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[1] We investigate the modulation of aerosols by the Madden-Julian Oscillation (MJO)
using multiple, global satellite aerosol products: aerosol index (AI) from the
Total Ozone Mapping Spectrometer (TOMS) on Nimbus-7, and aerosol optical thickness
(AOT) from the Moderate Resolution Imaging Spectroradiometer (MODIS) on Terra
and Aqua and the Advanced Very High Resolution Radiometer (AVHRR) on NOAA
satellites. A composite MJO analysis indicates that large variations in the TOMS AI and
MODIS/AVHRR AOT are found over the equatorial Indian and western Pacific Oceans
where MJO convection is active, as well as the tropical Africa and Atlantic Ocean
where MJO convection is weak but the background aerosol level is high. A strong inverse
linear relationship between the TOMS AI and rainfall anomalies, but a weaker, less
coherent positive correlation between the MODIS/AVHRR AOT and rainfall anomalies,
were found. The MODIS/AVHRR pattern is consistent with ground-based Aerosol
Robotic Network data. These results indicate that the MJO and its associated cloudiness,
rainfall, and circulation variability systematically influence the variability in remote
sensing aerosol retrieval results. Several physical and retrieval algorithmic factors that
may contribute to the observed aerosol-rainfall relationships are discussed. Preliminary
analysis indicates that cloud contamination in the aerosol retrievals is likely to be a major
contributor to the observed relationships, although we cannot exclude possible
contributions from other physical mechanisms. Future research is needed to fully
understand these complex aerosol-rainfall relationships.
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1. Introduction

[2] Atmospheric aerosols (mainly in the troposphere)
play an important role in the climate system and the
hydrologic cycle [IPCC, 2007; Kaufman et al., 2002a;
Ramanathan et al., 2001; Yu et al., 2006]. They interact
directly with solar and thermal radiation by scattering
sunlight and reflecting a fraction of it back to space, and

by absorbing sunlight in the atmosphere in some cases.
Thus aerosols can cool the climate system and surface, but
may warm the atmosphere [e.g., Charlson et al., 1992; Eck
et al., 1998; Kiehl and Briegleb, 1993; Ramanathan et al.,
2001; Satheesh and Ramanathan, 2000; Twomey et al.,
1984]. As a result, aerosols can influence the atmospheric
temperature, water vapor profiles, and cloud development
[e.g., Ackerman et al., 2000; Hansen et al., 1997] and in
turn the hydrological cycle [e.g., Ramanathan et al., 2001].
Aerosols also influence cloud droplet concentration and size
by serving as cloud condensation nuclei (indirect effect) and
may cause changes in precipitation patterns, cloud cover,
and possibly the frequency of extreme events [e.g., Andreae
et al., 2004; Kaufman and Koren, 2006; Koren et al., 2004;
Rosenfeld, 1999, 2000].
[3] Unlike greenhouse gases, such as carbon dioxide and

methane, which have long enough lifetimes to become
rather homogeneous in the atmosphere, the spatial and
temporal distributions of aerosols are heterogeneous owing
to wet and dry deposition, which typically remove them
from the atmosphere within about a week [Herman et al.,
1997; Husar et al., 1997]. Thus daily global satellite
observations and continuous in situ measurements are
needed to document the variability of aerosol amounts
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and their optical properties over the globe [Kaufman et al.,
2002a; King et al., 1999]. However, due to sampling issues,
aerosol type discrimination, and other measurement chal-
lenges, the spatial and temporal variability of aerosols has
not yet been comprehensively documented. In particular, to
the best of our knowledge, the spatial and temporal patterns
of intraseasonal (30–90 d) aerosol variability and its con-
nection to the Madden-Julian Oscillation (MJO) have not
yet been explored.
[4] The MJO (aka Intraseasonal Oscillation) [Madden

and Julian, 1971, 1994, 2005] is the dominant component
of intraseasonal variability in the tropical atmosphere. It is
characterized by slow (�5 m s�1) eastward-propagating,
large-scale oscillations in the tropical deep convection and
baroclinic winds, especially over the warmest tropical
waters in the equatorial Indian and western Pacific Oceans
[Hendon and Salby, 1994; Kiladis et al., 2001; Rui and
Wang, 1990]. Such characteristics tend to be most strongly
exhibited during boreal winter (November–April), when
the Indo-Pacific warm pool is centered near the equator.
During boreal summer (May–October), the change in the
large-scale circulation associated with the Asian summer
monsoon tends to cause the large-scale aspects of the
disturbances to propagate more northeastward, from the
equatorial Indian Ocean into Southeast Asia [e.g., Waliser,
2006a; Wang and Rui, 1990]. Lau and Waliser [2005] and
Zhang [2005] provide a comprehensive review of the MJO
and related issues.
[5] Since its discovery, the MJO has remained a topic of

