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ABSTRACT

Interannual variations in spectral aerosol optical depths (AOD) were examined using the data obtained
from a chain of ground-based multiwavelength solar radiometers from various locations of the Indian
peninsula during the dry winter season (January—March) of 1996-2001. All of the stations revealed signifi-
cant interannual variations, even though the spatial pattern of the variations differed over the years. These
interannual variations were found to be significantly influenced by the extent of the southward excursion of
the intertropical convergence zone (ITCZ). The years in which the southward excursion of the ITCZ was
less (i.e., the years when the wintertime ITCZ was closer to the equator) showed higher AODs than the
years in which the ITCZ moved far southward. The spatial variation was found to be influenced by
large-scale vertical descent of an air mass over peninsular India, the Arabian Sea, the Indian Ocean, and the

Bay of Bengal.

1. Introduction

Regional distribution of aerosols, their interannual
variabilities, and the spectral optical depths are essen-
tial inputs to regional and global aerosol models to as-
sess regional radiative forcing and climatic impacts.
Analysis of the spectral aerosol optical depth (AOD)
data over peninsular India based on ground-based mea-
surements (Moorthy et al. 2001) and over the Arabian
Sea and tropical Indian Ocean using National Oceanic
and Atmospheric Administration (NOAA) Advanced
Very High Resolution Radiometer (AVHRR) data
(Rajeev et al. 2000; Li and Ramanathan 2002; Nair et al.
2003) during the recently culminated Indian Ocean Ex-
periment (INDOEX) have shown significant interan-
nual variations in spectral AODs during the northern
winter (dry) season (January—March). These changes
were found to be more pronounced at shorter (visible)
wavelengths. Based on the INDOEX data, Satheesh
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and Ramanathan (2000) and Ramanathan et al. (2001)
reported abnormally high AODs over the northern
tropical Indian Ocean in 1999 (about 2-3 times the val-
ues seen in 1998). Based on multiyear and multistation
data, Moorthy et al. (2001) showed that the increase in
the AODs in 1999 was much smaller over peninsular
India and was not spatially uniform over the coastal
Indian regions. They also reported that such increases
existed earlier in 1997 and attributed it partly to the
reduced southward excursion of the intertropical con-
vergence zone (ITCZ) in those years. Based on multi-
year AVHRR-deduced AODs at 630 nm and synoptic
winds [National Centers for Environmental Prediction
(NCEP)-National Center for Atmospheric Research
(NCAR)], Nair et al. (2003) attributed the high AOD
values observed in 1999 over the tropical Indian Ocean
region to the prevailing changes in the upper-
atmospheric dynamics and also to the northward shift
in the ridgeline over central India.

In this paper, we examine the interannual variation
of wintertime spectral AODs at various locations over
peninsular India during 1996-2001. The reasons for
choosing this period are that (i) during this period the
prevailing atmospheric circulation in the lower tropo-
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FiG. 1. Distribution of the MWR network stations. The stations
are represented by triangles and are identified with their short
names.

sphere is northerly/northeasterly, which is directed
from the central Indian landmass toward the oceanic
regions, (ii) the ITCZ lies in the Southern Hemisphere,
and (iii) the precipitation is negligible. The purpose was
to examine the nature of the interannual variations in
the AODs over coastal Indian regions using an ex-
tended database, to investigate whether these varia-
tions were spatially homogeneous over the peninsula,
and to delineate their possible associations with the
synoptic circulations and the north-south excursion of
the ITCZ.

