
Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=tres20

Download by: [La Trobe University] Date: 16 October 2017, At: 03:05

International Journal of Remote Sensing

ISSN: 0143-1161 (Print) 1366-5901 (Online) Journal homepage: http://www.tandfonline.com/loi/tres20

Variability of aerosol optical thickness in the
tropical Indian Ocean and South China Sea during
spring intermonsoon season

Qingyang Sun, DanLing Tang, Gad Levy & Ping Shi

To cite this article: Qingyang Sun, DanLing Tang, Gad Levy & Ping Shi (2017):
Variability of aerosol optical thickness in the tropical Indian Ocean and South China
Sea during spring intermonsoon season, International Journal of Remote Sensing, DOI:
10.1080/01431161.2017.1387310

To link to this article:  http://dx.doi.org/10.1080/01431161.2017.1387310

Published online: 10 Oct 2017.

Submit your article to this journal 

Article views: 11

View related articles 

View Crossmark data

http://www.tandfonline.com/action/journalInformation?journalCode=tres20
http://www.tandfonline.com/loi/tres20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/01431161.2017.1387310
http://dx.doi.org/10.1080/01431161.2017.1387310
http://www.tandfonline.com/action/authorSubmission?journalCode=tres20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=tres20&show=instructions
http://www.tandfonline.com/doi/mlt/10.1080/01431161.2017.1387310
http://www.tandfonline.com/doi/mlt/10.1080/01431161.2017.1387310
http://crossmark.crossref.org/dialog/?doi=10.1080/01431161.2017.1387310&domain=pdf&date_stamp=2017-10-10
http://crossmark.crossref.org/dialog/?doi=10.1080/01431161.2017.1387310&domain=pdf&date_stamp=2017-10-10
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Ocean and South China Sea during spring intermonsoon
season
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ABSTRACT
The variability of aerosol optical thickness (AOT) in the tropical
Indian Ocean (IO) and South China Sea (SCS) during the intermon-
soon (February–May) is investigated using shipboard and satellite
data from 2011 to 2014, in order to understand the mechanism
controlling AOT production and transport. Overall AOT in tropical
IO is significantly smaller than those in SCS, and a strong intrasea-
sonal variability of AOT, along with significant dependence on
wind speed (especially when <8 m s−1), is observed in both basins.
Our analysis showed that in tropical IO, aerosols are mostly of
natural marine production in spring, and the AOT shows greater
dependence on the higher wind speeds in May, while in SCS, AOT
dependence on wind speed increases when the prevailing wind
turns from offshore (February, March) to onshore (April, May), due
to less transport of terrestrial dust and anthropogenic aerosols
from land. A better agreement between shipboard and once-
daily satellite AOT is observed in the Equatorial belt (5° S–5° N,
i.e. remote areas of IO) than in the Non-Equatorial area (5° N–25°
N), and can be explained by the overall lower AOT values and the
smaller diurnal variation in the Equatorial belt. Changes of wind
regime during the monsoon evolution and the consequent trans-
port of land-based aerosols reduce AOT dependence on wind
speed and are the major drivers for the AOT variability.
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1. Introduction

Aerosol observations are essential for understanding the Earth’s radiation budget and the
complexities of climate and climate change, as they contribute significantly to reflecting/
absorbing solar radiation directly and theymodify cloud properties indirectly (Charlson et al.
1992; Penner, Dickinson, and Oneill 1992; Liepert and Tegen 2002), thereby causing net
cooling of the Earth surface and spinning down the water cycle (Ramanathan et al. 2001a;
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Liepert et al. 2004). Aerosols are also important when studying marine biogeochemistry,
through their contribution to blocking the solar radiation, increasing cloudiness and cloud
liquid water, which reduce the daytime solar heating andmoderate the diurnal temperature
range (Hansen, Sato, and Ruedy 1995; Dai, Trenberth, and Karl 1999; Barnett, Adam, and
Lettenmaier 2005; Huang, Dickinson, and Chameides 2006); their provision of nutrients,
which enhance biological productivity and promote nitrogen fixation in the oceans (de Baar
et al. 1995; Capone et al. 1997; Paerl 1997; Timmermans et al. 2001; Yuan and Zhang 2006);
thus indirectly altering the phytoplankton community structure and growth rate in marine
ecosystems (Paerl 1997; Guo et al. 2012).