significant interest, due to its wide-ranging interactions with
the climate system, and the fact that it represents a connec-
tion between the better-understood weather and seasonal-to-
interannual climate variations. To date, the MJO has been
shown to have important influences on various physical
weather and climate phenomena over the globe at many
timescales, such as the diurnal cycle of tropical deep
convection [e.g., Tian et al., 2006a], Asian and Australian
monsoon onsets and breaks [e.g., Wheeler and McBride,
2005], El Niño-Southern Oscillation [e.g., Lau, 2005],
tropical hurricanes [e.g., Maloney and Hartmann, 2000],
extreme precipitation events [e.g., Jones et al., 2004], and
extratropical circulation and its weather patterns [e.g.,
Vecchi and Bond, 2004]. Furthermore, the large-scale
MJO convection, circulation and thermodynamic character-
istics have also been relatively well documented and in
some cases understood [e.g., Hendon and Salby, 1994;
Kiladis et al., 2001; Rui and Wang, 1990; Tian et al.,
2006b]. However, the impact of the MJO on atmospheric
composition is only beginning to be documented [e.g., Tian
et al., 2007; Wong and Dessler, 2007]. In the present study,
we use global satellite aerosol observations to investigate
the possible modulation of aerosol by the MJO. Important to
this work are the findings regarding the potential predict-
ability of the MJO that extends to 2–4 weeks as indicated
by empirical and dynamical studies [e.g.,Waliser, 2006b]. If
the MJO systematically influences aerosol variability, then
societally relevant prediction of aerosols and air quality with
similar lead times may be possible.
[6] Section 2 introduces the global satellite aerosol prod-

ucts used for this study, along with the methodology. Our
main results are presented in section 3. Section 4 discusses

the results and their interpretation, followed by concluding
remarks in section 5.

2. Data and Methodology

[7] Numerous global aerosol products have been derived
from satellite sensors. However, due to the challenge of
retrieving aerosol parameters from top-of-atmosphere radi-
ances, including issues related to sensor calibration, cloud
screening, corrections for surface reflectivity and variability
of aerosol properties (size distribution, refractive index, etc.)
[Kahn et al., 2007; King et al., 1999], substantial differ-
ences exist among the global aerosol products [Jeong and
Li, 2005b; Jeong et al., 2005; Myhre et al., 2004, 2005]. For
this study, we use three satellite-derived global aerosol
products: Total Ozone Mapping Spectrometer (TOMS)
Aerosol Index (AI), Moderate Resolution Imaging Spec-
troradiometer (MODIS) aerosol optical thickness (AOT),
and Global Aerosol Climatology Project (GACP)/Advanced
Very High Resolution Radiometer (AVHRR) AOT. The use
of multisatellite aerosol products will test the data depen-
dence of our MJO-aerosol results. Furthermore, the simi-
larities and differences of our MJO-aerosol results among
different satellite aerosol products will help us understand
the similarities and differences of the multisatellite aerosol
products.
[8] The TOMS product used here is the daily AI (level 3,

version 8) on a resolution 1� � 1.25� latitude-longitude
made by the Nimbus-7 TOMS from January 1980 to
December 1992 [Herman et al., 1997]. Currently the AI
is derived from observations by the Ozone Monitoring
Instrument (OMI) onboard the Aura satellite [Torres et al.,
2007]. The AI is calculated from the ratio of ultraviolet
(UV) radiance measurements at 0.331 and 0.360 mm, and
can detect the UV-absorbing aerosols over both ocean and
land [Herman et al., 1997; Hsu et al., 1996], even over very
bright clouds and ice/snow surfaces [Hsu et al., 1999a]. The
AI is most sensitive to UV-absorbing aerosols such as
mineral dust, elevated biomass burning smoke, and volcanic
ash, and is insensitive to nonabsorbing aerosols, such as sea
salt and sulfate aerosols [de Graaf et al., 2005; Torres et al.,
1998]. Furthermore, the AI is highly dependent on the
altitude of the aerosol layer and cannot detect biomass
burning aerosols in the lower troposphere, below about
2 km, and any aerosols below cloud tops [de Graaf et al.,
2005; Hsu et al., 1999b]. The magnitude of the AI depends
on aerosol parameters, such as AOT, single-scattering
albedo, and asymmetry parameter, and surface albedo. In
particular, the AI increases linearly with AOT, at a rate
proportional to the aerosol single-scattering albedo [de
Graaf et al., 2005; Torres et al., 1998]. The field of view
of the TOMS instrument is large, about 50 � 50 km at nadir,
and 150 � 250 km at the extreme off nadir. Thus large
amounts of subpixel clouds may exits and contaminate the
TOMS AI retrieval, masking the absorption signal of any
aerosols that may occur below the clouds.
[9] MODIS, aboard the NASA Earth Observing System’s