2. Experimental data

The spectral AOD data used for this study are ob-
tained from the multiwavelength solar radiometer
(MWR) network stations of the Indian Space Research
Organisation’s Geosphere Biosphere Program (ISRO-
GBP; Moorthy et al. 1999a, 2001). These stations are
Trivandrum (TVM; 8.55°N, 76.9°E), Visakhapatnam
(VSK; 17.7°N, 83.3°E), Mysore (MYS; 12.3°N, 76.5°E),
and Minicoy (MCY; 8.3°N, 73.04°E), distributed over
peninsular India (Fig. 1). Of these stations, Trivandrum
is a rural, coastal location lying on the west coast (Ara-
bian Sea) of India, whereas Visakhapatnam is a coastal,
industrialized, urban location lying on the east coast
(Bay of Bengal); Mysore is an inland, continental, semi-
urban location with no major industrial activities, and
Minicoy is an island site lying in the Arabian Sea (about
400 km west of Trivandrum), representing a maritime
environment devoid of any industrial activities. The
MWRs used at all of these locations were nearly iden-
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tical and were operated regularly on clear-sky condi-
tions [i.e., on periods during which the sky was cloud
free (visible to naked eye, including visible cirrus) or on
partly cloudy days when no visible clouds were present
for an angular diameter of at least 10° around the sun].
The data were collected and analyzed following the
Langley plot technique using a common protocol
(Moorthy et al. 1999a). Effects of invisible and patchy
clouds were removed by screening the data using a Stu-
dent statistic at 0.995 confidence coefficient. A dataset
was typically of at least 3 h in duration and had a rela-
tive airmass variation by a factor of at least 2. The
consistency of the zero-airmass intercept was used to
check the stability, and, during the period under study,
this value was generally within 3%. This, along with the
other uncertainties in the estimation of AOD [arising
mainly out of the finite field of view of the instrument
(2°), the uncertainties in the molecular scattering and
absorption estimates, etc.], puts the uncertainty in the
range of 0.02-0.04 at different wavelengths, with the
higher values at the shorter wavelengths (<500 nm)
and at 935 nm, and during high AODs (>0.5). More
details are given in earlier papers (Moorthy et al. 1997,
1999a, 2001; Satheesh and Moorthy 1997). Spectral
AOD:s (7,,) were estimated regularly on all clear/partly
clear days (during periods of unobscured solar visibil-
ity) at 10 wavelengths (380, 400, 450, 500, 600, 650, 750,
850, 935, and 1025 nm), and the AODs for the months
of January, February, and March of 1996-2001 formed
the database for this study. Besides being the period in
which the prevailing synoptic winds are northeasterlies
and precipitation is insignificant, this was also the pe-
riod of intense INDOEX observations during 1996-99.
Trivandrum, Visakhapatnam, and Mysore had a sub-
stantially longer database, extending for more than 10
yr, than id Minicoy, which had only 39 months of data
spanning from January 1995 to March 1998. Table 1
gives the details of the database used.

For the purpose of examining the interannual varia-
tions of AOD, the entire data for the period of Janu-
ary—-March of each year is considered as one ensemble.
The daily mean AOD values are grouped into this en-
semble, separately for each station and for each year,
and are averaged to obtain a single AOD spectrum for
each station and for each year. This kind of grouping
and averaging smoothes out the short-term and meso-
scale fluctuations in the AOD, which are more local in
nature, and retains the variations at synoptic scales.

The mean AOD of the seasonal ensemble (7,,), and
its standard deviation o, and standard error ¢, for each
station and for each year from 1996 to 2001 are esti-
mated as
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TABLE 1. Details of the database used in this study.

Total database Period of this study

Station Aerosol environment availability (Jan-Mar)
Trivandrum (8.55°N, 76.9°E) Northern tropical, coastal, semiurban Nov 1985—present 1996-2001
Visakhapatnam (17.7°N, 83.3°E) Northern tropical, coastal, urban, industrial Dec 1987-present 1996-2001
Mysore (12.3°N, 76.5°E) Northern tropical, continental, semiurban Oct 1988-Dec 1999 1996-99
Minicoy (8.3°N, 73.04°E) Northern tropical island, maritime, natural Jan 1995-Mar 1998 1996-98
(To0)s = (_> (Tpridss ) g5 = — = s 5)
ps N&‘ i=1 P ° Nv Ncl (

1 Ny 12
o m {2[(717)\1')5 - (Tp)\)s]z} 5 and (2)
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where the subscript s denotes the seasonal mean and N,
stands for the number of days of data in each seasonal
ensemble (for each year and for each station).

Because the AODs at TVM, VSK, and MYS were
available regularly for about a decade prior to 1996, it
was possible to estimate the climatological mean AOD
for the season considered. This was done by using the
available AOD data from each station (Table 1) prior
to 1996 for the period of January—March and obtaining
the climatological mean [(7,,).], standard deviation,
and standard error from Egs. (1)—(3). In estimating the
climatological mean AOD, the data pertaining to the
volcanically perturbed period (from June 1991 to No-
vember 1993) caused by the eruption of Mount Pi-
natubo in June of 1991 have been excluded from the
analysis, based on the temporal duration of the pertur-
bation (Moorthy et al. 1996). Because Minicoy did not
have the long-term data, the climatological mean was
not estimated. Using these statistics, an estimate of in-
terannual changes in the winter-mean AOD was made
by computing the deviation &, of the seasonal mean
AOD of each year [Eq. (1)] from the corresponding
(seasonal) climatological mean. Thus,

8)\ = (Tp)\)s - (Tp)\)cl' (4)

Positive values of 8, in a particular year imply that the
seasonal mean AODs for that year are higher than the
climatological mean, whereas negative 8, indicates that
the seasonal mean AODs are lower than the climato-
logical mean values. The significance level of this de-
viation is represented by the standard error 5 of 8,
estimated following the principle of propagation of er-
rors (Ku 1966; Fisher 1925, 177-212) as

where o, is the standard deviation and N is the num-
ber of days of data in the climatological ensemble. The
values of 8, > g5 are statistically significant.