The aerosol optical thickness (AOT), defined as the degree to which aerosols prevent the
transmission of light, has been widely observed and studied, both from ground observa-
tions (Smirnov et al. 1995; 2003a; 2003b; Smirnov et al. 2012; Holben et al. 1998; Mulcahy
et al. 2008) and satellite remote sensing products (Remer, Kaufman, and Kleidman 2006;
Zhang and Reid 2006; Lee et al. 2007; Lin et al. 2007). The oceanic aerosol loading is
influenced bymeteorological factors such as thewind speed and the availability ofmoisture
(Fitzgerald 1991; Smirnov et al. 1995), and the relationship betweenmarine aerosols and sea
surface wind speed has been studied in numerous studies (e.g. see Table 3 from Smirnov
et al. 2012). It has been found that the maritime AOT increases in tandem with increases in
near-surface wind speeds: as the wind increases so do the fluxes of sea spray (i.e. increased
aerosol mass), and water vapour (i.e. aerosol swelling) from the ocean to the marine
boundary layer (Smirnov et al. 2003b; Mulcahy et al. 2008; Glantz, Nilsson, and Von
Hoyningen-Huene 2009; Kiliyanpilakkil and Meskhidze 2011).

The present study is made in the tropical Indian Ocean (IO) and the South China Sea
(SCS), where the climate is affected greatly by monsoons. The SCS, one of the largest
marginal seas of the world (Liu et al. 2002; Tseng et al. 2005), is influenced by Asian
monsoon: northeast in winter and southwest in summer (Lau and Yang 1997; Chen, Graf,
and Huang 2000; Ding and Chan 2005). Bounded by the shelves along the southern
coasts of China and the Sunda Shelf that further stretches to the Gulf of Thailand, the
SCS receives aerosols from land based sources that can come from the north, west and
south. These advected aerosols have great impacts on marine biogeochemistry and
marine ecosystems (Lin et al. 2007; Lin et al. 2009; Wong et al. 2007; Guo et al. 2012). In
the tropical IO, the AOT near the Equator is low throughout the year, and its properties
show large spatial differences between the northern hemisphere and the southern
hemisphere (Moorthy, Satheesh, and Murthy 1997; DeWitt et al. 2013; Salim and
Mishra 2013). Anthropogenic aerosols transported from the Indian subcontinent and
surrounding areas during the northeast (winter) monsoon play an important role in
determining aerosol properties and distributions in northern IO (Ramanathan et al.
2001b; Li and Ramanathan 2002; Menon et al. 2011). Aerosols over tropical IO also
showed large dependency on wind speed (Moorthy, Satheesh, and Murthy 1997),
especially when the Madden-Julian Oscillation (MJO) was present (DeWitt et al. 2013),
as well as a strong positive correlation with water vapor (Salim and Mishra 2013).

Previous studies found that the distribution and variability of AOT are related to the
active monsoon season in tropical IO and SCS. However, how AOT respond to the
origination of monsoon during the intermonsoon season in both basins has not been
well studied previously. The main objective of the present study is to explore the
variability of AOT in the tropical IO and the SCS during the transition from winter to
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summer monsoon in response to the summer monsoon arrival, and to understand the
mechanisms that control this variability. Both shipboard and satellite datasets in both
basins are analysed in this study and the shipboard measurements are further applied to
validate satellite retrieved AOT products in the research area.

2. Data and methods

2.1. In situ measurements

We participated in research cruises organized by the South China Sea Institute of
Oceanology (SCSIO), Chinese Academy of Sciences, in the SCS and the East IO during
the intermonsoon (February–May) from 2011 to 2014. The shipboard AOT measurements
were collected with two portable, hand-held Microtops II sun photometers, designed by
Solar Light Inc. and widely used by researchers throughout the world (Morys et al. 2001;
Smirnov et al. 2009). One photometer with five channel configuration (380, 500, 675, 936,
and 1020 nm) was used to collect the AOT data from 2011 to 2013, but required
calibration in 2014, and therefore was replaced by another photometer equipped with a
somewhat different channel configuration (440, 500, 675, 870, and 1020 nm) in 2014.
Considering the satellite transit time (for comparison of ship measurements and satellite
data in Section 2.2), as well as the propagation distance of light (longer in sunrise and
sunset than in the noon), measurements of AOT alongside the weather conditions were
designed to be taken four times a day at about 6:00 (sunrise), 8:00, 14:00, and 17:30
(sunset, local time), strictly following the procedures and precautions suggested by Porter
et al. (2001). At least 10 measurements were made each time, all within 5 min (including
turning the unit off and on for dark correction), and the minima of these measurements
were collected as the true value for each observation. Measurements of the two photo-
meters were cross-calibrated. The data were also processed to mitigate the drift in
instrument performance and cross-calibrated with the Maritime Aerosol Network (MAN),
of which they became part of, following the Aerosol Robotic Network (AERONET) proce-
dures (Smirnov et al. 2009; data are available on the MAN website: http://aeronet.gsfc.
nasa.gov/new_web/maritime_aerosol_network.html).

