products (January 1998—-December 2010). The cor-
responding uncertainties are the 68 % confidence limit. The derived trends in the regiofs/with> 2 are considered to be statistically
significant at 95 % confidence level.

Latitude Longitude Slope AOD/  Uncertainty |w/ocg|

) “) peryear
Global land/ocean 0.00078 0.00019 4.00
Global land 0.00058 0.00041 1.39
Global ocean 0.00080 0.00019 4.21
Africa (Sahel) 10-15N 5°W-15E 0.0049 0.0031 1.55
Arabian Peninsula 10-3: 35-60 E 0.0092 0.0013 7.18
Central America 5-20N 80-120 W —0.0020 0.0014 1.45
Eastern China 35-4N 110-120 E 0.0032 0.0018 1.79
Southern China 20-3IN 108-120 E 0.0049 0.0018 2.69
Europe 43-55N 0-3CE —0.0027 0.0007 3.66
Northern India 20-30N 75-85 E 0.0063 0.0020 3.20
Eastern USA 30-45N 7090 W —0.0028 0.0005 4.73
North Atlantic (east) 10-30N 18-30 W —0.0040 0.0014 2.81
South America 10-20S 40-65 W —0.0009 0.002 0.47
Southeast Asia I5S-1C0N  80-120 E 0.00011 0.001 0.11

The resulting annual trends of SeaWiFS AOD anomalyof the surrounding regions and over the whole globe, we su-
over both land and ocean are derived for eachx 1° perimpose the locations of AERONET sites on top of the
grid cell over 13yr (January 1998 to December 2010)SeaWiFS annual trend map in Fig. 8. The black and pink
and are shown in Fig. 8. Overlaid symbols indicate re-boxes and symbol (x) represent positive, negative and negli-
gions with trends significant at the 95 % confidence levelgible trends from AERONET data, respectively.

(i.e. lw/o,| > 2), following the Weatherhead et al. (1998) In general, the SeaWiFS derived annual trends from
methodology as discussed in Sect. 3. The corresponding998 to 2010 are small over most of the world. As
global mean as well as regionally averaged values of SeaWtabulated in Table 1, the trend values are found to be
iFS derived annual trends and their uncertainties are include®.00078 +0.00019 yr' with |w/o,,| of 4.00 for global av-
in Table 1. erage of land and ocean, and 0.00080 +0.00019 yvith

For comparison, we also calculate trends based uponw/o,| of 4.21 for global ocean. Both trends meet the
AERONET measurements over selected sites using the sanstatistical significance of 95 % confidence level. There is
methodology, where sufficient and more-or-less continuouso statistically-significant trend detected in the global av-
data records were acquired over a similar time period to Seaeraged AOD anomaly over land (0.00058 +0.00041yr
WIFS. These AERONET values and the corresponding Seawith |w/o,| of 1.39). However, on the regional scales, the
WIFS trends are listed in Table 2. Also, to help visualize thetrends could be considerable. For example, over the mineral
SeaWiFS and AERONET trend comparisons in the contexidust dominant regions, strong positive trends are seen over
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Table 2. Comparisons of SeaWiFS-derived annual trends with those from AERONET measurements. Quoted uncertainties are the 68 %
confidence limit. ** indicates trends significant at 95 %, * indicates trends significant at 90 %.