3. Results

a. Trivandrum

The left side of Fig. 2 shows the seasonal mean AOD
spectra for Trivandrum (remote coastal location at the
southwest tip of the Indian peninsula) for 1996-2001, in
the frames from bottom to top. In each frame, the cli-
matological-mean AOD spectrum (labeled as CLM) is
also shown for comparison. The vertical bars over the
points represent the standard deviation of the mean
[estimated using Eq. (2)]. In the right panel of Fig. 2,
the year-to-year variations in 8, are shown in grayscale.
It can be seen from these figures that during 1997, 1998,
1999, and 2001 the seasonal-mean AODs are higher
than the climatological means, particularly at the
shorter wavelengths (A = 650 nm); whereas in 1996 and
2000 the seasonal mean AODs are either comparable
or somewhat lower than the climatological mean values
at all of the wavelengths. The positive deviations in
1997 and 1998 are conspicuous only at the shorter
wavelengths, whereas they are significant at almost all
of the wavelengths in 1999 and 2001. In terms of abso-
lute magnitudes at the midvisible wavelength (500 nm),
high positive deviations in AODs are seen in 1997,
1999, and 2001.

b. Visakhapatnam

In contrast to the above, the interannual variations of
the AODs and 8, for the east coast station VSK are
shown in Fig. 3 in left and right panels, respectively
(following the same conventions as for Fig. 2). (During
1998, the data at VSK were available only for the
month of January.) It is seen that, in contrast to the
pattern at TVM, at VSK the AOD spectra do not differ
remarkably from the climatological mean, except in
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F1G. 2. (left) The spectral variation of the yearly seasonal (Jan-Mar) mean AODs (continuous line) for Trivan-
drum for 1996-2001 is shown. In each panel, the CLM AOD spectra are also shown (dotted line). (right) The

interannual variation of §, for the period 1996-2001.

2001 and weakly in 1997. During the other years (1996,
1998, 1999, and 2000), the deviations are mostly within
the error bars. It is interesting that even in 1999, when
remarkably high AODs were reported at several loca-
tions in the west coast and northern Indian Ocean
(Satheesh and Ramanathan 2000; Moorthy et al. 2001;
Nair et al. 2003), the seasonal-mean AODs at VSK are
slightly higher than the climatological-mean AODs
only at the two shortest wavelengths while at the other
wavelengths they are comparable. In other words, the
deviations §, in 1999 were insignificant, indicating that
the interannual variations did not occur the same way
over peninsular India.

c. Mysore

Examining these features for the continental station
Mysore (lying in western India) in Fig. 4, following the
earlier conventions, it is seen that at shorter wave-
lengths (A = 650 nm) the seasonal mean AODs are
higher than the climatological means (8, is positive)
during all four years while they are comparable at
longer wavelengths (A > 650 nm). This is in contrast to

the features seen at TVM and VSK. Nevertheless, in
terms of absolute magnitudes, the deviations (positive)
are significantly higher during 1997 and 1999 than dur-
ing 1996 and 1998 (right panel of Fig. 4), similar to the
case observed at TVM. It is interesting that the high
AODs in 1999 are seen at the western inland station
MYS also while they were not seen at VSK, lying on the
east coast.

d. Minicoy

For Minicoy, the climatological AODs were not com-
puted, because of the short database. However, the
mean AOD spectra for the 3 yr (1996-98) shown in Fig.
5 clearly indicates that during 1997 the AODs were
consistently higher at all of the wavelengths in compari-
son with 1998 and were consistently higher for wave-
lengths below 750 nm for 1996. This pattern is more in
line with those observed at TVM and MYS.