Terra and Aqua satellites (crossing the equator in opposite
directions at about 10:30 and 13:30 local time, respectively),
retrieves total-column AOT at 10-km resolution from near-
global daily observations. Different retrieval algorithms are
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applied over ocean and land. Over ocean, MODIS utilizes
calibrated radiances observed in six bands (nominal wave-
lengths of 0.55, 0.66, 0.87, 1.24, 1.64, and 2.13 mm) at a
spatial resolution of 0.5 km under clear-sky conditions
determined by a dedicated cloud-masking algorithm [Li et
al., 2004; Martins et al., 2002] to retrieve aerosol properties
[Levy et al., 2003; Remer et al., 2005; Tanre et al., 1997].
Because of its wide spectral range and the greater simplicity
of the ocean surface, the MODIS retrieved AOT over ocean
has greater accuracy (±0.03) [Levy et al., 2003, 2005; Remer
et al., 2002, 2005]. The over-land MODIS aerosol algorithm
utilizes calibrated radiances observed in three bands (nom-
inal wavelengths of 0.47, 0.66, and 2.13 mm) [Kaufman et
al., 1997; Remer et al., 2005]. Over vegetated land, MODIS
retrieves AOTwith high accuracy (±0.05) [Chu et al., 2002;
Remer et al., 2005]. The MODIS AOT employed in this
study is the L3 MOD08 data product, Version 4, reported at
0.55 mm, on 1� � 1� spatial grids, and from 24 February
2000 to 9 December 2005.
[10] The GACP/AVHRR (hereafter AVHRR) aerosol

product [Geogdzhayev et al., 2002; Mishchenko et al.,
1999; Mishchenko and Geogdzhayev, 2007] (updated at
http://gacp.giss.nasa.gov/) contains the daily mean AOT at
0.55 mm from 1 January 1982 to 30 June 2005, over ocean.
The product resolution is 1� � 1� on an equal-angle grid. It
is derived from clear-sky calibrated AVHRR channel 1
(nominal wavelength, l = 0.63 mm) and channel 2 (l =
0.85 mm) radiances, contained in the International Satellite
Cloud Climatology Project (ISCCP) DX data set [Rossow
and Schiffer, 1999]. The spatial resolution of the product is
30 km aggregated from AVHRR global area coverage data
with 4-km resolution sampled from the 1-km raw data.
[11] There are several important differences between the

TOMS AI and MODIS/AVHRR AOT. First, the TOMS AI
is based on UV absorption by aerosols, thus most sensitive
to absorbing aerosols and insensitive to nonabsorbing
aerosols. On the other hand, The MODIS/AVHRR AOT,
based on scattered light measurements, are sensitive to both
absorbing and nonabsorbing aerosols. Second, the TOMS
AI is insensitive even to absorbing aerosols in the lowest
few kilometers of the troposphere, while the MODIS and
AVHRR AOT are sensitive to the aerosols in the entire
atmospheric column. It is important to note that the AOT
from MODIS and AVHRR is a vertically integrated quantity
reporting the magnitude of aerosol extinction based on
measurements of aerosol scattering. Therefore any factors
affecting the aerosol scattering and absorption efficiencies
(e.g., size distribution and composition) and mass loading,
such as wet deposition, atmospheric relative humidity (RH),
surface wind speed, and biological production, impact the
retrieved AOT value. Third, the field of view or pixel of the
TOMS instrument is very coarse (50 km at nadir), whereas
it is much finer for MODIS (0.5 km at nadir) and AVHRR
(1 km at nadir). Thus MODIS and AVHRR AOT are more
effective at screening clouds, and may be able to detect the
aerosols between broken clouds. Fourth, the MODIS and
AVHRR AOT can only measure aerosols in the ‘‘cloud-
free’’ regions as determined by their cloud clearing algo-
rithms. On the other hand, the TOMS AI can detect aerosols
above cloud tops, provided the scene at 50 km scales is
sufficiently uniform. All the differences discussed above
can result in sampling biases that need to be considered