Location Time Period AERONET SeaWiFS

Trend (AODyr1)  Uncertainty Trend (AODyrl) Uncertainty

Ocean
Capo Verde 18N, 22°W  01/1998-12/2010 —0.0040* 0.0024 —0.0070* 0.0039
COVE 36N, 75°W  10/1999-01/2008 —0.0010 0.0015 —0.0023 0.0018
Ascension Island 7S, 14 W 11/1998-11/2009 0.0012 0.0021 0.000063 0.0011
Nauru GS,166 E 06/1999-11/2010 0.0013 0.00095 0.00066 0.00077
Tahiti 17S,149W 07/1999-10/2009 0.00022 0.00086 0.0012** 0.00063
Shirahama 33N, 133 E  10/2000-01/2010 0.000063 0.0022 0.0025 0.0017
La Parguera 17N, 67°W  07/2000-07/2010 0.0014 0.0015 —0.00071 0.0020
Venise 483N, 12 E 06/1999 — 12/2010 —0.0062** 0.0015 —0.0053** 0.0013
Land
IFT-Leipzig 5PN, 12 E 05/2001-05/2010 —0.009** 0.0042 —0.0128** 0.0057
GSFC 38N,76°W  09/1997-12/2010 —0.0039** 0.0012 —0.0008 0.0017
Alta_Floresta 9S,56 W 01/1999-12/2010 0.0005 0.0095 —0.0093 0.032
Banizoumbou 13N, 2°E 06/1999-06/2010 0.0087 0.0057 0.0136** 0.0066
Solar Village 25N, 46°E 02/1999-04/2010 0.018** 0.0038 0.0097** 0.0037
02 — the Arabian Peninsula (0.0092 +0.0013Yywith |w/o,,| of
—Terra/MODIS 7.18), while negligible trends of no statistical significance
. “ oo exist over most of the desert regions in China. In contrast,
there is a negative tendency in the surrounding regions of
R \/UJ\F\/\/U the western part of North Africa as well as the Atlantic
Qo (—0.0040+0.0014 yr! with |w/o,| of 2.81). This down-

ward trend, which is most likely associated with the de-
011 creasing export of Saharan dust from North Africa into the
Atlantic, is also reflected in the AERONET data at Capo
Verde listed in Table 2 (which is significant at the 90 %
level, although not the 95 % level). For fine mode anthro-
pogenic aerosols, positive trends are observed in the fast

0.08

Jan-00
Jan-01
Jan-02
Jan-03
Jan-04
Jan-05
Jan-06
Jan-07
Jan-08
Jan-09
Jan-10

003 — seawifs developing countries over India (0.0063 +0.0020Ywith
004 —;z'u'mgg‘g |wlo,| of 3.2) and southern China (0.0049 +0.0018Ywith
—Terra/DA-MODIS lw/o,| of 2.69), most likely associated with an increase in

o
o
@

urban/industrial pollution. Negative trends are also seen over
eastern US+0.0028 +0.0005 yr! with |w/0o,,| of 4.73) and
Europe (0.0027 +0.0007 yr! with |w/o,,| of 3.66), which

are consistent with the AERONET trends at GSFC and IFT-
Leipzig, respectively. The downward trends over Europe and
the eastern US may partly be due to a decrease in pollution
aerosols associated with emission control. For biomass burn-
ing regions, although there seems to be downward trend over
the Central America, the estimated trends are not statisti-
cally significant for other areas such as South America, North

Fig. 7. Comparisons of the absolute AOD (top) and AOD anomaly America, Africa, and Southeast Asia. The comparisons of the
(bottom) averaged over global ocean as a function of year betwee

agnitudes of global annual trends with these regional trends
SeaWiFS and various MODIS products. The estimated linear tren(jh g g g

; . - ized in Fig. 9.
s 0.00098 yr ! for SeaWiFS and 0.00061y# for MODIS Terra. ¢ Summarized .
! y ! y It is also evident from the results shown in Table

2 that, except for Capo Verde and Venise, most of
the island/coastal AERONET measurements exhibit either

AOD Anomaly
o o
o o
2 S

o

°
o
B4

-0.02
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-0.02 -0.01 0 0.01 0.02

Fig. 8. Linear trend based upon deseasonalised monthly anomaly of AOD at 550 nm for the period 1998—2010. Units arel AD@tyr

indicate significance at 95 % confidence level. The black and pink boxes and symbol (x) represent the ground based AERONET locations
with AOD tendency of positive, negative, and statistically insignificant values, respectively. Regions shaded in grey indicate no data or
insufficient sample size for trend analysis.