It is interesting that CIMEL Electronique Company
sunphotometer measurements at Kashidhoo Climate
Observatory (KCO) in the Maldives (lying downwind
of Trivandrum and Minicoy) also revealed significantly
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F1G. 3. Same as Fig. 2, but for the east coast station Visakhapatnam for 1996-2001.

high AODs in 1999 when compared with 1998
(Satheesh and Ramanathan 2000) that which resembled
the features seen at the western stations TVM, MYS,
and MCY.

e. Angstrom exponents

Angstrom exponent « deduced from the AOD spec-
tra by using the equation 7, = BA™“ is useful to infer
particle characteristics, and its curvature in the optical
depth space (a'; first derivative of a with respect to In))
is useful to infer the dominance of accumulation and
coarse aerosols (e.g., Eck et al. 1999; O’Neill et al.
2001). At locations where the aerosols are dominated
by accumulation aerosols such as those from biomass
burning or urban pollution, « showed large curvature in
optical depth space with high values for «'. To examine
this aspect, we have computed the Angstrém exponents
for two spectral regimes—ay, for the visible regime
(wavelength range 400-750 nm) and «, for the near-
infrared regime (750-1025 nm)—by evolving least
squares fit between the wavelengths and the corre-
sponding AODs in a log-log scale separately for each
spectral regime. The results are summarized in Table 2.
Despite the significant variations from year to year and
station to station, it is seen that, in general, ay, ranges

between ~0.8 and ~1.3, with comparatively higher val-
ues at the eastern location VSK. This result is attributed
to the increased urban and industrial activities at VSK
in comparison with the other three locations. However,
no systematic association is seen between «y and AOD
at any of the stations, unlike the cases discussed by Eck
et al. (1999) for locations at which biomass smoke/
urban pollution/desert dust contributed substantially to
the AOD variations. Note that in their study the promi-
nent source of accumulation aerosols (biomass smoke/
urban pollution) resulted in a several-fold increase in
AOD, which otherwise was very low (~0.05). In our
case, even the lowest AODs were very high (=0.25) at
all locations, even during the years in which the devia-
tion was insignificant. It is seen from Eck et al. (1999)
that the association between AOD and « almost lev-
eled off for AODs > 0.25. Furthermore, a, varied ran-
domly, being frequently low and with negative values of
a. This result could be due to the varying contributions
of coarse-mode aerosols produced locally (e.g., sea salt
at the coastal and island stations and dust at Mysore),
the abundance of which might vary randomly with year
and location. We have also examined the derivative o'
(Eck et al. 1999) of a, and that also did not show any
remarkable dependence of AOD, unlike the cases dis-
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cussed by Eck et al. (1999) in which both «a and o'
increased remarkably with AOD at 500 nm [when the
AOD increased from the background-dominated con-
dition (~0.05) to the biomass-dominated condition
(=0.25)]. However, this increase almost leveled off at
AOD = ~0.25. They also have shown that when the
coarse-mode aerosols were also significant (as in the
case with desert dust) the pattern deviated consider-
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F1G. 5. Spectral variation of AOD for the island station Minicoy
for 1996-98.
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continental station Mysore for 1996-99.

ably, with «’ becoming low and negative like those seen
frequently in our study for stations like TVM, MCY,
and MYS. Nevertheless, higher values of «' (in the
range of 1.6-2.7) were seen at VSK, which had signifi-
cant urban and industrial activity. Our observations
suggest several possibilities such as 1) absence of a
single-source dominance at any of the locations (except
perhaps at VSK); 2) significant role of long-range trans-
port of aerosol from the West and East Asian regions
(Jha and Krishnamurti 1999; Moorthy and Saha 2000),
which would be bringing in coarse mineral dust and
aged accumulation aerosols, respectively, in addition to
those from the Indian mainland; and 3) the substantial
amount of sea-spray aerosols. From analytical consid-
erations, O’Neill et al. (2001) also have shown that such
a departure in the behavior of « and &’ could arise from
changes in aerosol types associated with differing syn-
optic air masses and source trajectories. These appear
to be important at our locations.

4. Discussion

Examination of the spectral AODs during 1996-2001
at various locations over peninsular India showed that
the winter mean AODs exhibited considerable interan-
nual variations and that these variations are spectrally
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TABLE 2. Variations of the Angstrém wavelength exponent over the period at different locations over different spectral regimes [a,,
corresponds to the exponent evaluated for the visible regime (400-750 nm), «, corresponds to that for the near-infrared regime

(750-1025 nm), and the AOD is at 500 nm].