when interpreting the results from TOMS AI and MODIS/
AVHRR AOT. Fifth, the cloud contamination effects are
different for the TOMS AI and MODIS/AVHRR AOT due
to their different pixel resolutions, cloud clearing algorithms
and fundamental retrieval methods. The MODIS/AVHRR
aerosol retrievals are based on scattered light measurements.
There are two ways that clouds affect these retrievals: (1) the
existence of subpixel sized clouds or very thin cirrus in
pixels identified as cloud-free [Kaufman et al., 2005; Zhang
et al., 2005] and (2) enhanced illumination of the cloud-free
column through the reflection of sunlight by nearby clouds,
also called as ‘‘cloud adjacency effect’’ [Kaufman et al.,
2005; Wen et al., 2001, 2006, 2007; A. Marshak et al., A
simple model for the cloud adjacency effect and the
apparent bluing of aerosols near clouds, submitted to
Journal of Geophysical Research, 2007]. Both these effects
produce anomalously high AOT retrieval results. In con-
trast, the TOMS AI is based on UV absorption by aerosols.
Unscreened subpixel clouds above any absorbing aerosol
layers within the relatively large (� 50 km) TOMS pixels
would scatter light, homogenizing the radiation field, and
reducing the particle UV absorption signal used to detect
aerosols in this method, producing an anomalously low AI
retrieval result.
[12] To help validate and understand the relationships

between the MJO rainfall and satellite aerosol products,
we also use the V2.0, L2.0 (cloud-screened and quality-
assured) daily Aerosol Robotic Network (AERONET) AOT
at Kaashidhoo (73.5�E, 4.9�N) in the equatorial Indian
Ocean and Nauru (167�E, 0.5�S) in the equatorial Western
Pacific. The AERONET program [Holben et al., 1998,
2001] is a federated, ground-based aerosol measurement
network using automatic sun and sky scanning spectral
radiometers. AERONET includes about 200 sites around
the world, covering all major tropospheric aerosol regimes.
Spectral radiance measurements are calibrated and screened
for cloud-free conditions [Smirnov et al., 2000]. The pro-
gram provides quality-assured aerosol optical properties to
assess and validate satellite retrievals [Holben et al., 2006].
The AERONETAOT data used here from Kaashidhoo were
taken between 20 February 1998 and 11 July 2000, and
those for Nauru are from 15 June 1999 to 11 June 2006.
[13] To identify MJO events, we use global pentad (i.e.,

5-d average) rainfall data from the NOAA Climate Predic-
tion Center (CPC) Merged Analysis of Precipitation
(CMAP, Xie and Arkin [1997]) from 1 January 1979 to
31 May 2006 on a 2.5� � 2.5� grid. For the MJO analysis
and composite procedure, we use the approach described in
our previous work [e.g., Tian et al., 2006b; Waliser et al.,
2003]. Briefly, all the data were first binned into pentad
values. Intraseasonal anomalies were obtained by removing
the annual cycle, and then filtering the data with a 30–90 d
band pass. To isolate the dominant structure of the MJO, an
extended empirical orthogonal function (EEOF) [Weare and
Nasstrom, 1982] was applied using time lags of ±5 pentads
(i.e., 11 pentads total) on boreal winter rainfall for the
region 30�S–30�N and 30�E–150�W [see Tian et al.,
2006b, Figure 1]. Next, MJO events were chosen based
on the amplitude time series of the first EEOF mode of the
rainfall anomaly. Figure 1 shows the dates and number of
the selected MJO events, along with an indication of their
relative amplitudes. For each selected MJO event, the
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corresponding 11-pentad rainfall, AI or AOT anomalies
were extracted for each data set (TOMS, MODIS, AVHRR,
and AERONET). A composite MJO cycle (11 pentads) of
anomalies was then obtained by averaging the selected MJO
events.

3. Results

[14] Figure 2 shows the horizontal maps of the TOMS AI
anomalies for the composite MJO cycle with 95% confi-
dence limits applied based on a Student’s t-test. For sim-
plicity, only lags ±4, ±2, and 0 pentads of the MJO cycle are
shown. Contour plots overlaid on the color shadings are the
corresponding MJO composite rainfall anomalies. The AI
anomalies range up to about ±0.6 for the composite MJO
but about ±2 for individual events. This indicates that
intraseasonal AI variations are significant and comparable
to those associated with the annual cycle and interannual
variability [e.g., Cakmur et al., 2001; Herman et al., 1997;
Mahowald et al., 2003]. Figure 2 shows that significant AI
anomalies are found in the tropical Indian and western
Pacific Oceans where the MJO convection is active. Evident
in Figure 2 is the close association between negative AI
anomalies and positive rainfall anomalies and vice versa.
The zero-lag correlation between AI and rainfall is shown in
Figure 3 (top), which illustrates a strong anticorrelation
between TOMS AI and rainfall in the tropical Indian and
western Pacific Oceans. This relationship seems to be
consistent with the seasonal study of Lau and Kim [2006],
who shows a decrease of TOMS AI after the Indian summer
monsoon was established (high rainfall) (their Figure 2).
Over equatorial Africa and Atlantic Ocean where MJO
convection is relatively weak, equally large AI anomalies
are also found in conjunction with relatively weak rainfall
anomalies from the MJO. The correlation between AI and
rainfall is also negative over this region albeit much weaker.
The large AI anomalies over this region may be due to the
large background AI, that is, high absorbing aerosol loading
due to Sahara desert dust and biomass burning smoke from
South Africa [Herman et al., 1997].
[15] A diagram similar to Figure 2, but for the MODIS

