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Time series analysis of Aerosol Optical Depth (AOD) derived from NOAA-AVHRR data during the
period 1996-1999 and the MODIS data during 2000-2009 over the Arabian Sea revealed a systematic
biennial variability in the high AOD during summer months. The variability is more prominent over the
northern and central parts of the Arabian Sea and became less significant towards southern latitudes.
The possible mechanisms for these are examined by estimating the source strength over coastal Arabia
and AOD flow rate through the western boundary of the Arabian Sea. Both these show clear signatures
of biennial variability with same phase as AOD for most of the years. This result indicates that the
observed biennial variability in AOD is likely to be the outcome of combined effects of biennial variability

in wind generated sea-salt aerosols and dust transported from Arabia.

1. Introduction

Atmospheric aerosols play a vital role in the cli-
mate system and the hydrological cycle (Charlson
et al 1992; Ramanathan et al 2001; IPCC 2007).
They interact directly with solar and thermal radi-
ation through scattering and in some cases by
absorbing the solar radiation. Thus, aerosols can
cool the surface while warming the atmosphere
leading to changes in atmospheric thermodynam-
ics, stability, hydrological cycle and cloud devel-
opment (Twomey et al 1984; Charlson et al 1992;
Satheesh and Ramanathan 2000; Ramanathan et al
2001). Aerosols can also interact with clouds by
acting as cloud condensation nuclei, increasing the
number and reducing the cloud droplet size, thus
affecting the cloud albedo which influences the
precipitation pattern, cloud cover and possibly the

frequency of extreme events (Rosenfeld 1999, 2000;
Andreae et al 2004; Kaufman and Koren 2006).
Unlike greenhouse gases, which possess long life-
time and a near-homogeneous spatial distribu-
tion, atmospheric aerosols are highly heterogeneous
and have the lifetime of the order of one week
in the lower troposphere. The spatial distribu-
tion of aerosols over a source region thus strongly
depends on the source/sink strength and the back-
ground atmospheric condition. This necessitates
continuous monitoring of aerosols on regional and
global scale. Several authors have documented the
regional and global distribution of aerosols and
their variability over the oceanic regions and also
over the land surface using long-term satellite data
(Husar et al 1997; Rajeev et al 2000; Nair et al
2003, 2005b). Regional distribution of aerosols,
their inter-annual variabilities, and the spectral
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optical depths are essential inputs to regional and
global aerosol models to assess regional radiative
forcing and climatic impacts (Saha et al 2005).

In recent years, there have been studies on the
role of natural atmospheric motions like plane-
tary waves and oscillations in producing signifi-
cant changes in the Aerosol Optical Depth (AOD).
Beegum et al (2009) have reported Quasi Biennial
Oscillation (QBO) on the monthly mean spectral
AOD from four locations over Asia and Africa.
They found that the QBO in AOD is well asso-
ciated with the QBO in the stratospheric zonal
wind. Using AOD spectra over several sites in
peninsular India during the winter season of 1996—
2003, Saha et al (2005) have observed enhance-
ments from the climatological mean, nearly every
alternate year, with varying magnitudes and have
attributed it primarily to the large scale atmo-
spheric dynamics. Nair et al (2005b) have exam-
ined the inter-annual variability of AOD over
the oceanic region around the Indian subcon-
tinent using AVHRR-derived AOD during the
period 1996-2003. It is reported that the inter-
annual variability in AOD over the Arabian Sea
is more prominent during summer-monsoon season
(June—September) especially during the month of
July.

In the present study, we examine the enhance-
ment of summer peak in AOD in alternate years
over the Arabian Sea and its association with pre-
vailing meteorological conditions using continuous
and long-term database of 14 years. Moreover, the
possible reason for the biennial variability in AOD
is also examined using AOD and wind data.