The MAN transfer calibration procedure resulted in the removal of measurements in
the water vapour channel (936 nm) and some other drift channels (380 nm degraded in
2012 and 2013 and out of band leakage in 440 nm in 2014). Further quality control and
data processing protocols are made for the analysis: first, all measurements above 1
were removed, as those account for the majority of the user error; second, data recorded
during very heavy cloud cover were discarded; finally, the remaining data that were not
within two standard deviations of the mean AOT were marked as outliers.

2.2. Comparison of shipboard and satellite AOT data

Due to the limited shipboard samples, satellite datasets are used for the analysis of
large-scale variability in the present study. Widely used Level-3 daily aerosol products of
the Moderate Resolution Imaging Spectroradiometer (MODIS) on board Aqua at 869 nm
with 25 km spatial resolution (Remer et al. 2002; available from National Aeronautics and
Space Administration Ocean Colour website: http://oceancolor.gsfc.nasa.gov/) were used
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for comparison with our shipboard measurements. Daily sea surface wind vectors (~10
m above the sea surface) with a 25 km spatial resolution from the Advanced
Scatterometer (ASCAT) provided by Remote Sensing Systems (Figa-Saldaña et al. 2002;
Ricciardulli, Meissner, and Wentz 2012; available at http://www.remss.com/) were used
to explore the relationship between AOT and wind regime.

After processing, calibration, and quality control protocols were applied, four chan-
nels (380, 500, 675, and 1020 nm) in 2011, three channels (500, 675, and 1020 nm) in
2012 and 2013, and four channels (500, 675, 870, and 1020 nm) are left in our shipboard
measurements. Measurements in 2014 are compared to MODIS-Aqua 869 nm products
directly in the present study, since the 870 nm channel is very close to the MODIS
wavelength channel. However, there is no channel in 2011–2013 data which is very close
to the satellite band, so an interpolation is needed for shipboard measurements to get
the AOT at 869 nm. A second-order polynomial fit with a logarithmic operation was used
to make the adjustment (Eck et al. 1999):

ln τð Þ ¼ a0 þ a1lnλþ a2 lnλð Þ2; (1)

where τ is the corresponding AOT value at the wavelength λ, and a0,a1 and a2 are constants
that need to be determined. For each measurement with at least three AOT values (τ) at
different wavelengths, one can estimate a0, a1, and a2 using the polynomial fit and direct
minimization. Hence, for 2011–2013, the AOT at 869 nm are derived using Equation (1).

Because of the limited resolution and swath size of MODIS-Aqua, remote sensing AOT
data were not always available directly over the location of the vessel. A K-nearest
neighbour algorithm (k = 8) was used in the present study to match the most recent
MODIS-Aqua AOT field for each ground based measurement (Friedman, Bentley, and
Finkel 1977). Due to limited MODIS coverage at low latitudes, occasionally interpolation
was carried out over a very large distance. A threshold distance of 100 km was used to
spatially limit the interpolation for the satellite datasets (Ichoku et al. 2002). The
matched MODIS-Aqua AOTs were then averaged after using a normalized inverse
distance squared weight function (Levy and Brown 1986):

Wi ¼ R2 � ri2

R2 þ ri2
; ri � R

Wi ¼ 0; ri>R; (2)

where ri is the distance between a matched satellite pixel and the ground based
measurement, R is the threshold (100 km), and Wi is the weight, which decreases
monotonously from 1.0 at ri = 0 to 0 at ri = R.

3. Results

3.1. Spatial and intraseasonal variability of shipboard AOT measurements

The shipboard AOT measurements left after these processing procedures and used in
the present study are shown in Figure 1. Most of the observations are located in the SCS
and IO (measurements very close to land are removed), and the data were collected
during March–May, 2011, February–April, 2012, April–May, 2013, and April–May, 2014.
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Statistically significant (spatial) difference of the mean AOT was observed from the ship-
board observations based on observation location. Due to the significant variation in spatial
distribution of thewind regimes (details in Section 3.3.1), we separated our research area into
latitude belts (different than the basin-based separation of the IO and SCS): the belt near the
Equator (hereafter ‘Equatorial belt’, i.e. 5° S–5° N, the area between the two blue lines in
Figure 1, which includes the Equatorial IO and Java Sea) and the latitude belt farther away
from the Equator (i.e. areas outside the two blue lines in Figure 1, containingmeasurements
mostly in the South China Sea and the northern IO, hereafter ‘Non-Equatorial area’). The
mean AOT in the IO (AOTIO) during spring season is 0.13 ± 0.01, while the mean value in SCS
(AOTSCS) is 0.16 ± 0.01,which is significantly higher than that in IO (p= 0.04, Table 1). The AOT
in Equatorial belt (AOTE) is lower (0.12 ± 0.01 vs. 0.16 ± 0.01) than that in Non-Equatorial area
(AOTNE), and the means are significantly different at the 0.05 level (p = 0.01, Table 1).

