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Abstract. Spectral aerosol optical depth (AOD) at ten dis-
crete channels in the visible and near IR regions were esti-
mated over Dibrugarh, located in the northeastern part of In-
dia, using a ground-based multi-wavelength solar radiometer
(MWR) from October 2001 to February 2006. The obser-
vations reveal seasonal variations with low values of AODs
in retreating monsoon and high values in the pre-monsoon
season. Generally the AODs are high at shorter wavelengths
and low at longer wavelengths. AOD spectra are relatively
steep in winter compared to that in the monsoon period.
The average value of AOD lies between 0.44+0.07 and
0.5640.07 at 500nm during the pre-monsoon season and
between 0.1940.02 and 0.2240.02 during re-treating mon-
soon at the same wavelength. Comparison of MWR ob-
servation on Dibrugarh with satellite (MODIS) observation
indicates a good correspondence between ground-based and
satellite derived AODs. The synoptic wind pattern obtained
from National Centre for Medium Range Weather Forecast-
ing (NCMRWF), India and back trajectory analysis using the
NOAA Hybrid Single-Particle Lagrangian Integrated Trajec-
tory (HYSPLIT4) Model indicates that maximum contribu-
tion to aerosol extinction could be due to transport of pollu-
tants from the industrialized and urban regions of India and
large amounts of desert and mineral aerosols from the west
Asian and Indian desert. Equal contributions from Bay-of-
Bengal (BoB), in addition to that from the Indian landmass
and west Asian desert leads to a further increase of AOD over
the region of interest in the pre-monsoon seasons.
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1 Introduction

Although a trace species by volume, aerosols produce signif-
icant atmospheric effects that have a direct bearing on day-
to-day life as well as a long-term impact on the climate and
hence the Geosphere-Biosphere system. They produce a di-
rect effect on human health, visibility, air quality, and en-
vironment and also lead to the formation of dew, mist and
fog. Besides the above-mentioned effects, the importance
of atmospheric aerosols is being increasingly recognized in
recent years in the regional and global (direct and indirect)
radiative forcing and the resulting climatic implications (e.g.
Charlson et al., 1991, 1992).

In assessing the radiative forcing of atmospheric aerosols
at a given location, from the standpoint of climatic impact,
the aerosol parameter of utmost importance is the columnar
spectral aerosol optical depth (AOD, denoted as 7 ;) and its
variation in the spectral domain. It is related to several phys-
ical properties of the aerosols through the relation (King et
al., 1982)

zZ n
Ty = / / 712 Qux 1(r, 2)drdz (1)
0 r

where Q. is the Mie extinction efficiency parameter, which
is a function of particle size in relation to the wavelength
of the radiation, and its complex refractive index. The in-
tegration is over the atmospheric column from ground to
the region where the aerosol abundance is significant (tro-
posphere) and over the size range, which contributes signif-
icantly to Q. and is usually known as optically active size
range (0.05 to 5 um). Thus the spectral AOD depends on
the columnar abundance, size distribution and components
of the aerosols. As such, the AODs will respond to changes
in source strengths, aerosol microphysics and removal mech-
anisms, such as precipitation and cloud cycling (e.g. Suzuki
and Tsunogai, 1988; Moorthy et al., 1991; Smirnov et al.,
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Fig. 1. Ground-based MWR observatories (black dots) over the In-
dian mainland and the prominent Industrial regions (squares) along
the Ganga basin, western India and the peninsular region of the Bay-
of-Bengal. The ellipse represents the Thar Desert area.

1994; Saha and Moorthy, 2004) and to long distant transport,
which occurs at higher levels in the atmosphere (e.g. Moor-
thy et al., 2003). Thus regional characterization of spectral
AQOD is of great importance and relevance in understanding
the radiative impact of aerosols.

In recent years there has been a concerted effort to charac-
terize aerosols over the Indian region, which has a vast con-
tinental landmass with heterogeneous properties. Individual
measurements (e.g. Moorthy et al., 1988, 1989; Jayaraman et
al., 1993; Satheesh et al., 2001; Devara et al, 2001; Sharma
et al., 2003; Suresh et al., 2005, Moorthy et al., 1993, 1998;
Niranjan et al., 2004; Sagar et al., 2004; Bhuyan et al., 2005
etc.) and coordinated field campaigns, such as the INDOEX
(e.g. Satheesh et al., 1999; Ramanathan et al., 2001), the field
campaign under Indian Space Research Organization’s Geo-
sphere Biosphere Program (ISRO-GBP) (e.g. Moorthy et al.,
2005) have greatly added to our knowledge on the aerosol
characteristics over this region.