2. Data

The basic data used for the present study are
the monthly mean AOD during the period
1996-2009, derived from two satellite sensors;
(1) Advanced Very High Resolution Radiometer
(AVHRR/2) onboard NOAA-14/16 and (2) Mode-
rate Resolution Imaging Spectro-radiometer
(MODIS) onboard AQUA/TERRA. Due to the
delay in the equatorial crossing time of NOAA-14,
the solar zenith angle for most of the pixels was
very high in the anti-solar side of the scan during
the year 2000. This leads to a larger uncertainty
in the derived AOD values. The NOAA-16 data is
available only from March 2001. This has resulted
in a data gap of 14 months, from January 2000
to February 2001. The AOD data from MODIS
is available only from the year 2000. Hence we
have used NOAA-14 data only up to Decem-
ber 1999 and MODIS derived AOD values from
2000 onwards. These two together constitute a
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long term AOD data of 14 years for the present
analysis. An inter-comparison of monthly mean
AOD values from MODIS and AVHRR was car-
ried out during the same common observation
period of 2001-2003. Comparison of the observa-
tions shows good agreement between these two
satellite-derived AOD values with a correlation
coefficient of 0.889. For the period 1996-1999, the
monthly mean AOD is derived from the measured
upwelling radiance in channel 1 of NOAA-AVHRR
sensor at 630 + 50 nm. The method of deriving
AOD is described in detail in earlier publications
(Rajeev et al 2000; Nair et al 2003, 2005b). The
AOD data only from clear sky pixels are identified
employing appropriate cloud screening (Rajeev
and Ramanathan 2001) and data only from those
pixels are used in this study. They are identi-
fied by employing appropriate cloud screening
and has a spatial resolution of 5 km at nadir (in
Global Area Coverage format). This basic data
is further grouped and averaged at appropri-
ate grids and time-scales for studying different
aspects.

The MODIS sensor onboard the satellites Terra
(10:30 am, equatorial crossing time) and Aqua
(1:30 pm, equatorial crossing time) of NASA
retrieves total column AOD from near-global daily
observations. Over the oceanic region, MODIS used
calibrated radiances observed in six wavelength
bands 0.55, 0.66, 0.87, 1.24, 1.64 and 2.13 um
at a spatial resolution of 0.5 and 0.25 km under
clear sky conditions identified by a cloud-masking
algorithm (Martins et al 2002) to retrieve aerosol
properties (Levy et al 2003; Remer et al 2005).
The MODIS retrieved AOD values over the ocean
has an accuracy of £0.03 (Levy et al 2003, 2005;
Remer et al 2002, 2005). The MODIS AOD used
for the present study are the L3 MODO08 data
product, version 4 reported at 0.55 um, on 1°x1°
spatial grids. The AOD obtained from MODIS
is at 550 nm and AVHRR is at 630 nm. The
MODIS AOD at 550 nm is adjusted to 630 nm
using the corresponding values of Angstrom expo-
nent (o) based on MODIS observation reported by
Parameswaran et al (2008). The mean values of o
reported during the Asian dry season (November—
April) is 0.8 £ 0.2 and summer monsoon season
(June—September) is 0.4 + 0.15 .The values of «
used for the present investigations are in agreement
with other reported values over the study region
(Satheesh and Moorthy 1997; Satheesh et al 2002;
Vinoj and Satheesh 2003; Babu et al 2008). The
value of Angstrom exponent used for the present
study can create maximum uncertainty of 11% in
the AOD during the Asian dry season and 9% dur-
ing summer monsoon season. Meteorological fea-
tures for the present study were obtained from
NCEP/NCAR reanalysis (Kalnay et al 1996) data
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provided by the NOAA-CIRES Climate Diagnos-
tics Center, Boulder, Colorado which is available
on their website at http://www.cdc.noaa.gov.