TVM VSK MYS MCY
Year AOD oy, ay AOD oy, ay AOD oy, ay AOD oy, ay
CLM 0.33 0.94 —0.07 0.37 0.99 —0.62 0.28 0.33 —0.05 — — —
1996 0.26 1.33 0.26 0.4 1.13 1.80 0.32 0.88 —0.58 0.34 1.07 —0.24
1997 0.48 0.82 —0.50 0.43 1.22 0.03 0.38 121 —0.52 0.49 1.08 —0.66
1998 0.44 0.81 0.58 0.28 1.04 0.48 0.35 0.81 0.30 0.32 0.71 —0.31
1999 0.45 0.45 1.09 0.32 1.28 0.22 0.37 0.93 1.33 — — —
2000 0.33 0.90 0.61 0.37 0.59 2.05 — — — — — —
2001 0.52 0.94 1.04 0.55 0.85 1.57 — — — — — —

distinct and are not spatially homogeneous over penin-
sular India. The interannual variations are more con-
spicuous at the shorter (visible) wavelengths (A = 650
nm), where the small submicron aerosols in the accu-
mulation regime contribute significantly to the AOD.
These particles are generally believed to result from
secondary production mechanisms (e.g., gas-to-particle
conversion) and to grow by subsequent microphysical
processes (Andreae 1995) and hence are more associ-
ated with anthropogenic activities (Ramanathan et al.
2001) and would have a more regional perspective.
Moreover, these fine particles have a larger residence
time in the atmosphere during the winter season be-
cause of the lack of wet removal mechanisms over this
region, and hence they are amenable for long-range
transport. On the other hand, the coarse particles,
which influence the longer wavelengths, are short-lived
and hence would produce effects that are more local in
nature. The highest AOD deviation occurred during
1999 in west coast locations (TVM and MYS); in 1997
it occurred at the east coast station (VSK). Further, the
results also revealed that high AODs occurred not only
in 1999 (as was reported during several independent
measurements during INDOEX), but that similar highs
were also observed in 1997 and 2001 at all of the sta-
tions and in 1998 at TVM and MYS. Though some kind
of a similarity existed among the west coast stations, the
pattern was different at the east coast station.
Observations of significantly high submicron aerosol
concentrations and AODs in 1999 over coastal India,
the Arabian Sea, and the northern Indian Ocean have
been extensively reported by several scientists during
INDOEX (Moorthy and Saha 2000; Satheesh and Ra-
manathan 2000; Moorthy et al. 2001; Kamra et al. 2001;
Parameswaran et al. 2001; Jayaraman et al. 2001; Ra-
manathan et al. 2001; Nair et al. 2003), based on sur-
face, in situ, and satellite measurements. Using
AVHRR satellite data, Li and Ramanathan (2002) also
reported an interannual variation in the AODs over the

Arabian Sea and Bay of Bengal for the same period
(northern winter), with high values occurring during
1997 and 1999, as compared with 1996 and 1998 (similar
to the pattern seen at TVM, MYS, and MCY in the
current study). Based on the AVHRR satellite-derived
AODs over the Arabian Sea, Bay of Bengal, and north-
ern Indian Ocean for the period of 1996-99, Nair et al.
(2003) have reported very high values of wintertime
AODs during 1999 and low values during 1996 and
1998. Integrating the satellite data over the entire oce-
anic region north of the equator for the period of Janu-
ary-March 1995-2001, Ramanathan et al. (2002) have
reported an interannual variation in the AODs, with
high values during 1999 in comparison with the other
years. Further, they have estimated the AOD for a 1000
km X 1000 km region centered at the Maldives for the
period of 1995-2000 and found high AODs during 1997
and 1999 in comparison with the other years. Based on
the spectral AOD measurements over India during
INDOEX, Moorthy et al. (2001) have reported high
AODs (at short wavelengths) during 1997 and 1999 and
low AODs during 1996 and 1998. They attributed the
variation to the large-scale dynamics in the lower tro-
posphere. Based on the ground-based sunphotometer
measurements, Satheesh and Ramanathan (2000) have
reported a significant increase in AOD, over the
Maldives, by a factor of 2.5 from 1998 to 1999. Higher
aerosol mass concentrations were reported by
Parameswaran et al. (2001) during the winter of 1999
(when compared with 1998) over the Arabian Sea and
northern India Ocean. Based on the in situ measure-
ments during INDOEX, Shenoy et al. (2002) have re-
ported a fivefold increase in the concentration of di-
methylsulfide (precursor of non-sea salt sulfate) over
the Arabian Sea and northern Indian Ocean from 1998
to 1999. However, most of these observations were lim-
ited to the INDOEX period (1997-99) and were based
on a short database. Nevertheless, the magnitude of the
reported variations was different at different locations.
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Our studies show that such variations do occur during
winter over this region and that the variations are spa-
tially heterogeneous and do not occur the same way
across peninsular India. The period under study (i.e.,
January—March) is the dry winter season over India,
and the RH values generally are =60% at the surface
and in the lower troposphere. An examination of the
RH at the surface and at 850-hPa levels (respectively
using measurements made over the land and from
NCEP-NCAR data) showed that the mean RH for
these months is between 30-% and 60% near the sur-
face during daytime, with the higher values at the
coastal regions, and is in the range of 40%—-60% at the
925-hPa level, with interannual variations that are less
than 10%. Such small changes in RH at the low RH
levels would not cause the observed significant interan-
nual variations in AOD. As such, we have examined
the changes in AOD with the upper-air dynamics pre-
vailing over this region.