The Multiwavelength Solar Radiometer (MWR) at Dibru-
garh has broadened the database for the existing network
of the “Aerosol Climatology and Effect” project as part of
ISRO-GBP.

2 Location, data and analysis

Dibrugarh (27.3° N, 94.6°E, 111 m a.m.s.l.) is located close
to the northeastern boundary of India, in the northeastern
corner of the upper Brahmaputra valley (Fig. 1). The val-
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ley is surrounded by the great Himalayan range and Tibetan
Plateau to the north, Garo-Khasi-Jayantia and Naga hills to
the south and mountains of Yanan to the east, but is open
to the west side towards the Gangetic plain of India. Thus,
the westerly winds play a dominant role in transporting the
suspended particulate matters from west Asia, across the east
and then passing over the Indian landmass towards Brahma-
putra valley. The major industrial and urban regions of India
are shown in Fig. 1 (Tripathi et al., 2005; Vinoj et al., 2004).
Most of the westerly upper air flow trajectories pass across
these regions of India before entering the Brahmaputra val-
ley.

The MWR at Dibrugarh is operated from the rooftop of
the building of the Physics Department of Dibrugarh Univer-
sity (~8 m above ground level) on all days when unobscured
solar visibility is available for at least 2 to 3h. Dibrugarh
is endowed with extensive water resources and surrounded
by lush green tea plantations around it. No significant lo-
cal pollution sources are present in the proximity of the site,
except the vehicle exhausts of the national highway running
through the university campus. On the basis of the climatic
characteristics, such as distribution of temperature, rainfall,
rainy days, humidity, presence of fog and thunderstorms, the
climate of the area may be classified into four seasons: (a)
winter — W, (b) pre-monsoon or summer — S, (c) monsoon
— M1 and (d) retreating monsoon — M2. December, Jan-
vary and February are the winter months. The months of
March, April and May constitute the pre-monsoon season.
June, July, August and September are the monsoon months
and the months of October and November represent the re-
treating monsoon season. The average annual rainfall of Di-
brugarh city is 276 cm with a total number of 193 rainy days.
The annual mean temperature is 23.9°C.

In this study, the contribution of long-range transport to
the growth or decay of aerosol extinction over the north-
east Indian location Dibrugarh is being investigated using
the MWR data at Dibrugarh from October 2001 to February
2006, MODIS (on board the Terra platform) derived AOD,
and wind and back trajectory analysis from NCMRWF and
HYSPLIT, respectively.

The National Centre for Medium Range Weather Forecast-
ing (NCMRWEF) is the premier institution in India that pro-
vides Medium Range Weather Forecasts through determin-
istic methods and renders Agro Advisory Services (AAS) to
the farmers.

The ground-based passive multi-wavelength solar ra-
diometer (MWR), used to retrieve aerosol optical depth over
Dibrugarh, was designed and developed at Space Physics
Laboratory (SPL), Vikram Sarabhai Space Centre, Trivan-
drum, following the principle of filter wheel radiometry,
as described by Shaw et al. (1973). The instrument pro-
vides columnar total optical depth at ten discrete narrow
wavelength bands (FWHM of 5 to 6 nm at different wave-
lengths) centered at 380, 400, 450, 500, 600, 650, 750, 850,
935 and 1025 nm by making continuous spectral extinction
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measurements of directly transmitted solar radiation as a
function of solar zenith angle.

Following Lambert-Beer law, the directly transmitted
ground reaching solar flux F) at a monochromatic wave-
length A is given by

R 2
F, =F, (;) exp (—tum), 2)

where R, and R represents the mean and instantaneous Sun-
Earth distance, F,, is the extra-terrestrial solar flux at A, T,
is the total columnar optical depth of the atmosphere and m
is the relative air mass (a geometrical term to account for the
relative increase in optical path length with increase in solar
zenith angle).