3. Results

Figure 1(a) shows the eight grid boxes covering
northern Arabian Sea (NAS), central Arabian Sea
(CAS) and southern Arabian Sea (SAS), selected
for the time series analysis of AOD. The loca-
tions selected for the time series analysis are (NAS:
20°-25°N; 60°—65°E, CAS(1): 15°-20°N; 58°-63°E,
CAS(2): 15°-20°N; 63°-68°E, CAS(3): 15°—20°N;
68°-73°E, SAS(1): 10°-15°N, 55°-60°E, SAS(2):
10°-15°N; 60°-65°E, SAS(3): 10°-15°N; 65°-70°E,
and SAS(4): 10°-15°N; 70°-75°E). Figure 1(b)
shows the temporal variation of the AOD (con-
structed as discussed in section 2) over different
grid locations over the Arabian Sea. All the loca-
tions revealed high AODs during the summer
monsoon period especially during July and a
minimum during the winter/pre-monsoon period.
These annual variations in AOD are associated
with the changes in the atmospheric circulation
and precipitation over this region (Nair et al 2005b;
Moorthy et al 2007). During the summer mon-
soon season the prevailing wind over the Indian
subcontinent, over SAS and CAS is predominantly
southwesterly while it is predominantly northwest-
erly over NAS. The extreme high AOD over the
Arabian Sea is contributed significantly by the dust
aerosols originated at the peninsular Arabia, which
are transported by the strong north-westerly off-
shore wind (Satheesh and Srinivasan 2002; Nair
et al 2005b; Saha et al 2005). The high wind speed
associated with the monsoonal circulation also pro-
duces significant amount of sea-salt aerosols over
the Arabian Sea. These aspects have been dis-
cussed earlier (Nair et al 2003, 2005b; Moorthy
et al 2005, 2007; Gogoi et al 2009) and hence, not
detailed here. However, the quite interesting aspect
emerging from figure 1(b) is the significant ampli-
fication in this AOD peak every alternate year
(as indicated by down pointing arrows in figure),
which is most clearly discernible in the NAS and
CAS grid boxes, and is weakly reflected over other
grids as if a major source region is situated over
Arabia.

Wavelet analysis has been carried out to delin-
eate dominant periodicities in AOD using a Morlet
Wavelet (Torrence and Compo 1998). The wavelet
transforms generate an amplitude spectrum of the
time series data in time and frequency domain. By
decomposing the time series into time-frequency
space, one is able to determine both the domi-
nant modes of variability and how those modes
vary in time. The time series of AOD over CAS
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(15°-20°N; 58°-63°E) and the wavelet correspond-
ing to time series are shown in figure 2 (‘cone
of influence’ is shaded). The preliminary observa-
tion of the wavelet spectra reveals the presence of
quasi-biennial periodicity of ~24-28 months with
an amplitude ranging from —0.3 to 0.3.

Aerosol variability over the oceanic regions is
strongly coupled with the variability in the lower
tropospheric circulation. Influence of low level wind
variability in the near surface aerosols over the
oceanic regions was reported by several authors
(Smirnov et al 2000; Chapman et al 2002). Exten-
sive measurements of sea-salt aerosols and sea-
salt AOD over oceanic regions have revealed that
the concentration of sea-salt aerosols depends
strongly on local wind speed near the sea surface
and the AOD generation increases exponentially
with increase in wind speed (Moorthy et al 1997;
Moorthy and Satheesh 2000; Nair et al 2005a;
Satheesh et al 2006; Parameswaran et al 2008). In
addition, dust transport from the Arabia also con-
tributes significantly to the high values of AOD
over the Arabian Sea observed during summer
monsoon season (Nair et al 2005b). So it is quite
reasonable to conjecture that the observed bien-
nial variability in AOD over the CAS could either
be contributed by the variation in sea-salt abun-
dance produced by the high winds associated with
the monsoonal circulation or due to the advected
dust from the Arabia or both. Figure 3 shows
the time series plot of AOD and 10 m wind from
QuikSCAT over CAS during the period 1996-2009.
It is observed that both the AOD and surface wind
show significant peak during the July month in
all the years of observation, which is in agreement
with the earlier studies (Parameswaran et al 2008).
Moreover, presence of biennial variability is clearly
seen in the surface wind over the Arabian Sea.