positive or negligible trends over the tropical Pacific (Tahiti in cloudiness during this time period. For comparison pur-
and Nauru), South Atlantic (Ascension Island), North At- pose, we also calculate the AOD retrieval fraction based upon
lantic (COVE), Caribbean (La Parguera), and the northwesthe data from Terra/MODIS, which has maintained a stable
Pacific (Shirahama). The corresponding trends derived fromequator crossing time around 10:30 a.m. during these over-
the SeaWiFS record seem to be comparable to those frofapping years (i.e. 2000-2010). As shown in Fig. 10 (bottom
AERONET. panel), the patterns of cloudiness changes (the primary driver
As stated in Sect. 2, the SeaWiFS equator crossing timef retrieval availability) seen in the MODIS data during this
had drifted from noon into a slightly later orbit after 2007. period have many similarities with those in the SeaWiFS
The changes in satellite overpass time could potentially leagroducts and no significant bias was found between the two.
to changes in the latitudinal range of sampling during day-It suggests that the later drift in SeaWiFS orbit does not re-
light hours, or in cloud cover as part of the natural diur- sultin substantial impact in sampling rate/coverage for trend
nal cycle as discussed above for the case of the AVHRRcalculations during its 13 yr mission.
data. In order to examine if the drifted SeaWiFS orbit has
significant impact on the sampling rate/coverage of the re4.3 Seasonal and regional trends
trieved AOD throughout the 13yr of mission, we calculate
the SeaWiFS AOD retrieval fraction (number of days with since, as shown in Fig. 1, there is strong seasonality in
retrieved AOD relative to the total number of possible days)poth the emission intensities of natural and anthropogenic
as function of time. Figure 10 (top panel) shows the globalaerosols over various source regions and their impact on
distribution of the 13yr averaged SeaWiFS AOD retrieval |arge-scale aerosol distributions, trend analyses were per-
fraction (1997-2010). As expected, the regions with frequentormed separately for each season. Seasonal trends were
cloudiness or snow/ice have poor retrieval rates such as thosgy|culated over each®k 1° grid for the DIF, MAM, JJA
areas along storm tracks, ITCZ, and high latitude zones. Theng SON time spans and are presented in Fig. 11. The
differences in SeaWiFS AOD retrieval fraction between early corresponding time series of seasonal mean AOD anomaly
years (2000-2003) and later years (2007-2010) are also dem( their standard deviation over northern India (2080
picted in Fig. 10 (middle panel). The negative (positive) val- 75_g5 ) eastern China (30-20l, 110-120 E), the Ara-
ues are attributed to decreasing (increasing) sampling ratgjan Peninsula (10-33, 35-60 E), Europe (43-55N, 0—
with time. It is clear that there are no systematic changes in3r ), and the eastern United States (30-M570—90 W)
the latitudinal range of AOD sampling in the later part of Sea- are shown in Fig. 12. In order to have a reasonable temporal
WIFS mission as compared to the earlier period. Howevergistribution in the analysis and maintain consistency with the
there are some regionally dependent changes observed Estimation of annual trends, seasonal trends were computed
AOD retrieval fractions, which are most likely due to changes hased on the time series of individual months for a particular
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Fig. 9. Comparisons of global and regional annual trends based P
upon deseasonalised monthly anomaly of SeaWiFS AOD at 550 nm||: = \_
from January 1998 to December 2010. Units are AODYyRed 1 : 2
bars represent regions with AOD trend statistically significant (ex- of:-fooee iy E
ceeding 90 % confidence), while blue bars indicate regions where
statistically significant trend are not found (i.e. wjth'o,,| < 1.65). ; ; : ; : ; ; :
Error bars denote the uncertainty associated with the calculatedg): | @ - . & T
trend. ;i
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season (stacked together), instead of calculating a seasonal —135 __-g90  -s5 0 45 90 135

mean trend. In other words, a slope coefficient was estimated |’
from a time series consisting of MAM 1998, followed by g}=%
MAM 1999 and so forth, thus from a total of 39 data points. | 1