AOT, is shown in Figure 4. The MODIS AOT anomalies

range up to about ±0.02 for the composite MJO but about
±0.1 for individual events. These intraseasonal variations
are large compared to their background mean (�0.2) [Jeong
et al., 2005; Myhre et al., 2004, 2005] and its uncertainty
(±0.03) [Remer et al., 2005]. Similar to TOMS AI, signif-
icant MODIS AOT anomalies are also found in the tropical
Indian and western Pacific Oceans as well as equatorial
Africa and Atlantic Ocean. However, the relationship be-
tween MODIS AOT and rainfall is less coherent than for
TOMS AI. In general, in the tropical Indian and western
Pacific Oceans where the MJO convection is active, positive
AOT anomalies tend to be associated with positive rainfall
anomalies and vice versa. This is also confirmed by a weak
positive correlation between MODIS AOT and rainfall in
this region (Figure 3, middle). Our results appear to be
consistent with the positive correlation between the MODIS
AOT and cloud cover found by Kaufman et al. [2002b,
2005], Loeb and Manalo-Smith [2005], Zhang et al. [2005],
Matheson et al. [2005], and Lin et al. [2006].
[16] The spatial and temporal pattern of the AVHRR AOT

anomalies is similar to that for MODIS, though it is even
less coherent (not shown). This is probably due to the
poorer spatial coverage of the daily AVHRR AOT data
and its smaller ‘‘dynamic range.’’ More conservative cloud
screening algorithms were applied by Mishchenko et al.
[1999] and Geogdzhayev et al. [2002], in addition to the
ISCCP cloud detection algorithm [Rossow and Garder,
1993]. The additional cloud screening aims to eliminate
small cumulus clouds and optically thin cirrus clouds.
However, the strict cloud masking may have the adverse
impact of discarding real aerosol signals by misclassifying
them as clouds [Haywood et al., 2001; Husar et al., 1997].
For instance, an AOT threshold of 2 is used for the GACP/
AVHRR product as a part of cloud screening, which will
discard some cases with heavy aerosol loading [Mishchenko
and Geogdzhayev, 2007]. The less coherent AVHRR AOT
MJO variability is also consistent with an even weaker
positive correlation between AVHRR AOT and rainfall,
relative to MODIS (Figure 3, bottom). Our results appear
to be consistent with the positive correlation between the
AVHRR AOT and cloud cover found by Ignatov and Nalli
[2002] and Ignatov et al. [2004].

Figure 1. Dates (indicated by x) of selected MJO events for TOMS (26, from January 1980 to
December 1992), MODIS (13, from February 2000 to June 2005), and AVHRR (48, from January 1982
to May 2005) periods based on the amplitude pentad time series for the first EEOF mode of CMAP
rainfall anomaly from NH wintertime (November–April) and the region 30�S–30�N and 30�E–150�W.
Three dashed lines show the EEOF amplitude of ±1 and 0. The solid colored lines indicate the start and
end of each aerosol data record (blue for TOMS, red for MODIS, and green for AVHRR).
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[17] In an attempt to gain deeper understanding of the
above (apparent) discrepancy in the satellite-observed aero-
sol anomalies associated with the MJO, the relationship
between the composite AERONET AOT and rainfall
anomalies at Kaashidhoo and Nauru was examined
(Figure 5). We present the AERONET AOT at 0.50 mm,
which is close to the channel used by MODIS and AVHRR,
though the results for other channels are similar (not
shown). For comparison, time series from the composite
TOMS AI, MODIS AOT, and AVHRR AOT near these two
sites are also shown in Figure 5. Consistent with the
discussion above, the TOMS AI is negatively correlated
with rainfall, whereas the MODIS/AVHRR AOT is posi-
tively correlated with rainfall at both Kaashidhoo and
Nauru. A strong positive correlation exists between the
AERONETAOT and rainfall anomalies at both Kaashidhoo

and Nauru (correlation coefficient � +0.70 for Kaashidhoo
and +0.90 for Nauru). This aerosol-rainfall relationship
appears to be consistent with the positive correlation be-
tween AERONETAOTand cloud cover found by Jeong and
Li [2005a]. Furthermore, the magnitude of the AERONET
AOT anomalies (�0.02) is comparable to that for the
MODIS/AVHRR AOT anomalies. Thus the AERONET data
seem to support the weak positive correlation between
MODIS/AVHRR AOT and rainfall anomalies shown in
Figures 3 and 4.