a ITCZ

It is well known that the ITCZ is one of the most
prominent and dynamic components of the tropical at-
mosphere. It constitutes the upward branch of the Had-
ley circulation and lies in the equatorial trough, where
surface trade winds laden with heat and moisture from
surface evaporation and sensible heating converge to
form a zone of increased mean convection, cloudiness,
and precipitation (Asnani 1993). The latent heat re-
leased in the convective cloud systems of the ITCZ is a
critical component of the atmospheric energy balance.
The fluxes of heat, momentum, moisture, and radiation
between the atmosphere and the surface differ dramati-
cally between the ITCZ region and the regions to the
north and south of it. Thus, the position, structure, and
migration of the ITCZ play an important role in deter-
mining the characteristics of ocean—-atmosphere and
land—-atmosphere interactions on a local scale, the cir-
culation of the tropical oceans, and a number of fea-
tures of the earth’s climate on a global scale. Even
though the ITCZ persists almost continuously around
the globe throughout the year, the annual excursion of
the ITCZ is large over the Asian region (Asnani 1993).
The location of the ITCZ is not always well defined,
and its strength and position in a given month can
change from year to year. Because the north-south ex-
cursion of the ITCZ and its variabilities are larger over
the Asian region and also because of its important role
in the spatial redistribution of continental trace species,
including aerosols and trace gases, the interannual
variation of AODs in this study are examined with re-
spect to it. This is further accentuated by some of the
findings during INDOEX, which have clearly indicated
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FIG. 6. Temporal variations in the mean position of the ITCZ
for 1996-2001.

how the aerosol properties and abundances change
sharply across the ITCZ (Rhoads et al. 1997, Moorthy
et al. 1999b, 2001).

With the above considerations, we examined the in-
terannual variations in the mean position of the ITCZ
during the period of January—March for 1996-2001 over
the longitudinal sector between 60° and 90°E. These
positions were estimated from the horizontal wind vec-
tor (UV wind) maps produced by the National Centre
for Medium Range Weather Forecasting (NCMRWF;
Madan et al. 1999), wind vector and outgoing longwave
radiation (OLR) maps derived from NCEP-NCAR re-
analysis data (Kalnay et al. 1996), and meteorological
reanalysis atlases of Jha and Krishnamurti (1998, 1999).
The position of the ITCZ (latitude) was identified when
at least two of the above yielded a common value. The
position of the ITCZ was identified from the wind vec-
tor maps as the region of convergence with very low
(minimum) wind speed on either side of which the
winds were higher and in opposite directions. In the
case of OLR maps, the ITCZ was identified as the re-
gion over which the OLR was the lowest (associated
with maximum cloudiness). Because daily maps of all
these parameters were not available for all of the
months and years, the ITCZ positions were estimated
from weekly-average maps and, in some cases, from
monthly-average maps. Because the ITCZ is not a
sharp line, but occurs as a band spread over a latitude
range, the midpoint of the band was taken to mark the
position of the ITCZ.

Temporal variations of the mean position of the
ITCZ thus deduced are shown in Fig. 6. It can be noted
from Fig. 6 that in 1996 and 2000, when the AODs at all
of the stations are comparable to or below the clima-
tological mean value, the ITCZ migrated farthest to the
south of the equator (~10°S or farther) during most of
the season (January-March). In contrast, in 1997, 1998,
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(top) the corresponding interannual variations in the mean posi-
tion of the ITCZ.