In MWR, the output V) is directly proportional to the inci-
dent solar radiation. This in turn is proportional to Fj, there-
fore Eq. (2) can be expressed as

RA\2
Vi = Voa <?0> exp (—tum), 3

where V,, represents the system output corresponding to
(Fy,).). Taking logarithms on both sides of Eq. (3),

R,
InV, = [ln Vor +21n <?>:| — Tm. 4

Equation (4) represents a linear relation between the natural
logarithm of the MWR output V), and relative air mass m.
A plot of In(V)) against m during periods when 7, remains
invariant yields a straight line with a slope equal to 7, and
a Y-intercept for m=0 (known as the zero airmass intercept)
equal to the term inside the bracket which after correcting for
the Sun-Earth distance gives [In(V,;)]. Since V,, is propor-
tional to F,,, which remains invariant over years, any change
in zero airmass intercept (during clear periods) should arise
from variations in the MWR parameters. The long-term tem-
poral stability of the Langley intercept, corrected for the daily
variation of the Sun-Earth distance was used as an indirect
calibration of the instrument. During the study period, the
long-term stability of the instrument was fairly good, with
the Langley intercept lying within 10% of the mean for the
worst cases. A very few days, when a significant deviation
was observed, were not considered in the further analysis. As
the performance of the interference filters deteriorate, there
will be a very long-term trend in the mean corrected intercept
and this information was used to replace the filters whenever
serious deterioration was detected. Otherwise the entire filter
set was changed after a period of 3 years.

In analyzing the MWR data, the data collected during the
forenoon (FN) and/or afternoon (AN) parts of the day were
considered as a single data set and the average spectral AODs
were retrieved for that data set following the Langley plot
technique and the total columnar optical depth t,, the cor-
rected zero airmass intercept (also called Langley intercept),

www.ann-geophys.net/26/1365/2008/

the mean variance o2 of the slope 7; and the correlation co-
efficient p between In(V,) and m are determined.

The total optical depth is the sum of the contributions due
to molecular scattering (7,,,), extinction due to the aerosols
(tpa) and absorption due to ozone (tp,3) and water vapor
(Twa), so that,

T = Tma + Tpa + Tosn + Twis (5

where 7, can be deduced from t; estimated from MWR
measurements if 7,;,70;, and 7, can be estimated
separately. 7, values are estimated analytically using
model/reference atmosphere profiles as given by Sasi and
Sengupta (1979). The values of 7,,, at Dibrugarh are 0.432,
0.351, 0.216, 0.140, 0.067, 0.048, 0.027, 0.016, 0.011 and
0.007, respectively, at the ten wavelengths of MWR. The
ozone absorption mainly contributes in the Chappius bands
centered at 0.575 um (Gutiérrez-Moreno and Cortés, 1982).
The significant values of ¢, are 0.008, 0.065, 0.028, 0.016
and 0.002 at wavelengths 450, 500, 600, 650 and 750 nm, re-
spectively. There is also a weak absorption by NO, at wave-
lengths below 450 nm. The typical value of optical depth due
to this is 0.006 (Tomasi et al., 1985), which is quite small
compared to other terms in Eq. (5) and hence not considered
significant. Water vapor exhibits large variability and hence
Ty) 18 estimated from the day-to-day measurements. Using
the MWR measurements at 935 nm and 1025 nm, the colum-
nar water vapor content is estimated using the generalized
transmission function (Leckner, 1978) and this is used to es-
timate the absorption at 850 nm (Nair et al., 1998; Bhuyan et
al., 2005).

Following Russell et al. (1993), the overall error in the
derivation of AOD using the Langley technique can be writ-
ten as

5 SF 2+ Sm 2+ 18V, \2
T = Tpl — T, — —_—
A pAF )‘m m Vyy

15Vi\>
— AT, 6
+ (m Vo ) AL ©
where
ATy =813, + 875, + 8Th o, + 0T (7)

The first term on the right-hand side of Eq. (6) represents the
error contributed by the diffused scatter radiation, detected
by the photo-detector. The second term arises due to the er-
rors in the computation of the relative air mass m, the third
term represents the error arising due to the uncertainty of the
zero airmass calibration output; the fourth term represents
the uncertainty in reading the MWR output and the fifth term
represents the total error due to the uncertainties in the opti-
cal depths due to Rayleigh scattering and absorption by Os,
NO; and water vapor.

Estimates have shown that the typical error in the retrieved
value of 7,; lies in the range ~0.009-0.011 at different
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Fig. 2. Monthly variation of (a) surface wind speed (b) surface
wind direction, (c) relative humidity, (d) maximum and minimum
temperature and (e) monthly total rainfall, respectively, from Octo-
ber 2001 to February 2006. The vertical bars represent the standard
errors.

wavelengths excluding the variance of the Langley fit (Moor-
thy et al., 1998). The small variance in the Langley intercept
(<10%) along with the other uncertainties in the estimation
of T p,, puts the uncertainty in the range of 0.03-0.05 at dif-
ferent wavelengths, with the higher values at shorter wave-
lengths (<500 nm) and during high AODs (>0.5). More de-
tails on the MWR, including analysis details and error bud-
get are given in several earlier papers (Moorthy et al., 1997,
1999, 2001; Satheesh and Moorthy, 1997; Sagar et al., 2004;
Saha et al., 2005).