The next significant contributor towards the
AOD over the Arabian Sea during the summer
monsoon period is the mineral dust transported
from the Arabia (Nair et al 2005b; Zhu et al 2007).
Figure 4(a, b) shows the temporal variation of
AOD over the Arabian Sea and zonal and merid-
ional components of wind at four vertical levels
1000, 850, 700 and 500 hPa over Arabia (18°-25°N;
40°-55°E) for the month of July during 1996-2009.
The biennial variability in AOD over CAS is clearly
matching with the variability in zonal wind over
Arabia below 500 hPa level, whereas signatures are
not clear in the meridional wind. Earlier studies
have reported that during the summer monsoon
season the dust aerosol over Arabian Sea is mainly
transported from Arabia through wind above surface
level (Nair et al 2005b). To delineate the period-
icities in wind over Arabia, wavelet analysis has
been carried out at 850 hPa zonal wind averaged
over the region (20°-30°N; 40°-55°E) during the
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Figure 1. (a) Illustration of the grid boxes selected for the present study. (b) Time series plot of the AVHRR and MODIS
derived AOD at different locations over the Arabian Sea [NAS: 20°-25°N; 60°-65°E, CAS(1): 15°-20°N; 58°~63°E, CAS(2):
15°-20°N; 63°-68°E, CAS(3): 15°-20°N; 68°-73°E, SAS(1): 10°-15°N; 55°60°E, SAS(2): 10°-15°N: 60° 65°E, SAS(3):
10°-15°N; 65°~70°E, SAS(4): 10°~15°N; 70°~75°E] after adjusting for the wavelength difference.

period 1996-2009 and is subject to wavelet analy- are persisted in the zonal wind with considerable
sis. The amplitude of the wavelet spectra is shown amplitudes which are in phase with the periodic-
in figure 5. Strong signals of biennial periodicities ities in AOD. In other words, stronger the wind
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Figure 2. Time series of AOD over coastal Arabia [15°~20°N; 58°-63°E] (a) and wavelet spectra (b) during the period
1996—-2009. The colour scheme represents the amplitude of AOD.
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Figure 3. Time series of AOD and wind at 10 m level from
QuikSCAT over the coastal Arabia [15°-20°N; 58°-63°E]
during the period 1996 to 2009.

over Arabia, higher the AOD over the Arabian Sea
and vice versa. This shows that the observed bien-
nial variability in AOD may also be contributed by
the lower tropospheric circulations over the source
regions.

In order to ascertain the possible mechanism
for the observed biennial variability in AOD over
the CAS, a more quantitative approach has been
examined using the AOD values and wind. The
quantities aerosol source/sink strength (S) and
AOD Flow Rate (AFR) are estimated to check the
causative mechanism for the observed variability in
AOD. Aerosol source strength is estimated using
aerosol flux continuity described through equation
(1) (Aloysius et al 2008).

dp
B v] = (1)

all of which are in general, functions of the spatial
coordinates (i.e., x, y and z, respectively) and time
(t) where p is the aerosol extinction coefficient per
unit volume, v is the three dimensional vector wind

+ V. p

S0
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Figure 4. (a) Variation of AOD over coastal Arabia and
zonal wind at different altitude levels (1000, 850, 700
and 500 hPa) over Arabia for the month of July during
the period 1996-2009 and (b) same as figure (a) but for
meridional wind.
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and s is the net source representing dry/wet depo-
sition, production, etc., all of which are in general,
functions of spatial coordinates (i.e., z, y and z,
respectively) and time (¢). The columnar aerosol
optical depth (7) is then defined as:

oo

r@y) = [ ploy2)d 2)

Integrating equation (1) over z results in,
(oo}

/pudz +88y /pvdz =S (z,y,t), (3)

0 0

where u, v and S are the zonal wind, meridional
wind and column integrated net source, respec-
tively. Daily AOD from MODIS and zonal and
meridional winds from NCEP/NCAR reanalysis is
used for the computation of S. Since NCEP/NCAR
wind are available at 2.5°x2.5° grid resolution,
the 1°x1° MODIS AOD data were adjusted to
NCEP/NCAR reanalysis grid.

The second quantity estimated here is the AFR.
AFR is the product of aerosol optical depth and
wind velocity. It means that AFR increases with
increase in AOD or wind speed or both. It quanti-
fies the rate of flow of aerosols across the defined
boundary and is not expressed in terms of mass or
number concentration of aerosols. AFR estimated
through the western boundary of the Arabian Sea
is shown in figure 6(a) (by the arrow). The AFR
is estimated by integrating aerosol extinction at
a particular column and the corresponding wind
component across the boundary (either zonal or
meridional) of the region of interest. The AOD
from MODIS is distributed vertically in each pixel
as layerwise extinction corresponds to standard
pressure levels using an exponentially decreasing
function by assuming a scale height of 2 km. The
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Figure 5. Wavelet analysis of zonal wind at 850 hPa level over Arabia [20°-30°N; 40°~55°E] during the period 1996-2009.