A clear intraseasonal variation was also evident in the shipboard observations (Table 2).
The mean AOT showed a maximum in May (0.17 ± 0.01) and a minimum in February
(0.12 ± 0.02). The diurnal variation (defined as the difference between the daily maxima
and minima) and its spatial variability was also tested for. Smaller diurnal variation of AOTIO
than AOTSCS (0.08 ± 0.02 vs. 0.11 ± 0.02), as well as AOTE than AOTNE (0.07 ± 0.01 vs.
0.10 ± 0.01, p = 0.04) were observed from shipboard measurements.

3.2. Agreement of shipboard and satellite data

With all the shipboard AOT observations quality controlled (details in Section 2.2) and
collocated with MODIS-Aqua observations, 58 matched pairs (Figure 1, dark stars)

China

India

B1

B2

Matched Pairs

2011
2012
2013
2014

81°E 90°E 99°E 108°E 117°E

24°N

18°N

12°N

6°N

0°

6°S

N

Longitude

L
at

itu
de

Figure 1. Map showing the distribution of shipboard AOT measurements in 2011 (red inverted triangle),
2012 (green circle), 2013 (blue rhombus), and 2014 (cyan hexagon) Indian Ocean Cruise, and the spatial
distribution of matched pairs (black star) of shipboard and MODIS-Aqua AOTmeasurements. The two red
boxes indicate the satellite collected data study areas in the South China Sea (SCS, box ‘B1ʹ) and the
tropical Indian Ocean (IO, box ‘B2ʹ), and area between the two blue lines indicate the Equatorial belt.
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remain. A linear correlation model (slope = 0.81, intercept = 0.02; R2 = 0.80, p << 0.05)
was fit between shipboard measurements and the data for all the data (Figure 2a, black
line). When grouped as a function of distance from the equator, the agreement in AOTE
(Figure 2a red line; slope = 0.91, intercept = 0.01; R2 = 0.86, p << 0.05) was better than
that of AOTNE (Figure 2a blue line; slope = 0.71, intercept = 0.04; R2 = 0.75, p << 0.05). A

Table 1. Spatial difference of all shipboard AOT measurement and RMS
difference between satellite and shipboard measurement (‘RMSMatched’) from
2011 to 2014 (expressed as mean ± standard error).
Shipboard measurement Sample size AOT p

All AOTE 76 0.12 ± 0.01 0.01
AOTNE 131 0.16 ± 0.01
AOTIO 112 0.13 ± 0.01 0.04
AOTSCS 88 0.16 ± 0.01

RMSMatched AOTE 24 0.01 ± 0.002 <<0.05
AOTNE 34 0.03 ± 0.003
AOTIO 30 0.02 ± 0.003 0.60
AOTSCS 28 0.02 ± 0.003

‘E’ and ‘NE’ correspond to ‘Equatorial’ and ‘Non-Equatorial’, respectively. The p-values refer
to statistical significance of differences between samples, and 0.05 is the critical value.

Table 2. The monthly mean value and the diurnal (the difference between
the daily maxima and minima) variation of shipboard AOT measurement
(mean ± standard error) in 2011–2014.
Shipboard measurement Sample size AOT p

Monthly mean value AOTFeb 6 0.12 ± 0.02 0.09
AOTMar 39 0.16 ± 0.01
AOTApr 113 0.13 ± 0.01
AOTMay 61 0.17 ± 0.01

Diurnal variation AOTE 27 0.08 ± 0.02 0.31
AOTNE 39 0.10 ± 0.01
AOTIO 38 0.07 ± 0. 01 0.04
AOTSCS 22 0.11 ± 0.02

The p-values are the same as in Table 1.

Figure 2. (a) Correlation between shipboard AOT measurements and MODIS-Aqua AOT products.
The black solid line, red dashed, and blue dashed lines stand for the correlation of all matches (y1),
matches of AOTn (y2), and matches of AOTf (y3), respectively. (b) The difference between shipboard
measurements and satellite AOT data as a function of latitude.
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significant spatial difference (p << 0.05) between AOTE and AOTNE is also reflected as in
the agreement between in situ and satellite (Table 1 and Figure 2b; the RMS difference is
0.01 ± 0.002 and 0.03 ± 0.003, respectively).