1999, and 2001 the southward excursion of the ITCZ
was much shorter (generally up to ~5°S). In 1998, it
was close to the equator (<5°S) during January and
February before receding to as far as 15°S in March.
During 1997, 1999, and 2001, the ITCZ was consistently
located near 5°S and sometimes even north of it. This is
now examined along with the deviation §, in the AOD
for each year in Fig. 7, where the bottom panel shows
the interannual variation of §, at a representative wave-
length (500 nm) for TVM, VSK, and MYS and the top
panel shows the average ITCZ location (obtained by
taking the average of all of the mean positions shown in
Fig. 6) for each year. This figure clearly shows that, in
the years in which the average AODs are generally
higher than the climatological values, the average po-
sition of the ITCZ was far less southward of the equa-
tor. Thus, there is a clear indication that the AODs over
peninsular India during northern winter are strongly
influenced by the extent of the southward excursion of
the ITCZ, with the AODs increasing by as much as 0.2
at 500 nm over the climatological mean values, when
the ITCZ, in general, remains between the equator and
5°S.

It is known that, during the northern winter season,
the prevailing (synoptic) northeasterly winds are con-
ducive for advection of continental aerosols to oceanic
regions downwind. This aerosol-laden air meets the
pristine oceanic air from the south at the ITCZ, result-
ing in convergence and updrafts. It has been established
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during INDOEX that the ITCZ acts like a virtual bar-
rier, shielding the regions to its south from the aerosols
and pollutants from the north (Moorthy et al. 1999b,
2001; Ramanathan et al. 2001). As a result, the aerosols
from the northern continents are confined to a much
shorter spatial span during the years in which the ITCZ
is located nearer to the equator than in the years in
which the ITCZ has migrated farther southward. The
resulting stagnation or confinement would lead to the
accumulation or piling up of aerosols, particularly in
the accumulation range, because of their relatively
longer residence time. This effect is augmented further
by the nearly total absence of precipitation in this sea-
son over the potential source regions (continents lying
upwind). [The residence time of aerosols in the North-
ern Hemisphere over the Indian Ocean region during
INDOEX was found to be in the range of 7-10 days
(Rasch et al. 2001; Ramanathan et al. 2001).] The com-
bined effects of this confinement and the absence of
removal mechanisms is likely to be felt more at stations
lying relatively closer to the ITCZ (e.g., TVM, MCY, or
KCO) than stations located far northward (e.g., VSK).
Because VSK lies very far away from the ITCZ (in
comparison with the other three locations), it may not
have much dependence on the change in the extent of
the southward excursion of the ITCZ. Because TVM,
MYS, and MCY are far less industrialized and urban-
ized and lie relatively closer to the ITCZ (when com-
pared with VSK), they respond more to the synoptic
influence of the ITCZ, and the deviations at these lo-
cations follow an almost similar pattern.

b. Vertical winds

Over and above the horizontal confinement by
ITCZ, vertical winds could also influence the aerosol
loading and cause spatial heterogeneity. Strong and
deep convections over the dry continental landmass up-
wind would favor increased vertical transport of aero-
sols over the source regions, which are then carried
downwind by the prevailing winds and deposited at lo-
cations where there is a downdraft or descent of air
mass, thereby providing an additional source of aero-
sols in locations far away from source regions. The
mean vertical winds at 850 hPa over the latitude range
from 25°N to 10°S and longitude range from 60°E to
90°E, deduced from the NCEP-NCAR reanalysis data
(Kalnay et al. 1996), are shown in Fig. 8 for represen-
tative months of 1996-2001. The extreme right frame in
each panel gives the net differences between February
1997 and 1996 (top), January 1999 and 1998 (middle),
and January 2001 and 2000 (bottom). The vertical ve-
locities are given in pascals per second, and positive
values represent a descending air mass. (For the alti-
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FIG. 8. Monthly mean vertical winds velocities (Pa s™') for the representative months of 19962001 (derived from NCEP-NCAR
reanalysis data).

tude region considered, 1 Pas™' ~ 0.1 m s~ '.) Thus, the
right frames show the net descent/ascent of air mass in
February 1997, January 1999, and January 2001, as
compared with the previous years. Significantly large
descents are seen for 1997, 1999, and 2001, particularly
over the west coast of India and north of the equator
(Arabian Sea and northern Indian Ocean). Such stron-
ger vertical descents of air mass are favorable for accu-
mulation of aerosols, and the longer residence time of
aerosols in this season results in an increase in their
concentration. The impact of this effect would be po-

tentially stronger for submicron aerosols, for the rea-
sons discussed earlier, thereby causing an increase in
the AODs at shorter wavelengths. In 1999, though the
descent was stronger over the Arabian Sea, it was com-
paratively weaker over Bay of Bengal regions closer to
VSK. This fact would also be partly responsible (in
addition to the factors discussed earlier) for the AODs
not increasing significantly at VSK in 1999 as compared
with the western peninsular regions.