4. Discussion

[18] The findings described above raise a number of
questions. Why is there a negative correlation between the
TOMS AI and rainfall anomalies but a positive correlation

Figure 2. Composite maps of the TOMS AI anomalies (color shading) associated with the MJO
indicated by the CMAP rainfall anomalies (contours). TOMS AI anomalies are only plotted if they
exceed 95% confidence limit using a Student’s t-test.
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between the MODIS/AVHRR AOT and rainfall anomalies?
Are these aerosol-rainfall relationships physical, or is one or
more of them a result of the aerosol sampling and retrieval
artifacts? Similar aerosol-cloud cover relationships, at time-
scales other than intraseasonal, have been reported in the
literature, such as Ignatov and Nalli [2002], Ignatov et al.
[2004], Jeong and Li [2005a, 2005b], Jeong et al. [2005],
Kaufman et al. [2002b, 2005], Lau and Kim [2006], Loeb
and Manalo-Smith [2005], Lin et al. [2006], Matheson et al.
[2005], Myhre et al. [2004, 2005], and Zhang et al. [2005].
However, the reasons for this aerosol-rainfall (cloud cover)
relationship are still unclear. Possible reasons include:
aerosol humidification effect (AHE) or aerosol growth,
wet deposition, low-level wind effect (including both ad-
vection and speed), biological production, sampling effect,
and cloud contamination. In the next few paragraphs, we
discuss the manner in which these mechanisms may con-
tribute to the observed aerosol-rainfall relationships.
[19] First, some aerosol types are hygroscopic, meaning

that they grow in the presence of humid conditions. As a
result, their size increases and their refractive indices
change, that in turn leads to changes in their optical
properties and increase of AOT. This dependence of AOT
on the atmospheric RH is referred to as AHE or aerosol
growth [e.g., Jeong et al., 2007]. This growth mechanism is
usually large for scattering aerosols, such as sulfate aerosols
and sea salts. For example, the scattering cross section of
sulfate aerosols doubles as RH increases from 40% to 80%
[Hobbs et al., 1997; Kaufman et al., 1998]. On the other
hand, the growth of the absorbing aerosols, to which TOMS
AI is sensitive, with increasing RH should be much smaller
than that for the scattering aerosols, to which MODIS/
AVHRR is sensitive [Redemann et al., 2001]. RH through-

out most of the tropospheric column is much higher in the
wet phase of the MJO (�80%) than its dry phase (�30%)
[e.g., Chen et al., 1996; Lin and Johnson, 1996]. Therefore
the AHE may contribute to the positive correlation between
the rainfall and MODIS/AVHRR AOT (a measure of
aerosol scattering). However, the AHE would be expected
to have a negligible effect on TOMS AI (which measures
only absorbing aerosol).
[20] Second, rainfall is a highly efficient aerosol removal

mechanism through wet deposition [e.g., Koch et al., 2003;
Wilcox and Ramanathan, 2004]. In the wet phase of the
MJO, the precipitation is significantly enhanced and this can
increase the wet deposition and reduce the aerosol mass
loading in the troposphere. The opposite is true for the dry
phase of the MJO. Thus the wet deposition could contribute
to the negative correlation between the TOMS AI and
rainfall, but it cannot explain the positive correlation be-
tween MODIS/AVHRR AOT and rainfall. Furthermore, if
wet deposition is important, it should affect the MODIS/
AVHRR AOT more than the TOMS AI, because (1) near-
surface aerosols (detected by MODIS and AVHRR AOT)
are much more susceptible to rainout than elevated aerosols
(detected by TOMS AI), and (2) nonabsorbing aerosols
(detected by MODIS/AVHRR AOT) tend to be more
hygroscopic and more likely captured by rain. Therefore
if wet deposition is contributing to the negative correlation
between rainfall and aerosol in the TOMS retrievals, there
have to be additional mechanisms that overcome this
influence in order for the MODIS/AVHRR to exhibit a
(weak) positive correlation with rainfall.
[21] Third, low-level wind variability including both wind