In order to test whether there is a weather conditions related bias or deterioration in
measurements and retrievals accuracy, the agreement between satellite and in-situ AOT
measurements under different weather conditions was also tested using one-way
ANOVA. There is no evidence of such bias or loss of accuracy: AOT measured and
retrieved under sunny weather are not significantly different from those measured and
retrieved in light cloudy weather (p = 0.28).

3.3. Variability of AOT and wind regime during intermonsoon season from
satellite

Our shipboard AOT measurements were collected during the intermonsoon season.
Considering the spatial difference revealed by our shipboard measurements and the
agreement between shipboard and satellite observations (R2 = 0.89, p << 0.05, Figure 2),
we select two sampled areas in the tropical IO (5° S–5° N, 78° E–88° E, boxes ‘B1ʹ in Figures 1
and 3) and the SCS (10° N–20° N, 110° E–120° E, boxes ‘B2ʹ in Figures 1 and 3) as
representative for further study and analysis with a larger dataset of satellite observations.

3.3.1. Variability of AOT and wind regimes during monsoon evolution
From the monthly average satellite wind products for the intermonsson – February,
March, April and May from 2011 to 2014 (Figure 3), one can discern a distinct turnover of
the prevailing low level wind flow: the prevailing wind in the tropical IO changes

Figure 3. Monthly mean satellite AOT and wind directions in South China Sea and Indian Ocean in (a)
February, (b) March, (c) April, and (d) May during 2011–2014. The colour shading indicates the AOT values
and the arrows are the wind direction. The red boxes of ‘B1ʹ and ‘B2ʹ are the same as in Figure 1.
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gradually from northerly and westerly in February and March to southerly and westerly
in April and May, showing an increasing signal of monsoon evolution and migration
northward of the Inter Tropical Convergence Zone (ITCZ) from its winter monsoon
Austral position (Levy and Patoux 2010; Levy et al. 2010). Similar to the tropical IO, in
SCS, northerly and easterly winds prevail in February and March, then gradually turn to
southerly and easterly in April and May, with the transition from winter monsoon in
February to a developing summer monsoon in May.

Detailed information of this intermonsoon evolution could be seen from the statistics
of the meridional wind (only approximately 1% of the cases had a purely zonal flow) in
the two sampled areas (Figure 4): The number of wind observations with a northerly
component is much larger than those with a southerly component in February and
March in the tropical IO [Figure 4a(i)]; however, southerly winds increase in frequency
and dominate in April and May. The same trend with a delay in the wind evolution can
be noticed in SCS, where offshore (having a northerly component) winds are dominant
from February to April, but turn to be onshore (having a southerly component) in May

Figure 4. Statistics in tropical IO [data in ‘B1ʹ in Figures 1 and 3, (a) panels] and SCS [data in ‘B2ʹ in
Figures 1 and 3, (b) panels] of [a(i), b(i)] the sampling frequency of satellite wind data under
southerly (v > 0; primarily onshore flow in SCS and long maritime trajectories in IO) and northerly
(v < 0; offshore flow component) wind conditions (grey bars), the corresponding mean wind speed
for the intermonsoon, broken by month (red bars with patterns) and the monthly mean wind speed
(indicated as red points); and [a(ii), b(ii)] AOT values from satellite under the same wind advection
regimes/directions (blue bars with patterns) and monthly mean AOT (blue points) of February–May,
February, March, April, and May. The legend in b(i) and b(ii) is the same as in a(i) and a(ii),
respectively.

8 Q. SUN ET AL.

D
ow

nl
oa

de
d 

by
 [

L
a 

T
ro

be
 U

ni
ve

rs
ity

] 
at

 0
3:

05
 1

6 
O

ct
ob

er
 2

01
7 



(Figure 4a(ii)). The overall wind speed in the tropical IO is lower than in the SCS [4.63
(standard deviation, SD = 2.22) m s−1 vs. 5.50 (SD = 0.68) m s−1], and the speed in IO
reaches a maximum [5.41 (SD = 2.49) m s−1] in May. In contrast, the mean wind speed in
February and March [6.59 (SD = 2.71) m s−1 and 6.70 (SD = 3.01) m s−1] in SCS is higher
than in April and May [4.56 (SD = 2.00) m s−1 and 4.27 (SD = 1.83) m s−1].

Significant intraseasonal variation and spatial difference (p << 0.05) in the overall AOT
datasets are found in two areas from the remote sensing data, in agreement with the results
from the shipboard observations. The trend of AOT variation is similar to that of the wind
speed: values are lower in the tropical IO [0.08 (SD = 0.04), Figure 4b(i)] than in SCS [0.09
(SD = 0.04), Figure 4b(ii)]; in tropical IO, AOT reach themaxima inMay [0.08 (SD= 0.05)] when
the wind is strongest [5.41 SD = 2.49) m s−1]; and in SCS, AOT values are higher in February
and March [0.11 (SD 0.05) and 0.10 (SD = 0.04)] when stronger winds are present [6.59
(SD = 2.71) and 6.70 (SD = 3.01) m s−1], compared to April andMay [0.09 (SD = 0.04) and 0.08
(SD = 0.04)] when winds are weaker [4.56 (SD = 2.00) and 4.27 (SD 1.83) m s−1].