2.1 Back trajectory model

Five-day three-dimensional back trajectories were calcu-
lated using the NOAA HYbrid Single-Particle Lagrangian
Integrated Trajectory Model (HYSPLIT model) with the
1°x1° latitude-longitude grid, “final” (FNL) meteorologi-
cal database (Draxler and Hess, 1997). The 6-hourly FNL
archive data are generated by the NCEP GDAS (National
Centers for Environmental Prediction Global Data Assimi-
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Fig. 3. Monthly variation of aerosol optical depth over Dibrugarh
at 450 nm and 750 nm from October 2001 to February 2006.

lation System) wind field reanalysis. GDAS uses the spectral
medium range forecast (MRF) model for the forecast. The
FNL database contains basic fields, such as the u- and v-wind
components, temperature and humidity at 13 vertical levels,
from surface to 20 hPa. Further information on the FNL me-
teorological database can be found at http://www.arl.noaa.
gov/ss/transport/archives.html (Formenti et al., 2001).

2.2 Surface meteorological data

The month-to-month variations of wind, temperature, rela-
tive humidity and the monthly total rainfall are shown in
Fig. 2. The surface wind speeds are generally low (<4 ms™!)
with no significant variation from month to month or sea-
son to season. However, the average values of wind speed
are slightly greater during the pre-monsoon and monsoon
months. The predominant surface wind direction over Di-
brugarh is generally northeasterly (45°), which shifts towards
easterly (90°) during the pre-monsoon and monsoon months.

Maximum and minimum daily temperature (7Ti,x and
Tmin) varies between 25°C to 35°C and 7°C to 25°C, respec-
tively. Both Tiax and Tmin show similar annual variation.
The month of occurrence of annual maximum in temperature
appears to vary from one year to another.

The average relative humidity (RH) observed at 05:30 IST,
11:30IST and 17:30IST is high (>60%), which is indica-
tive of a tropical wet regime. Figure 2 also indicates that
more than 84% of the annual rainfall occurs during April to
September and about 55% of total rainfall during June to Au-
gust every year.

3 Results and discussion

3.1 Temporal characteristics of aerosol optical depth

The monthly variation of the aerosol optical depth at wave-
lengths 450 nm (in the visible) and 750 nm (in the near IR) is

shown in Fig. 3. AOD increases from February onwards and
attains a peak value during the pre monsoon-months (March,
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April and May). The standard deviations are generally high
during the monsoon months, which indicate higher day-to-
day variability during these months. The highest value of
AQD (~0.7940.18 at 400 nm) during the period of observa-
tion was observed in the month of March 2004. The AODs
are lower in the retreating monsoon season except during
2003, where the lowest value of AOD occurred in a mon-
soon month. On a seasonal basis, the mean maximum and
minimum values of AOD at 450 nm and 750 nm in the four
respective seasons, combined for all years of observation, are
given in Table 1. The AODs are highest in the pre-monsoon
months at both long or short wavelengths and lowest in the
retreating monsoon.

3.2 Spectral characteristics of aerosol optical depth

The spectral variation of aerosol optical depths are examined
by plotting the monthly mean 7, values as a function of
wavelength (1), as shown in Fig. 4. This is shown for the
mean monthly 7., values irrespective of years during the
entire period of observation. The average spectral tempo-
ral variations on a seasonal basis are also shown in Fig. 5
as a contour plot. In general, the wavelength dependence of
7 ) Temains nearly the same in all the years of observation.
The AOD:s first increase from 380 nm to 400 nm and then de-
crease with an increase in wavelengths towards the higher
end of the spectrum. There is a slight increase of AOD at
1025 nm.

The spectral characteristics of aerosol optical depth are
indicative of the size distribution of the aerosols and they
clearly indicate the differences between the sizes of the par-
ticles at different months (Shaw et al., 1973). Following
Angstrom (1961) the wavelength variation of AOD can be
expressed as BA™%, where 8 and « are constants. According
to the Angstrom formula

Ty = B, ®)

where $ is the Angstrom turbidity coefficient, equal to © A
at A=1 um and « is the wavelength exponent. The wave-
length exponent « is related to aerosol size distribution and
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over Dibrugarh from October 2001 to February 2006.

is a measure of the relative dominance of fine, sub micron
aerosols over the coarse aerosols while f represents the total
aerosols present in the atmosphere in the vertical direction. A
higher value of « indicates a sharper aerosol size spectrum,
more dominated by smaller aerosols.