Unlike the annual time series, though, the seasonal time”| -~ N
series contains successive gaps of 9 months; therefore thel: 1 Fp
statistical significance of the seasonal trends were computed,|: - 1 |
from the Student’s t-test and not following the Weatherhead |~ % : i : :
et al. (1998) method — which is more suitable for a time S ...l ot il o (s St
series without sequential breaks. The statistical significance | ; ; 1 ; ; ; 1
of the seasonal trends was assessed using the Analysis Of -1 —é% etﬁe—vﬁ chgon Dié‘zremeéo T35
Variance (ANOVA) procedure which involves testing the F-
statistic and associated p-value. The F-statistic is referred to
as the ratio between mean-squared error of regression arfelg. 10. (Top) 13 yr averaged retrieval fraction of SeaWiFS AOD
mean-squared error of residuals, and is equal to the square éfbm 1997 to 2010 and (middle) the differences in SeaWiFsS re-
Student’s t-statistic. The associated p-values (less than 0.03jieval fraction between early years (2000-2003) and later years
are indicated as open symbols on global trend distribution(2007-2010). For comparison, the differences in Terra/MODIS re-
maps for regions that are statistically significant at the 95 getrieval fraction between the same two periods are also shown (bot-
confidence level, and the null hypothesis (that the regressio?‘nOm '
coefficients are not statistically different from zero) can be
rejected.

Linear trends and their statistical significance at 95 % con-is likely that the increasing aerosol load over the Arabian
fidence level are shown in Fig. 11 in the same fashion asPeninsula, together with the increase over the northern Ara-
in Fig. 8. The summary of the trend values and their as-bian Sea, has contributed to upward trends in AOD over sur-
sociated uncertainties derived over selected sub-regions i®unding oceanic regions largely associated with the spring-
also listed in Table 3 for each season. It is apparent thaind summer-time dust outflow. We also found supporting ev-
there are strong positive trends over both the Arabian Peninidence of a systematically increasing aerosol loading ten-
sula as well as the surrounding Arabian Sea, especially durdency from AERONET observations at Solar Village in
ing spring and summer seasons (0.0116+0.0015wnd  Saudi Arabia, as well as a decreasing tren&rirgstrbm ex-
0.0140+0.0022yr!, respectively). Strong upward trends ponent (440 nm-870 nm) for the period 1999-2010 (Fig. 13).
are also found over the adjoining Persian Gulf. Thus, itRecently, Yoon et al. (2012) also reported an increasing

09
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09— 0¢—
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Fig. 11. Seasonal trends of SeaWiFS AOD anomaly from January 1998 to December 2010. Dots indicate significance at 95% confidence
level. Units are AOD yr'L. The grey color represents the regions with no data or insufficient sample size for trend analysis due to the presence

of frequent cloud cover or snow/ice.

Northern India Eastern China is also obtained from the SeaWiFS data for the overlapping
period over a 1x 1° region collocated with the Solar Vil-
lage site (Table 2). Furthermore, we discern from the top
panel of Fig. 13 that the seasonal cycle of aerosol loading
has strengthened on an approximate inter-annual scale, with
measurable decrease in the Angstrom Exponent. These ob-
servations lead us to posit that the seasonal cycle of dust
emissions (loading as well as outflow) has strengthened in

o
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015 Arabian Peninsula 15— roPe and Eastem USA the past 11-13 yr spanning the AERONET and SeaWiFS data
01| o 01| ~—Gamiar record over this region. The region-wide trend from the Sea-
g oos g oos | WIiFS AOD data record (January 1998 to December 2010) is
$ o g o - estimated to be 0.0092y# (+0.0013) with|w/o,,| of 7.18
g 005 Q008 statistically significant at 95 % level, when averaged over the

S
S

Arabian Peninsula (Table 1). As clearly noted in the spatial
©1%67 a8 60 00 01 02 02 04 05 06 07 05 09 10 757 35.95,00 01 02 03 04 05 05 0 08 09 10 trend distribution (Fig. 8), this large regional trend is an or-
der of magnitude higher than the global mean trend (land and
Fig. 12. SeaWiFS time series of seasonal averaged AOD anomalyocean) as well as the global mean trend only over land.
over northern India (20-3MN, 75-85 E), eastern China (30-  The global mean trend over land areas is weakly positive
40°N, 110-120 E), Arabian Peninsula (10-38I, 35-60'E), Eu-  yyith |arge variability and is only representative for the rela-
;%p_%g'\?v_)‘r’%’:'é S;ii(z aEI)BaE:Qd ds:;t:rtr;]euf'ie;asnt:;?z éi?/;?m . tively short time scale of the data record (a little over 13yr)
' L - . and therefore is deemed to be negligible or not scientifically
seasonal averaged AOD anomaly within the specified regions. L s .
significant. However, it is important to emphasize the large
sustained upward trends observed over the Arabian Penin-
sula and the need to monitor future trends, and/or construct a