3.3.2. Regressions of satellite AOT on wind speed in tropical IO and SCS
The dependence of AOT on wind speed could be derived through regression and correla-
tionmodels. Linear and power law relationships betweenAOT andwind speedwere derived
in numerous studies in other ocean areas (e.g. summary in Smirnov et al. 2012). Using the
AOT and wind datasets selected from the two regions in SCS and tropical IO (boxes ‘B1ʹ and
‘B2ʹ in Figures 1 and 3), those relationships are derived in tropical IO and SCS. In all, AOT vary
more in SCS than in the tropical IO (Figure 5), as reflected in the steeper, albeit flat, linear
slopes (0.0022 and −0.0009 for SCS and IO, respectively). The relationships, either in linear
(R2 = 0.77 vs. 0.26, in SCS and IO, respectively) or power-law (R2 = 0.90 vs. 0.62, in SCS and IO,

Figure 5. Regressions of satellite wind speed and AOT in (a) tropical IO and (b) SCS. Y1, y2, and y3
stand for the linear fit for wind speed less than 12 m s−1, linear regression for wind speed less than 8
m s−1, and power law fit for wind speed less than 12 m s−1, respectively. The black circles indicate
the mean AOT at corresponding wind speeds (with error bars in standard deviation), and the grey
bars are the histogram of the wind speed. The legend in (b) is the same as in (a).
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respectively), are better in SCS than in tropical IO (Figure 5). Indeed, at the 0.05 significance
level, the overall linear relationship between AOT and wind speed in the tropical IO is not
significant as the p-value (0.09) is higher than the critical value (0.05).

From satellite datasets from February to May, in SCS, AOT increase as a function of
wind speed with a very significant linear relationship (R2 = 0.95, p << 0.05). Similar linear
relationship between AOT and wind speed in tropical IO is shown (R2 = 0.81, p << 0.05)
for wind speeds of less than 8 m s−1, but a decrease and scrambled relationship occurs
when wind speed exceeds 8 m s−1 in the tropical IO (Figure 5b).

From dataset of each month, in tropical IO, good linear regressions are found
(Figure 6d(i)) only in May (R2 = 0.82), when wind speed <8 m s−1, and the power law
relationships are a little better in February (R2 = 0.80, Figure 6a(i)) than in other months.
The overall quality of regressions in SCS (Figure 6a(ii)–d(ii)), both linear and power law, is
much better than in the tropical IO. Regressions in SCS in April and May (Figure 6c(ii) and
d(ii), right) are noticeably much better than those in February and March, especially the
linear relationships for wind speeds of less than 8 m s−1 (R2 = 0.94 and 0.97, respectively).

4. Discussion

4.1. Variability of AOT driving by wind differently in tropical IO and SCS

Significant spatial and temporal variability was shown in both shipboard measured and
satellite retrieved AOT data during the intermonsoon season in this study. Such varia-
bility, if not properly accounted for, will contribute much to the aerosol retrieval error in
remotely sensed products because of the heterogeneity in time and space of aerosol

Figure 6. Regressions of satellite wind speed and AOT as in Figure 5 for tropical IO (top panels) and
SCS (bottom panels), except broken by month for (a) February, (b) March, (c) April, and (d) May.
Labels and makers are the same as in Figure 5.
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properties (Chatterjee et al. 2010). A key factor that determines the spatial and temporal
variability of aerosol properties is the aerosol source, distribution, deposition, and
transport. Wind is a main factor that affects aerosol properties, not only by generating
sea salt aerosols (a major source of remote marine aerosols), but also through transport-
ing aerosols that originate from land-based sources (Latham and Smith 1990; Smirnov
et al. 1995; Vinoj et al. 2007).