advection and wind speed is another important factor
influencing the near-surface aerosol variability, especially
over ocean [e.g., Chapman et al., 2002; Jeong and Li,
2005b; Smirnov et al., 2003]. For example, Smirnov et al.
[2003] found a link between directly measured aerosol
optical parameters from AERONET and 24-h averaged
surface wind speed at Midway Island in the central Pacific
Ocean. Increased wind speed enhances the emission of
relatively large sea-salt aerosols, which influences the
AOT most strongly at infrared wavelengths. Also, Chapman
et al. [2002] showed that dimethylsulphide (DMS) fluxes
from the ocean to the atmosphere increase under stronger
wind conditions. The DMS, through oxidization, can trans-
form into sulfate aerosols, which have important implications
for climate [Charlson et al., 1987]. The stronger surface wind
speed associated with the westerly wind bursts during the wet
phase of the MJO [e.g., Kiladis et al., 1994, 2005] may
generate more bright, near-surface sea salts and increase low-
level sulfate aerosol through increasing the DMS flux from
the ocean to the atmosphere. These low-level strong scat-
tering sea salts and sulfate aerosol can only be detected by
MODIS/AVHRR AOT but not by TOMS AI. Thus the
ocean surface wind speed anomalies associated with the
MJO may contribute to the positive correlation between
MODIS/AVHRR AOT and rainfall, albeit no influence on
the negative relationship between TOMS AI and rainfall is
expected. Furthermore, Jeong and Li [2005b] show that the
high AVHRR AOT plume over the Atlantic is clearly
associated with the low-level wind vector. The high
MODIS/AVHRR AOT MJO anomalies over the Atlantic
(Figures 2 and 4) may be induced by the low-level

Figure 3. Zero-lag correlation between the MJO compo-
site CMAP rainfall anomalies and aerosol anomalies
(shown in Figures 2 and 4) from the three satellite aerosol
products (i.e., TOMS AI, MODIS AOT, and AVHRR
AOT).
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easterlies or westerlies over the Atlantic, generated by the
MJO convection over the western Pacific [e.g., Hendon and
Salby, 1994]. Also, during the wet phase of the MJO, strong
low-level mass convergence associated with the MJO
[Kiladis et al., 2005; Lin et al., 2005] may cause a build-
up of low-level aerosols (thus AOT), which may also
contribute to the positive correlation between MODIS/
AVHRR AOT and rainfall.
[22] Another factor, which can contribute to the positive

correlation between the MODIS/AVHRR AOT and rainfall,
is phytoplankton variations associated with the MJO. Jeong
and Li [2005b] show a positive correlation between long-
term monthly mean AOT and ocean surface chlorophyll
concentration in several regions (their Figure 10). Plank-
tonic algae produce DMS and then, through oxidization, the
DMS transforms into sulfate aerosols. Meanwhile, Waliser
et al. [2005] show that the MJO produces systematic and
significant variations in the ocean surface chlorophyll in a

number of regions across the tropical Indian and Pacific
Oceans, including the northern Indian Ocean, a broad
expanse of the northwestern/central tropical Pacific Ocean,
and a number of near-coastal areas in the far eastern Pacific
Ocean. Interestingly, the MJO-related chlorophyll anomaly
pattern is very similar to the MJO-related AVHRR AOT
pattern. Thus the MJO may influence the aerosol variability,
especially the scattering ones detected by MODIS and
AVHRR, through its influence on oceanic biological pro-
duction. However, it is also possible that the change in
ocean color due to high chlorophyll concentrations may
cause an overestimation of AOT.
[23] The above relationships and mechanisms provide

plausible physical scenarios by which the aerosol-rainfall
relationships reported here could all be consistent. For
example, the negative aerosol-rainfall relationship exhibited
by TOMS AI could be driven to the first order by wet
deposition. Although this mechanism would also be acting

Figure 4. As in Figure 2, except for MODIS AOT.
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on the MODIS/AVHRR AOT, these retrievals could also be
effected by the AHE, low-level wind variability (advection
and speed), which if strong enough, could change the sign
of the aerosol-rainfall relationship to a weak positive one.
[24] However, these aerosol-rainfall relationships are also

likely a result of the aerosol sampling artifacts associated
with clouds and cloud-clearing procedures. As discussed
above, the cloud tops and unscreened subpixel clouds could
result in a negative bias in the TOMS AI. During the wet
phase of the MJO, the amount of high cloud increases and
cloud tops become higher; this can increase the negative
bias in TOMS AI and produce negative correlations be-
tween TOMS AI and rainfall. For the MODIS and AVHRR,
both the subpixel cloud contamination and cloud adjacency
effect can lead to significant overestimation of the AOT.
Thus the increased cloud amount during the wet phase of
the MJO may increase the subpixel cloud contamination and
cloud adjacency effect, which would contribute to the
positive correlation between the MODIS/AVHRR AOT
and rainfall. In addition, given the manner that AERONET
performs cloud clearing (i.e., it interprets low variability

across three samples as cloud free [Smirnov et al., 2000]), it
is possible that cloud contamination may contribute to the
AERONET result too.
[25] To examine the possible role of cloud contamination