(decreasing) AODAngstiom exponent) for the period 2001— longer-term aerosol record in retrospect to better quantify the
2008, based on analysis of AERONET data from the So-changes in aerosol loading, causes and regional (and down-
lar Village site. The upward trend in AOD from AERONET wind) climate impacts.

data is 0.018 yr! and statistical significant at the 95% level ~ In contrast to the strong upward trends over the Ara-
for the 11-yr period shown in Fig. 13, while a positive trend bian Peninsula, there appears to be negative trends over
(i.e. 0.0097 yr' and statistical significant at the 95 % level) the Saharan dust dominant regions in western African and
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Table 3. Seasonal trends derived based upon 13-yr SeaWiFS AOD 12 —
products (January 1998-December 2010) for the same sub-region —— AERONET AOD
as in Table 1. The corresponding uncertainties are the 68 % con- ]
fidence limit. ** indicates trends significant at 95 %, * indicates 0.8 -
trends significant at 90 %. Blank cells represent regions with insuf- 4
ficient sampling sizes for trend calculations within a given season. 2

0.6 -

0.4 -

Season DJF MAM JIA SON
Africa (Sahel) 10-15N, 5° W-15" E

0.2 4

Slope AOD/per year —0.0037 0.0187** 0.0043 0.0005
Uncertainty 0.0048 0.0057 0.0034 0.0025

Jan-99

Jul-99

Jan-00 |
Jul-00
Jan-01 7
Jul-01
Jan-02 |
Jul-02
Jan-03 7
Jul-03
Jan-04 |
Jul-04
Jan-05 7
Jul-05
Jan-06 |
Jul-06
Jan-07 7
Jul-07
Jan-08 |
Jul-08
Jan-09
Jul-09
Jan-10
Jul-10

Arabian Peninsula 10-3%, 35-60 E 0.8

SeaWiFS AOD
Slope AOD/per year  0.0048** 0.0116** 0.0140** 0.0065** AERONET AOD
Uncertainty 0.0009 0.0015 0.0022 0.0010 L AERONET Angstrom Exponent
Central America 5-20N, 80-120 W 0.4 -

>
Slope AOD/per year  0.0002 —0.0084** 0.0006 £ o2
Uncertainty 0.0004 0.0030 0.0004 E ’
Eastern China 35-40N, 110-120 E 01
Slope AOD/per year 0.0078** 0.0006 —0.0011 0.2
Uncertainty 0.0023 0.0034 0.0021
0.4

Southern China 203N, 108-120 E

Jan-99

Jul-99

Jan-00
Jul-00
Jan-01
Jul-01
Jan-02
Jul-02 A
Jan-03
Jul-03 7
Jan-04 -
Jul-04 A
Jan-05
Jul-05 7
Jan-06 -
Jul-06
Jan-07
Jul-07 7
Jan-08 -
Jul-08
Jan-09
Jul-09
Jan-10 7
Jul-10

Slope AOD/per year 0.0047** 0.0076** 0.0086**

Uncertainty 0.0020 0.0033 0.0034

Europe 43-58N, 0-30 E Fig. 13. Interannual variation of AOD (top panel) and AOD
Slope AOD/per year 0.0020% 00015  _0.0042 —0.0033" anomaly (bottom panel) from SeaV_\hFS an_d AERONET measure-
Uncertainty 0.0009 0.0013 0.0011 0.0010 ments co-located over the Solar Village site, for the period from

February 1999 to April 2010. A systematic increasing aerosol load-
ing signal is associated with the strengthening of the seasonal cy-
cle, particularly during boreal spring and summer seasons, i.e. peak
dust loading period. Interannual variations of Angstrom Exponent
anomaly from AERONET data (bottom panel) also suggest a char-

Northern India 20-30N, 75-85 E

Slope AOD/per year  0.0053** 0.0055** 0.0033*
Uncertainty 0.0011 0.0020 0.0017

Eastern USA 30-45N, 70-90 W

Slope AOD/per year —0.0009** —0.0029** —0.0047*  —0.0026** acteristic increase in coarse aerosol fraction.