In tropical IO, unlike the studies by Li and Ramanathan (2002) who found a major
transition from anthropogenic aerosols during the northeasterly winter monsoon season
(January–March) to mineral dust and sea salt during the southwest summer monsoon
(June–August) in northern IO, our results did not show that the change in wind direction
results in large anthropogenic aerosols advection into this region, probably due to our
observations being farther away from land. Remote ocean background aerosol (i.e.
natural particles with long residual time) is the major component during this period,
and AOT value is similar to that observed by Husar, Prospero, and Stowe (1997) in
remote IO from January to June. From the dependence of AOT on wind speed, both the
linear regression (for wind speed <8 m s−1) and the power law relationship are found to
be better in May than in February, March and April. In May, westerly and southerly
winds, with long fetch and trajectories over ocean only, prevail, and the mean wind
speed is larger as well. As the datasets are sampled far away from land as well as aerosol
composition is mostly maritime sea salts, the concentration of aerosol is more strongly
related to increasing wind speed in May. Maritime background aerosols are the major
component of observed AOT also in February, March, and April, and they change very
little during this period because the wind speed does not change much [the correspond-
ing slopes of the linear relationship under wind speed less than 8 m s−1 are very small
(0.0004, 0.0008, and −0.0004, in February, March, and April, respectively)]. Therefore,
increase of wind speed rather than change of prevailing wind direction are the primary
cause for the variation of aerosol concentration in IO during the intermonsoon season.

In SCS, however, a distinct variation of AOT in SCS (box ‘B2ʹ in Figure 3), especially in
northern SCS, could be observed during the evolution of intermonsoon season due to
the turnover of the prevailing wind direction. The high AOT along the coast of China and
off the shore of Vietnam (Figures 3a and b, the upper and lower parts of ‘B2ʹ) under
offshore (having a northerly component) wind in February and March turned to be very
low in April and nearly disappeared in May (Figures 3c and d), when the prevailing wind
changed to be onshore (having a southerly component). From the dependence of AOT
on wind speed, regressions are better in April and May, when easterly and southerly
(onshore) winds prevail, than those in February and March. The turnover of wind
direction, accompanied by a decrease in wind speed in April and May reduces aerosol
transport from land (i. e., the southern coasts of China and the Sunda Shelf that further
stretches to the Gulf of Thailand), and natural marine aerosols, e.g. sea salt particles
generated through wind driven sea-air fluxes, become the primary source of aerosols.
Therefore, the marine aerosols show a strong dependence on wind speed, manifest as a
good linear relationship between AOT and wind speed (Figures 6c(ii) and d(ii)). In
contrast, the advection of land-based aerosols by the off shore wind, rather than the
production of maritime aerosols, is more important in February and March resulting in
lower correlations between AOT and wind speed as compared to those in April and May.
Therefore, unlikely the tropical IO, the turnover of prevailing wind direction from
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offshore to onshore flow resulted in less terrestrial dust and anthropogenic aerosols
transport from land, and the relative ‘cleaner’ marine aerosols shows a stronger depen-
dence on wind speed, which determines the variation of aerosol concentration greatly in
SCS during the intermonsoon season.

4.2. The dependence of AOT on wind speed

From the regressions (linear or power law) of AOT and wind speed in tropical IO and
SCS, AOT is noted to be enhanced linearly with increasing wind speed for wind speeds
under 8 m s−1, for overall datasets in both study areas, as well as data in May in tropical
IO and February, April and May in SCS. As the natural marine aerosols are mostly made
of sea salt particles, which are bursting off of entrained air bubbles during whitecaps
formation and breaking of ocean wave crests (Andreas 1998; O’Dowd and De Leeuw
2007; Huang, Thomas, and Grainger 2010), and as white caps generally start to appear at
wind speed range of 7–8 m s−1, i.e. the Beaufort Scale (Isemer and Hasse 1991; Banner,
Babanin, and Young 2000; Babanin et al. 2001), we see this peak in AOT at 8 m s−1.

However, a reduction in the slope of the AOT-wind speed relationship is found in
tropical IO, when wind speed is greater than 8 m s−1, as compared to a slight reduction of
the rate of increase in other studies (Figure 7). This reduction is possibly a reflection of the
near absence of AOT retrievals at high wind speeds, which greatly impacts the quality and
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Figure 7. AOT as a function of wind speed in the present study (red and black curves), compared to
other studies (see Table 3 from Smirnov et al. 2012).
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significance of the regression at these wind speeds. Two possible reasons are accounting
for this absence of aerosols. One reason could be the insufficient AOT data when wind
speeds were over 8 m s−1 which could not satisfy the statistical relationship between AOT
and wind speed. The statistical AOT samples in Indian Ocean when wind speeds were
between 8 and 12 m s−1 were much less than those wind speeds were between 0 and 4 m
s−1 and wind speeds were between 4 and 8 m s−1 (20,659 vs. 166,057 and 207,497,
respectively, Figure 5a), and about half of those datasets distributed the range between 8
and 9 m s−1. According to the normal distribution theory, the valid number of AOT values
of wind speeds between 8 and 12 m s−1 should not be less than 23,810 (6.04% of 394,213
at p = 0.05), which indicate that the number of AOT data when wind speeds were over
8 m s−1 are too small to derive the regression. The average wind speed of these four
months is 4.74, 4.13, 4.19, and 5.41 m s−1 respectively (Figure 4a(i)), which indicates the
absence of aerosols under high wind speed as well. The other reason could be the
decrease of aerosol number concentration. It has been reported that the scavenging of
aerosols occurs because of larger seawater dropping injected into the atmosphere at high
wind speeds, and would act as a built-in sink to restrict the enhancement in concentration
of marine aerosols at high wind speeds (Pant, Deshpande, and Kamra 2008; Kiliyanpilakkil
and Meskhidze 2011). The first reason is more likely to response for the absence of the
aerosols when wind speeds are greater than 8 m s−1, as scavenging of aerosols generally
occurs at wind speeds which are above 16 m s−1.