Now we will examine our findings in the light of ear-
lier observations in this region during the northern win-
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ter season. Based on the measurements of spectral
AODs and sky radiances with the Aerosol Robotic
Network (AERONET) sun-sky radiometer in Kashid-
hoo during 1998-2000, Eck et al. (2001) have reported
large interannual variations in the columnar optical
properties of aerosols. They have found that the
monthly mean AODs in February—April 1999 were 2
times those observed in 1998, with the AODs in 2000
being intermediate in magnitude. They attributed the
interannual variations to the differences in the large-
scale vertical and horizontal dispersion arising from dif-
ferences in subsidence strength. These observations are
very much consistent with the findings reported in this
study. Measurements of near-surface aerosol mass con-
centration using a quartz crystal microbalance (QCM)
impactor at Trivandrum revealed high concentrations
of submicron aerosols in the winter months of 1999 as
compared with 2000 (Pillai and Moorthy 2001; Pillai et
al. 2002).

Based on the NOAA-14 AVHRR satellite-derived
AOD at 630 nm, Podgorny et al. (2003) and Parames-
waran et al. (2004) have studied the impact of the 1997
El Nifio-related Indonesian forest fires on the aerosol
distribution over the tropical Indian Ocean [The Indo-
nesian forest fires started in late July of 1997, lasted for
about 5 months, and were later doused by the monsoon
rainfall in December of 1997 (Pearce 1998).] These
studies showed substantially large AODs over the
equatorial Indian Ocean during September—-November
1997 associated with the forest fires. Further, studies by
Parameswaran et al. (2004) have also revealed that the
mean AOD were slightly higher during February—April
1998, and associated them with a secondary increase in
the fire counts. This would be partly responsible for the
high AODs seen in 1998, despite the farther-southward
migration of the ITCZ that year.

From five years of in situ QCM measurements of
aerosol mass concentration and size distribution taken
from the research vessel Sagar Kanya during INDOEX
and satellite validation cruises, Ramachandran and Ja-
yaraman (2002) have reported interannual variations in
the near-surface aerosol mass concentration over the
Arabian Sea and tropical Indian Ocean. Their measure-
ments also indicated an increasing trend in the aerosol
mass concentration, which they attributed to the com-
bined effect of variations in the local meteorological
conditions, increase in the anthropogenic activities, and
production and transport of aerosols. From lidar mea-
surements at the Maldives, Muller et al. (2001) have
shown occurrences of strong elevated aerosol layers in
the winter of 1999 and attributed them to advection.
Based on the satellite data, Nair et al. (2003) have re-
ported very high AODs over the Arabian Sea, Bay of
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Bengal, and northern Indian Ocean during 1999. They
suggested the high AODs during 1999 were caused by
the enhancement of the urban airmass flux over the
Indian subcontinent, the northward shift of the ex-
tended anticyclone circulation over the Indian subcon-
tinent (“central Indian ridge”), and the low southward
excursion of the ITCZ.

5. Conclusions

The variation of wintertime mean AOD at various
locations of peninsular India showed significant inter-
annual variations, particularly at the shorter wave-
lengths, with highest AOD occurring during 1997, 1999,
and 2001 as compared with 1996 and 2000.

The interannual variations showed inhomogeneity in
the spatial distribution of AOD over the peninsula. The
AOD variations at all of the west coast locations
(TVM, MCY, and MYS) were more or less similar,
whereas the east coast and more northerly station,
VSK, behaved differently.

The interannual variations in AOD were found to be
significantly influenced by the extent of the southward
excursion of the ITCZ. The years during which the
ITCZ was located closer to the equator (the southward
excursion of the ITCZ being less) showed compara-
tively higher AODs at shorter wavelengths in compari-
son with other years in which the ITCZ migrated far-
ther southward during winter.

Vertical winds derived from the NCEP-NCAR re-
analysis data showed stronger descents, indicating sub-
sidence and conditions conducive for confinement of
longer-lived (accumulation size) aerosols in 1997, 1999,
and 2001. This descent also showed heterogeneity in its
horizontal extent in different years. The interannual
variations in AOD were found to be stronger at loca-
tions for which the descents were stronger.
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