Since the value of B (7, at A=1 um) is a measure of the
aerosol (column) loading (Tomasi et al., 1983) and depends
more on large (r>~0.5 um) aerosol particles, its variation
with time would be indicative of the temporal variation of
large particles concentration.
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Table 1. Seasonal maximum and minimum values of AOD at 450 and 750 nm.
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Season Tp4s0, Max  Tp4s0, Min - 7750, Max 7 5750,Min
Winter 0.56£0.08 0.17+£0.05 0.31£0.08  0.10£0.03
Premonsoon 0.78+£0.16  0.29+0.06  0.51£0.07  0.0940.03
Monsoon 0.55+£0.17  0.15+£0.02  0.294+0.07  0.07£0.01
Retreating-monsoon ~ 0.2940.05 0.13+£0.02  0.17£0.04  0.06£0.01
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Fig. 7. Monthly averaged AOD at 0.55 um wavelength over Di-
brugarh during the year 2003 to 2005 retrieved from MODIS and
MWR. The error bars represent the standard deviation of AOD for
that month.

In the present study, aerosol optical depth values of indi-
vidual sets of observation were examined for their agreement
with Eq. (8), involving a least-squares fit between 7 ), and A
in a log-log scale. The slope of the regression line gives the
value of o while B is evaluated from the intercept. In gen-
eral, a good agreement with Eq. (8) is obtained in most of
the cases with the correlation coefficient p lying in the range
—0.60 and —0.99. The monthly mean values and the stan-
dard deviations of « and 8 obtained from the respective data
sets are shown in Fig. 6.

It can be seen from Fig. 6 that the average values of «
are higher during October to April and lower during May to
September. In general, o peaks during the months of De-
cember, January and February, indicating prominence of fine
mode particles in winter. The maximum and minimum value
of o vary between 1.7120.19 (October 2001) and 0.21£0.01
(July 2003). The mean Angstrém turbidity coefficient f lies
between 0.41£0.07 (April 2005) and 0.05+0.02 (October
2001, November 2002) during the study period at the ob-
servational site. The higher values of B seen in the months
of March, April and May indicate that the total aerosol mass
loading is highest during this pre-monsoon months. The val-
ues of B are lower during the re-treating monsoon and winter
months.
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Fig. 8. Scatter plot between AOD derived from MODIS and MWR
during the year 2003 to 2005 over Dibrugarh.

3.3 Comparison of aerosol optical depths from ground-
based and satellite observations

The MWR observation is not adequate for obtaining aerosol
characteristics for all the months in a year due to unfair
weather conditions, particularly during the monsoon peri-
ods. The lack of data due to cloud cover can be compensated
through use of satellite-derived observations, provided these
are validated and compared with the ground-based measure-
ments. Moreover, a single ground-based aerosol monitoring
station in northeastern India is not very useful in assessing
the regional distribution due to the strong spatial and tempo-
ral variability of aerosol particles. Validated satellite mea-
surements may fill the existing data gap and provide a more
homogeneous picture of the aerosol environment over this
region. Moderate Resolution Imaging Spectro-Radiometer
(MODIS) imparts information about global distribution of
aerosols and their properties. With a view to supplement the
MWR derived AOD over Dibrugarh, we have used MODIS
derived AODs (Kaufman et al., 2003) on board the EOS
(Earth Observing system) Terra platform at 550 nm and com-
pared it with the AODs estimated using the MWR at the same
wavelength. A linear interpolation technique has been used
to calculate the AOD value at 550 nm, from the available
wavelengths of the MWR.

www.ann-geophys.net/26/1365/2008/
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Fig. 9. Time averaged Terra aerosol optical depth at 0.55 um (Daytime) over the entire Indian zone at four representative seasons of the year
2004.

A comparison of the two sets of AODs for each month for
three years during the period from January 2003 to Decem-
ber 2005 is shown in Fig. 7. The MWR data at 500 nm was
discarded up to December 2002 due to malfunctioning of the
filter at this wavelength. The comparison of the two sets of
AQOD shows a good agreement, with the values lying well
within the instrumental uncertainties.

A scatter plot of MODIS derived AODs (t,MODIS) and
MWR derived AOD (7, MWR) (Fig. 8) shows that the agree-
ment is very good, with a mean difference of 0.027 and a
root-mean square difference of 0.07. The absolute differ-
ence between t,MODIS and t,MWR is found to be less
than 0.105.