4.3. Discrepancy between shipboard measurements and satellite data

When calibrating MODIS-Aqua AOT data with shipboard measurements, an overall good
agreement is found between the shipboard and MODIS-Aqua AOT (Figure 2a) both in
the tropical IO and SCS, but there exists a clear spatial difference: agreement is better in
Equatorial belt than Non-Equatorial area (Figures 2a and b). Other than the overall lower
AOT values, the smaller diurnal variation in AOT in IO compared to that in SCS, as well as
in Non-Equatorial area, is the reason for the smaller difference between shipboard and
satellite observations.

As a polar-orbiting satellite observes a given area only once or twice each day, the
diurnal variation of AOT is not available from satellite observations. Thus, a smaller
diurnal variation in the IO (0.07 ± 0.01, Table 2), as compared to the SCS (0.11 ± 0.02),
results in a closer agreement between shipboard and satellite AOT observations there
(and in other locations with a small diurnal variation), and a greater diurnal variation as
observed in SCS and in the Non-Equatorial area (0.10 ± 0.01) should result in a larger
error. This has broader implications to satellite retrievals of AOT, as well as other
parameters (e.g. wind speed (Hedin et al. 1991; Tomita and Kubota 2011), water vapour
(Tian et al. 2004), tropospheric temperature (Mears and Wentz 2005), in areas where
large diurnal variation exists or is expected, and corrections for this effect may be
required especially when calibrating satellite datasets with in-situ data in such areas.

The smaller diurnal variation is only partly responsible for the larger errors (differ-
ences between shipboard measurements and satellite retrievals) present away from the
equator and in the SCS. Another cause for discrepancy is related to the smaller values of
AOTN compared to AOTNE and those of AOT in IO compared to the SCS that were
observed in both shipboard measurements and satellite data. The matched AOT values
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in the Equatorial belt have a smaller and less variation than those in Non-Equatorial area
(Figure 2b). The shipboard observed AOT in SCS is also clearly higher than in IO
(0.16 ± 0.01 in SCS vs. 0.13 ± 0.01 in IO. It has been reported that the MODIS tends to
underestimate (when validated against in situ AOT measurements) for high AOT (Jiang
et al. 2007; Liu et al. 2007; Xiao et al. 2009). Therefore, greater values would result in a
higher retrieval error.

5. Summary and conclusions

Based on analysis of shipboard and satellite data during 2011–2014, the present study
discusses, for the first time, the variability of AOT in both SCS and the tropical IO during
the intermonsoon season (February–May) along with the mechanisms driving it. The
conclusions can be drawn from this work are as follows:

(1) A strong intraseasonal variability of AOT, primarily driven by changes in the
prevailing wind during the monsoon evolution, is observed in both shipboard
and satellite data in both tropical IO and SCS.

(2) The AOT has a significant dependence on wind speed, especially when <8 m s−1.
Dependence of AOT on wind speed exhibits intraseasonal differences: it is stron-
ger in the tropical IO in May when strong winds with longer maritime trajectories
prevail, and in April and May in SCS when onshore winds prevail.

(3) Aerosols in tropical IO and SCS are driven by and respond differently to the
changing prevailing wind. In the tropical IO, AOT varied little under low wind
speed conditions (February–April) but increased at higher wind speeds in May, as
aerosols are mostly natural marine components, and its concentration increases
due to the enhanced bubble-breaking activity at the sea surface and increased
entrainment of sea-salt particles under high wind speed. In SCS, in contrast, the
turnover from offshore to onshore flow resulted in less terrestrial dust and
anthropogenic aerosols transport from land, and the relative ‘cleaner’ marine
aerosols shows a stronger dependence on wind speed.

(4) The agreement between shipboard and satellite AOT is better in Equatorial belt
(5° S–5° N, i.e. remote area of the tropical IO) than Non-Equatorial area (5° N–25°
N), and could be explained by the lower AOT values and the smaller diurnal
variation near the Equator.
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