Uncertainty 0.0004 0.0013 0.0016 0.0007

North Atlantic (east) 10-30N, 18-30 W

Slope AOD/per year —0.0068**  —~0.0015  —0.0054*  —0.0022 North Africa exhibit relatively smaller trends with no statis-
Uncertainty 0.0026 0.0042 0.0029 0.0017

tical significance and weak seasonal dependency. However,
there seems to be a significant positive trend over the Sahel
Slope AOD/per year —0.0050* region during springtime (0.0187 +0.0057 yrwith statisti-
Uncertainty 0.0020 L
cal significance at 95 %).
Southeast Asia F5-10 N, 80-120 B Over East Asia, aerosol loading appears to exhibit neg-
Slope AOD/per year 0060004 —0-08297** 0.0024 ligible trends of no statistical significance in eastern China
Uncertainty 0009 0000 0.0017 (0.0006 +0.0034 yrt) during the springtime active dust out-
break season; the corresponding AOD anomaly time series is
depicted in Fig. 12 (top-right panel). The amount of mineral
the North Atlantic, particularly during the winter season dust reaching this region decreases from 1998 to 2004—-2005,
(—0.0068 +0.0026 yr'). However, these patterns seem to but was quite high again in the later years (2006—2010).
coincide with the AOD-NAO correlation map depicted in Overall, the insignificant trends for the dust-dominated sea-
Fig. 6. Therefore, the negative trend in the SeaWiFS AODson over eastern China are due to large interannual variabil-
anomaly during the winter months is likely a reflection of ity in the observed aerosol loading. In South Asia, the re-
the downward trend in the NAO strength from 1997 to 2010. gions over northern India along the Indo-Gangetic plain are
Similarly, the locations of negative trends in the summeroften influenced during the pre-monsoon season with heavy
AOD anomaly over the Sahel and across the Atlantic alsodust plumes transported from the Thar Desert in northwest-
mimic the AOD-ENSO correlation shown in Fig. 5. Con- ern India (e.g. Gautam et al., 2011). Based upon Fig. 12
sequently, the large-scale meteorological processes, such é&®p-left panel), these dust activities seem to increase sig-
NAO and ENSO, largely regulate the export of the Saha-nificantly from 1998 and peak around 2003. However, since
ran dust in the Atlantic. Overall, trends observed over the2003 the dust intensity appears to have weakened during the

South America 10-20S, 40-68 W
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boreal spring (MAM) compared to the prior period. A re- s8N 56N
cent study based on satellite observations from MISR also
alluded to this decrease in dust loading over northern India s
from 2000 onwards (Dey and Di Girolamo, 2011). However,
since the SeaWiFS data record spans a longer time, our re s
sults indicate an overall slightly positive trend from 1998 to
2010 over northern India during this season (0.0055 + 0.0020
yr~1 with statistical significance at 95%). For the rest of
the world, there are no statistically-significant trends over
arid and semi-arid regions, including over Australia and the
southwest US.

For biomass burning regions such as Indonesia, South o Annual 4
America, and in particular Central America, the aerosol *%os N B 2 R R
trends are observed to be negative from 1998 to 2010. How- X

ever, the year-to-year variabilities of smoke emission OVelLiy 14. The 13 yr SeaWiFS zonally averaged AOD values (left)

these regions are most likely driven by the ENSO induced ef-ang the corresponding trends per year (right) frorh S0 58 N
fects discussed in the previous section. Our calculations alsgand and ocean) for annual and four seasonal means denoted by

show that there are no observed aerosol trends of statisticalifferent color lines. The horizontal bars on the right panel represent
significance over Southeast Asia (i.e. Indo-China) as well aghe uncertainties associated with the calculated annual trends for
regions in North America, Europe, and Siberia where foresteach latitude zone.
fires frequently occur.