The colour scheme represents the amplitude of wind.
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Figure 6. (a) Ilustration of the boundary selected for the
AOD flow rate estimation and (b) variation of AOD, source
strength and AOD flow rate over the Arabian Sea for the
month of July during the period 2000-2009.

zonal and meridional components of wind are avail-
able at standard pressure levels (i.e., 1000, 925,
850 hPa) and then multiplied with corresponding
wind at these levels. The AFR into the region is
considered as positive and that out from the region
is negative.

Figure 6(b) shows the AOD, source strength and
AFR over the Arabian Sea during the month of
July for the period 2000-2009. The left Y-axis
shows the variation of AFR and right axis gives the
variation of both AOD and source strength. Here
the source strength is estimated over coastal Ara-
bia (15°-20°N; 58°-63°E) and over the locations
south of Arabian Sea (0-5°N; 50°~60°E) and (10°—
15°N; 50°-60°E). The source strength is the repre-
sentative of net aerosol production over the region
and it varies from positive to negative values which
indicate the relative dominance of aerosol gener-
ation and loss mechanisms. It can be seen that,
a clear biennial variability is observed in source
strength over coastal Arabia. Moreover, source
strength during 2008 shows negative values repre-
senting aerosol loss. In addition to this, an attempt
was made to examine the aerosol source strength
over a region near equator, in the southwestern
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Arabian Sea (0-5°N; 50°-60°E) and (10°-15°N;
50°~60°E) which is represented as a black curve
in figure 6(b). The biennial signature observed in
coastal Arabia is not seen in the source strength
near the equator. This is a clear indication that the
source strength weakens as we move southwards
in the Arabian Sea. Parameswaran et al (2008)
made an attempt to separate sea-salt and non-sea-
salt AOD over the Indian Ocean and found that
during the summer monsoon season values of sea-
salt AOD is less prominent at east of 65°E. The
value of sea-salt in general and the amplitude of
July peak in particular are largest in the region
5°-20°N and decreases towards either side. This
explains the reason for the clear signatures of
biennial variability observed more clearly in coastal
Arabia.

The AFR indicates the aerosols transported
through the desert regions of the Arabia. Both
source strength and AFR show the biennial vari-
ability which are in phase with AOD during 2000-
2007. It is important to note that even though
the AFR through the western boundary of the
Arabian Sea consistently reproduces the pattern
of biennial variability from 2000-2009, the AOD
over the Arabian Sea failed to capture the same
in 2008 and 2009. However, the source strength
over the Arabian Sea (sea-salt) during 2008 and
2009 is out of phase with the AFR that is in 2008
AFR is high but the source strength is low and
vice-versa in 2009. The out of phase relation in
source strength and AFR may be a possible expla-
nation for the absence of biennial variability in
AOD during 2008 and 2009. This shows that the
observed biennial variability in AOD are due to
the combined effect of biennial variability in sea-
salt aerosols from local production and advected
dust aerosols from the desert regions of Arabia and
variability in AOD is predominant only when both
are in same phase. Moreover the biennial variabil-
ity in AOD is clearly seen in the region where the
channels of dust transport (15°-25°N) and the high
wind-speed coincides.