in the positive correlation between MODIS/AVHRR AOT
and rainfall, we performed a similar analysis to Figure 5, but
based on the daily AOT data at Kaashidhoo that are
computed from the direct sun measurement only around
the time of successful almucantar measurements. The almu-
cantar retrieval algorithm uses symmetry in sky-scan radi-
ances for cloud detection [Holben et al., 2006], which is a
considerably more sensitive test, especially for thin cloud,
than the three-sample variability method used in the direct-
sun AOT algorithm. The result (Figure 6) indicates that
there is no coherent positive correlation between the AOT
and rainfall (with a correlation coefficient of �0.03) when
the AERONET AOT data are filtered with the radiance
symmetry cloud mask. This implies that the positive corre-
lation between the AERONET AOT and rainfall anomalies
in Figure 5 may be due to the cloud contamination effect.
The same may be true for the weak positive correlation
between the MODIS/AVHRR AOT and rainfall anomalies.
Since the cloud contamination problem applies not only to
the intraseasonal timescale but also other timescales, the
cloud contamination may also partly contribute to observed
cloud-aerosol relationships at other timescales as reported in
previous studies based on satellite aerosol retrievals in the
vicinity of clouds (see reference list in the first paragraph of
this section).

5. Conclusions

[26] We investigated the possible modulation of the
aerosol variability by the MJO using the TOMS AI, MODIS
AOT, and AVHRR AOT global satellite aerosol products.
Our results indicate that the intraseasonal aerosol variability
is large and comparable to that associated with the annual
cycle and interannual variability. Large variations in the

Figure 6. As in Figure 5, except for AERONET AOT at
Kaashidhoo and obtained only around the time of
almucantar measurement, that is, in the conditions when
the sky was relatively clear and sky-scan symmetry was
sufficiently uniform.

Figure 5. MJO composite CMAP rainfall anomalies and
AERONET AOT at two AERONET sites: Kaashidhoo and
Nauru. The TOMS AI, MODIS AOT, and AVHRR AOT at
the nearby grids are also included for comparison.
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TOMS AI, MODIS AOT and AVHRR AOT are found
mainly over the equatorial Indian and western Pacific
oceans, where MJO convection is active, as well as tropical
Africa and the Atlantic Ocean, where MJO convection is
relatively weak but the background aerosol level is rela-
tively high. In particular, there are systematic relationships
between the TOMS AI, MODIS AOT, and AVHRR AOT
anomalies and theMJO rainfall anomalies over the equatorial
Indian and western Pacific oceans. During the wet phase of
theMJO, TOMSAI decreases, whereasMODIS andAVHRR
AOT increase, in association with the enhanced precipitation,
cloud cover, and water vapor in the atmosphere, and vice
versa. Thus there is a strong negative correlation between the
TOMS AI and rainfall anomalies but a weaker and less
coherent positive correlation between the MODIS AOT,
AVHRR AOT and rainfall anomalies. The MODIS and
AVHRR pattern is consistent with ground-based AERONET
AOT data, which also show a significant positive correlation
with rainfall anomalies at both Kaashidhoo and Nauru. These
results indicate that the MJO and its associated cloudiness,
rainfall, and circulation variability systematically influence
the variability in remote sensing aerosol retrieval results.
[27] Numerous physical mechanisms, such as AHE, wet

deposition, low-level wind variability (advection and
speed), and biological production, and nonphysical mecha-
nisms, such as different sensor sensitivities (absorbing
versus nonabsorbing aerosols and upper versus lower tro-
pospheric aerosols), sampling issue, and cloud contamina-
tion, may contribute to the observed aerosol-rainfall
relationship. It is quite plausible that all these processes
are acting to some degree. Preliminary analysis indicates
that cloud contamination in the aerosol retrievals is likely to
be a major contributor to the observed positive correlation
between the MODIS/AVHRR/AERONET AOT and rainfall
anomalies. However, we cannot exclude possible contribu-
tions from other physical mechanisms, based on the work
presented here.
[28] This strong but complex relationship between the

MJO and the aerosol variability, coupled with (1) the
potential to predict the MJO with lead times up to 2–
4 weeks [Waliser, 2006b], (2) the importance of under-
standing cloud clearing methods in aerosol remote sensing
[e.g., Kaufman et al., 2005; Wen et al., 2007; Zhang et al.,
2005], (3) the important role of aerosol indirect effect on
climate [e.g., Andreae et al., 2004; IPCC, 2007; Koren et
al., 2004; Ramanathan et al., 2001], suggests an important
need to more completely document the aerosol intraseaso-
nal variability as well as to further investigate the complex
mechanisms behind the MJO rainfall and remotely sensed
aerosol relationships documented here. To that end, a
synergetic approach combining multisensor satellite data
analysis, in situ and targeted aircraft observations, and
state-of-the-art chemistry-transport modeling together will
likely be required.
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