Over regions where anthropogenic fine mode aerosols are
prevalent, our study shows that there are downward trends o4.4 Zonal average trend
—0.0047 +£0.0016 yr* and —0.0042 +0.0011yr! in AOD
over the eastern US and Europe, respectively, during thén order to help study the radiative effects of aerosols on
summer months (JJA) (i.e. the peak season of air polluEarth’'s climate, we also compute zonally averaged trends
tion build-up in these regions). However, for the rapidly de- (averaged from 180W to 180 E over both land and ocean)
veloping countries in Asia, the AOD tendencies are pos-based upon this 13-yr SeaWiFS data record; these trends are
itive. In particular, during the heavy winter haze months displayed in Fig. 14 (right panel). Trends from zonal mean
(DJF), significant upward trends are observed in the re-of AOD anomalies for both annual and seasonal averages are
gions of eastern and southern China (0.0078+0.0028yr calculated and shown from 55 to 55 N at 5 intervals.
and 0.0047 +0.0020 y#, respectively), the East China Sea, The corresponding zonally-averaged absolute AOD values
and in northern and central India (0.0053+0.0011%r are also depicted in Fig. 14 (left panel) for comparison. As
and the surrounding oceanic regions, particularly over theexpected, the absolute AOD is much higher in the Northern
Bay of Bengal. In contrast to the weak tendencies in theHemisphere compared to the Southern Hemisphere, which
boreal spring/pre-monsoon months that are largely due tas mostly dominated by the oceans and is, in general, rela-
inter-annual variability of dust transport, the relatively stable tively pristine. Most of the tropospheric aerosol burden re-
conditions during dry winter/post-monsoon period favors ac-sides between the equator and 8Dfor all four seasons, ex-
cumulation of aerosols/pollutants. Hence, the upward trendgept for the springtime Asian dust outbreak which peaks at
are most likely due to increase in regional urban/industrialmid-latitudes in the Northern Hemisphere, and the biomass
pollution. Yoon et al. (2011), using SeaWiFS data (with a burning activities over South America, Africa, and South-
different AOD retrieval algorithm) found positive trends in east Asia in the Southern Hemisphere during the boreal fall
AOD during springtime and fall over the Pearl River delta months (SON).
in China; positive trends in this region are also seen in this As shown in Fig. 14 (right panel), the corresponding over-
study, although only statistically-significant on an annual, all annual trends are mostly positive over the latitude zone
rather than seasonal scale due to frequent cloud cover. Ifrom equator to 3ON, where most of the aerosol sources
terms of overall trends, it is interesting to note that both reside, although there are significant self-compensating pos-
East and South Asia exhibit similar patterns during the highitive and negative trends within this zone as depicted in
aerosol loading seasons, i.e. a systematic increasing trenig. 8. On a seasonal basis, the primary peak tendency in
during the winter haze period and a rather variable AOD dis-AOD occurs during the boreal winter months (DJF) around
tribution during the dust-dominant spring/pre-monsoon sea25-40 N and is largely associated with changes over India
son (Fig. 12). A recent study also indicates upward trendsand China as well as adjacent waters. However, the boreal
in fine-mode anthropogenic aerosols over China and Indisspringtime (MAM) zonal mean trends are slightly negative
using inventory emissions data for sulfate and carbonaceouaround 35—-45N due to weak decreases over the dust source
aerosols (Lu et al., 2011). regions in northwestern China, while remaining positive in
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the 10-30N latitude zone as a result of larger increasing level, is essentially negligible when compared to the mag-
trends in the Arabian Peninsula dominating over the decreasnitudes of contributions from other factors, including large-
ing trend in Central America. The net positive trends overscale meteorological events such as ENSO and NAO. Our
the tropics and subtropics in the Northern Hemisphere durestimated SeaWiFS trend over global ocean is comparable
ing boreal summer (JJA) are also a product of the strongo and has the same sign as the trend derived from the
increasing Arabian trends and the weaker decreasing trendglODIS sensors aboard Terra and Aqua. However, it is in
in the Saharan dust dominant Atlantic Ocean. Compared tmpposite sign to AVHRR data during the overlapping years.