A least-squares fit between AODs from the two estimates
shows a linear relationship of the form

7,MODIS=1,MWR x 0.79 + 0.07. C)]

Slope lower than unity (~0.79) during the period of observa-
tion (Fig. 8) indicates an underestimation of AOD by MODIS
with respect to MWR retrieval. The square of the correlation
coefficient (R?) between t,MODIS and 7,MWR is 0.72.
The time-averaged MODIS derived (on board Terra plat-
form) AODs at 550 nm over the Indian zone are shown in
Fig. 9 for four representative seasons of the year 2004 and the
seasonal mean values of AODs over Dibrugarh, derived from
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MODIS (at 550 nm) and MWR (at 500 nm and 600 nm) ob-
servations during the period from December 2002 to Novem-
ber 2005 are given in Table 2. Examination of the values in
Table 2 reveals that the AODs are higher in both the premon-
soon and monsoon season during 2004 and 2005. However,
the monsoon AOD is lowest during 2003. During 2004 and
2005, the lowest values of AODs are observed in the retreat-
ing monsoon season. It is interesting to note that though the
distribution of aerosols over the northeastern region of In-
dia during the pre-monsoon and monsoon is similar, the total
aerosol optical depth in western and coastal India is much
higher in the monsoon season (AOD>0.7). Transportation
of the suspended particles from these areas to northeastern
India enhances the total aerosol mass loading over the MWR
site.

3.4 Influence of different airmass types on aerosol charac-
teristics

To study the impact of long-range transport of aerosols on
the growth and decay of the AOD over Dibrugarh, we use the
HYSPLIT model so as to trace the source and path of aerosol
transport (5-day back-trajectories) for all the days on which
the AOD data were available. The five-day period was con-
sidered in view of the typical residence time of >1 week for
aerosol in the lower troposphere (Ramanathan et al., 2001)
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Table 2. Seasonal mean values of MODIS (0.55 um) and MWR (0.50 um and 0.60 pum) derived AOD.

SEASONS  MODIS AOD (0.55 um) MWR AOD (0.50 um) MWR AOD (0.60 ptm)
W-03 0.26£0.05 0.32+0.11 0.27+0.09
S-03 0.46£0.02 0.49+0.07 0.40+0.02
M1-03 0.23+0.09 0.15+0.11 0.10+0.09
M2-03 0.25+0.03 0.22+0.02 0.18+0.10
W-04 0.23+0.09 0.20+£0.10 0.19+0.10

S-04 0.49+0.10 0.44+0.11 0.4240.03
M1-04 0.5840.26 0.42+0.01 0.42+0.01
M2-04 0.14+£0.01 0.19+0.04 0.16+0.03
W-05 0.31£0.11 0.33+0.12 0.26+0.11

S-05 0.47+0.04 0.56+0.18 0.47+0.18
M1-05 0.44+£0.09 0.41+0.09 0.3610.05
M2-05 0.15+0.01 0.21+£0.06 0.18+0.04

oGr.1
® Gr.2
0Gr.3
0OGr4
B Gr5

1000 m
Above ground

2000 m
Above ground

3500 m
Above ground

Fig. 10. Percent contribution of the different source regions to the
air mass flow at Dibrugarh at 1000, 2000 and 3500 m above ground
level.

during the dry period. As the AOD values are caused by the
columnar aerosols, we considered three height levels consid-
ering the elevated topography of the northeastern region over
the observation site: 1000 m (within Atmospheric Boundary
Layer, ABL), 2000 m (above ABL) and 3500 m (in the lower
free troposphere; Moorthy et al., 2003). The role of long
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range transport of aerosols over the Indian landmass, Chi-
nese Himalayan region, eastern Bangladesh and Myanmar
and Bay-of-Bengal (BoB) in causing changes in the optical
depths, composition and physical characteristics of aerosols
had been investigated and their possible implications on the
variation of AOD, « and 8 are discussed below.

The isentropic trajectories revealed significant month-to-
month variations, particularly at the lower levels. The highest
free tropospheric (FT) trajectory was generally confined to
the central and peninsular India. In some cases the FT trajec-
tories originated from the west Asian countries and travelled
across Pakistan and partly across the Tibetan desert region
before arriving at the northeastern region, while on other oc-
casions they originated from BoB and travelled across the
northeastern landmass of India. Yet, on several days the FT
trajectories were mainly confined to the boundary of north-
eastern India for all the 5 days.