4. Discussion

The biennial variations in the AOD during sum-
mer months over Arabian Sea are attributed to
the possible combined effects of biennial variations
in in situ produced sea-salt aerosols and advected
dust aerosols from the Arabian deserts. In this
context, it is quite reasonable to explore its con-
nection with other natural atmospheric biennial
variabilities. One such variability is the strato-
spheric QBO which is characterized by alternate
bands of easterly and westerly winds (Reed 1961).
The period over which the alternate wind regimes
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repeat vary from 22 to 34 months, with an average
period of ~28 months (Baldwin et al 2001). The
effect of QBO is not only confined to atmospheric
dynamics but also on trace constituents such as
ozone, water vapour, methane, NOy, HF, HCI and
volcanic aerosols (Jones et al 1998; Dunkerton
2001; Fleming et al 2002; Yuejuan et al 2005).
Kane (1992) reported periodicities in the concen-
tration of trace elements and surface aerosols in the
range of 2-3 years (QBO) and 3-5 years (quasi-
triennial oscillations, QTO). Beegum et al (2009)
show discernible signatures of QBO in the monthly
mean AOD, particularly at equatorial locations
over Asia and Africa. They have reported that
the QBO observed in AOD were out of phase
with the stratospheric QBO at the equatorial
stations and in phase at the off-equatorial and
subtropical stations. It was also pointed out that
the stratospheric QBO induces a meridional cir-
culation with equatorial convection (subsidence)
during its east (west) phase, and off-equatorial sub-
sidence (convection), with a cooler (warmer) and
higher (lower) tropopause at the equatorial (off-
equatorial) regions and the associated vertical as
well as horizontal mixing of mass flux modulates
the AOD. In the present study, we explore the
biennial variations in the summer peak in AOD
over Arabian Sea, which is more or less a flip-
flop mechanism rather than an oscillation. The
Tropospheric Biennial Oscillations (TBO), which
is defined as the tendency for a relatively strong
monsoon to be followed by a relatively weak one,
and wice versa, with the transitions occurring in
the season prior to the monsoon involving coupled
land—atmosphere—ocean processes over a large area
of the Indo-Pacific region (Meehl 1997; Meehl and
Arblaster 2001, 2002a, 2002b), also tends to flip-
flop back and forth from year to year and may
have influence in the biennial variability observed
in the AOD over Arabian Sea. Recent studies
show link between TBO and the stratospheric
QBO over the monsoon region [10°-30°N; 65°—
95°E] through the monsoon low-level jet observed
in the lower troposphere (Mohankumar and
Pillai 2008). Westerly anomalies in the lower
stratosphere are transferred to the lower tropo-
sphere and activated low level monsoonal cir-
culation. Previous investigations on the aerosol
distributions over the Arabian Sea have revealed
the significant role of dust transport from the
Arabia through the combined effect of the west-
erly wind over the Arabian region and the intense
low-level jet over the Arabian Sea (Nair et al
2005b). Hence, any modulation in the low-level
jet by TBO for instance, can introduce periodici-
ties in the observed aerosol distribution. Another
relevant observation is the influence of TBO in
the mean meridional circulation and local Hadley
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circulation (Pillai and Mohankumar 2008). The
mean meridional circulation exhibits the TBO
cycle in the weak-to-strong phase of the monsoon
for ENSO-TBO years, but is absent in the next
strong-to-weak cycle. In ENSO-TBO years, upward
(downward) motion exists in the entire NH trop-
ics during a strong (weak) monsoon. In the case
of normal TBO years, this upward (downward)
anomaly during a strong (weak) monsoon is seen
over the Indian monsoon area only and the oppo-
site anomaly is seen over the equatorial region.
They also found that this local Hadley circulation
pattern is in agreement with the convection pat-
tern over the maritime continent and Equatorial
Indian Ocean. It is already seen that the variabili-
ties in the circulation and convection can modulate
AOD over the region. In this context, we conjec-
ture that, the observed variability in AOD could
be associated with the biennial oscillation in lower
tropospheric circulation, the TBO related to mon-
soon dynamics, which in turn may be influenced
by the stratospheric QBO as well.

5. Conclusion

An analysis of inter-annual variation of AOD over
the Arabian Sea during 19962009, derived from
NOAA-AVHRR and MODIS satellite data indi-
cated systematic biennial variations. These were
significant and conspicuous over the central and
northern Arabian Sea, due north of 15°N, were
rather weak in the southern longitudes. They were
also highly associated with lower tropospheric wind
speed. An analysis of the associated periodicities as
well as the source strengths over different regions
of the Arabian Sea showed that the biennial oscil-
lations in AOD over the central and northern
Arabian Sea are attributed to the combined effects
of wind-generated sea-salt aerosols and aerosols
picked up from the Arabian and African deserts
(again by winds) as demonstrated by the close
association with the biennial oscillations in lower
tropospheric circulation (probable TBO related
monsoon dynamics) and with the stratospheric

QBO.
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