those in the Northern Hemisphere, the aerosol emissions i©On regional scales, the estimated trends in this study sug-
Southern Hemisphere, which are mostly related to biomasgest that the AOD tendency could be significantly large. We
burning activities, peak in the SON months. Most of the note that there are decreasing trends over the eastern US and
aerosol tendency in this region is not statistically signifi- Europe, possibly due to a corresponding decrease in man-
cant, especially near the smoke sources over land, due tmade air pollution levels. Yet, over rapidly developing coun-
large year-to-year fluctuation. However, a significant positivetries such as China and India, significant increasing trends in
trend around 35S is detected, which may be linked to the in- AOD are seen in these source regions and their surrounding
creasing amount of biomass burning smoke transported oulownwind oceans, particularly during the dry winter/post-
of southern Australia and southeastern Africa. Overall, sig-monsoon months when the atmosphere is relatively stable,
nificant upward trends in annual mean AOD are found overthus favoring accumulation of aerosols.
the tropics and sub-tropics, which are largely amplified by For the mineral dust-dominated parts of the world, strong
the increasing dust emissions and outflow from the Arabianpositive trends are detected over the Arabian Peninsula and
Peninsula during boreal spring and summer seasons. the adjacent waters. In contrast, a negative tendency is ob-
served in the emission and export of Saharan dust over the
western North Africa and the North Atlantic. Overall, based
5 Conclusions on 13 yr of data, a relatively contrasting pattern in trends ap-
pears to have emerged in the tropics/subtropics largely mod-
Compared to other satellite sensors, SeaWiFS has unprecelated by dust emissions and transport processes encompass-
dentedly high accuracy and long-term stability (1-2 % anding the Saharan arid lands and the Arabian Peninsula and
0.3 %, respectively) in radiometric calibration as a result oftheir downwind oceanic regions, with downward and upward
rigorous lunar, solar and vicarious calibrations performedtendencies, respectively.
by the OBPG team. Therefore, the corresponding long-term In order to reduce the uncertainty in estimating climate
drift in SeaWiFS AOD time series due to sensor calibrationforcing caused by tropospheric aerosols, it is important to
is negligible. However, as described in Sect. 1, several otheproduce the best quality climatology of aerosol properties
factors in addition to calibration, such as retrieval algorithm with sufficient data length by merging aerosol information
deficiency or sampling bias due to orbital drift, could also obtained from the multiple satellite sensors that are currently
contribute to the temporal variability of satellite retrieved available. SeaWiFS data extend from 1997 to 2010, which
AOD data records. In order to examine the effect of retrievalhas many overlapping years with MODIS, MISR, AVHRR,
algorithm on trend analysis, we compare the SeaWiFS v00&nd TOMS, and thus provides a good benchmark to charac-
AOD products against ground-based AERONET measureterize instrument drifts due to calibration for other satellite
ments acquired over the 13 yr mission lifetime. The resultsmeasurements. However, 13 yr of satellite measurements is
indicate that there is no apparent year-to-year shift over eibarely enough to establish long-term trends of aerosols, par-
ther land or ocean between these two measurements. Wicularly in those regions where the ENSO or other large-
also investigate the impact of potential sampling bias due toscale climatic factors could play a large role in modulating
orbital drift by examining the temporal changes in latitudi- aerosol variability. Therefore, it is imperative to continue
nal range and sampling rate of the SeaWiFS AOD retrievalsthe high quality-EOS aerosol data records from SeaWiFS
The differences in global distributions of SeaWiFS retrieval and MODIS with Visible and Infrared Imager Radiometer
fractions are calculated between early years and later yearSuite (VIIRS) measurements onboard the currently opera-
and are found to be in general consistent with those fortional Suomi NPP satellite, and to be flown on future JPSS
Terra/MODIS, which has maintained stable equator crossingatellites, to achieve the statistically adequate length of data
time around 10:30 a.m. during the overlapping years. Thererecords necessary for climate studies.
fore, this suggests that the SeaWiFS v003 data are suitable
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