Depending on their regional travel, the trajectories are
classified into five groups. Group 1 includes the trajectories
originating from west Asian regions, north and middle and
the west coast of India, across the Himalayan Mountain and
partly over the Tibetan desert region. In group 2, the trajec-
tories had a significant BoB signature before reaching north-
east India and then the observation point. Group 3 includes
the trajectories originating from southeastern countries, such
as Thailand and Myanmar. The trajectories originating from
the Chinese desert region are included under group 4. In
some cases all the trajectories were confined to the boundary
of northeastern India and these belong to group 5. Based on
these groupings, the major airflow sectors can be divided into
the (i) northwest/west sector (NW/W), (ii) southwest/south
sector (SW/S), (iii) southeast/east sector (SE/E), (iv) north-
ern sector (N) and (v) the local sector (L). Trajectories were
assigned to a particular sector if they resided over it for more
than 80% of their traveling time before arriving Dibrugarh.

To examine the possible effect of long-range transport of
aerosols, the AOD spectra, o and B for each observational
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Table 3. Distribution of AOD, « and 8 with respect to different trajectory groups.

Season Group  Wind Sectors ~ AOD (500 nm) o B
1 w 0.3340.20 1.04+0.42 0.16%0.11
2 SW/S
Winter 3 E/SE 0.1540.06 0.88+0.47  0.0940.03
4 N 0.2840.11 1.01+0.19  0.114+0.04
5 LOCAL 0.22+0.14 0.87+0.22  0.13£0.07
1 w 0.49+0.25 0.81+£0.27 0.28+0.14
2 SW/S 0.5540.41 0.73£0.49 0.33£0.22
Premonsoon Or Summer 3 E/SE
4 N 0.31£0.08 0.64+0.09 0.18+0.08
5 LOCAL
1 w
2 SW/S 0.3440.18 0.88+0.53  0.1940.12
Monsoon 3 E/SE 0.13+0.08 0.37+0.21  0.08+0.03
4 N
5 LOCAL 0.32+0.14 1.14+£0.36  0.1440.05
1 w 0.2440.17 0.96+0.32  0.114+0.08
2 SW/S 0.19+0.15 0.87+0.09 0.11£0.06
R-Monsoon 3 E/SE 0.1640.02 0.87+0.31  0.10£0.05
4 N
5 LOCAL 0.21+0.15 0.92+0.27  0.10£0.05

day with respect to different seasons were put into the ap-
propriate trajectory group/sector and averaged with respect
to each of them. The results are given in Table 3 and the per-
cent contribution of each group to the air masses arriving at
Dibrugarh is given in Fig. 10 in four respective seasons, irre-
spective of the years during the period of study at the three
different atmospheric levels considered here. An example of
the dominant trajectories in each of the four seasons is shown
in Fig. 11.

It is seen that the transport was predominantly from the
NW/W sector at all three levels during the winter and the re-
treating monsoon, and the trajectories within the SW/S sec-
tor are absent Table 3 which indicates that the values of AOD
and « are highest during this period when the trajectories be-
long to this sector, i.e. they are originating from west Asia,
across the western continents and then pass over the Indian
landmass. However, the contributions of trajectories in this
sector to enhance § are not significant. It can be seen from
Fig. 9 that during the winter and retreating monsoon period,
the AOD to the west of northeast India is itself not very high.
As such, although the advection of anthropogenic primary
and secondary aerosols from the western urban and industrial
regions continues, thus cannot contribute significantly to the
growth of AOD values during this period. Moreover, during
October and November, the wash out by rain in the preceding
months without sufficient replacement is another reason for
the low AOD values and lower B in this period. During the
winter season (December and January), the aerosol produc-
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tion mechanism related to wind and surface conditions are
weak. November and December are the driest months and
January is the coldest in Dibrugarh. The values of AOD and
« are comparatively higher in the winter with respect to those
in the retreating monsoon season.

During the pre-monsoon season, the contributions from
SW/S as well as NW/W sector are prominent (Fig. 10). The
northern and local trajectories were absent in this season.
The values of AOD and total columnar aerosol loading B
are highest during this period when the trajectories origi-
nate in the BoB (SW/S) sector. However, the highest value
of «, as well as comparable higher values of AOD and 8
was obtained for the trajectories in the NW/W sector, too.
The synoptic winds over Dibrugarh also show significant in-
crease in the westerlies at upper pressure levels, except dur-
ing monsoon season and the magnitude of the wind speed
increases with altitude. Six representative plots at 700 and
500 hPa (considering the elevated topography and the sur-
rounding region) are shown in Fig. 12 for the months of
March, June and December during 2004. These were ob-
tained from the National Centre for Medium Range Weather
Forecasting (NCMRWF), New Delhi. It can be seen from
Fig. 9 that there are high aerosol concentration to the west-
ern and southwestern locations of Dibrugarh. Thus the high-
est value of B during the pre-monsoon season indicates an
increase in the loading of coarse mode particles till the onset
of monsoon. Though wet removal continues during the pre-
monsoon months, too, the change in air mass type is mostly
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Fig. 11. Examples of five-day back trajectories at 1000, 2000 and 3500 m above ground level on four particular days during four different

seasons: winter, pre-monsoon, monsoon and retreating—monsoon.

responsible for the rapid build up in the AOD over the station
after March, as the arid air mass type is known to transport
large amounts of desert and mineral aerosols from the west
Asian and Indian desert, Indian mainland and BoB area. In-
put of aerosols (mostly coarser fraction) from Thar Desert
(Fig. 1) and dry season during pre-monsoon cause high AOD
(>0.6) in the Ganga basin (Prasad et al., 2004). The up-

Ann. Geophys., 26, 1365-1377, 2008

per air westerly is thus mixed with high aerosol concentra-
tion before reaching the northeastern zone of India and con-
tributes to the growth of aerosols over this region during pre-
monsoon season. The mineral dusts are produced over arid
and semi-arid regions by the action of surface winds. Dust is
a mixture of quartz and clay minerals. The long-range trans-
port of mineral dust by the combined action of convection
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currents and general circulation systems make these particles
a significant constituent even at locations far their sources.
There are several literatures describing the large-scale trans-
port of dust particles (e.g. Prospero et al., 1983; Uematsu et
al., 1983; Tyson et al., 1996; Kaufman et al., 2000; Moorthy
and Satheesh, 2000; Satheesh and Srinivasan, 2002).

In addition to the advection by air masses, the increased
solar heating (Fig. 2) of the land mass over the lower plains
adjacent to the site during the pre-monsoon season would
result in increased convective mixing and elevation of the
boundary layer aerosols. This also contributes to the increase
in AOD over the site during the pre-monsoon season.

During monsoon, the winds are mostly from the E/SE and
SW/S. As seen from Fig. 10, although high AODs are ob-
served over the entire Indian mainland the aerosol loading
over Dibrugarh appears to have remained low and unaffected
by the higher content over Indian mainland. One of the var-
ious factors may be the absence of sharp trajectories from
NW/W sector during the observational days. The second
cause may be the occurrence of the peak in rainfall (Fig. 2)
over a maximum number of rainy days. However, even when
the wet removal process of aerosols continues through the
entire monsoon season, the abundance of fine mode parti-
cles are considerable, as indicated by the highest value of «
obtained under the local sector (Table 3) of trajectory anal-
ysis. Apart from this, the trajectories from BoB (SW/S sec-
tor) have contributed to the increased abundance of fine and
coarse mode particles as well as to AODs. The trajectories
lying within this sector reflect the higher values of « and 8
along with the highest value of AOD during the monsoon
season. It is evident from Table 3 that the trajectories in the
SE/E sector (Gr.3) have negligible contribution to the growth
of AOD, « and . But, as the percent occurrence of winds
originating from E/SE sector is high and that from the NW/W
sector is absent, it leads to a reduction in AOD during the
monsoon season. Provided that the NW/W sector was a dom-
inant one, it would have given rise to large value of AOD as
well « and B in the monsoon season, in spite of the persis-
tence of heavy rainfall. This establishes the impact of long-
range transport of aerosols as measured over Dibrugarh.

4 Conclusions

The main conclusions from the present study are the follow-
ing:

1. The seasonal mean values of AODs are higher in the
pre-monsoon (March, April and May) at the entire
wavelength and lower in the retreating monsoon (Oc-
tober and November) season.

2. There is significant enhancement of aerosol opti-

cal depth at shorter wavelengths (A<600nm) in the
retreating-monsoon and winter season.
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Fig. 12. Mean analysis wind pattern for the month of March, June
and December at 700 hPa and 500 hPa, as obtained from NCMRWE,
New Delhi.

3. Comparison of AOD measured by MWR with the
MODIS data shows very good agreement between the
two, with a mean difference of 0.027 and root mean
square difference of 0.07.

4. The Angstrdm wavelength exponent (o) has a mean
value of 0.56£0.07 during monsoon, indicating a flat-
ter aerosol size spectrum. In the winter season the value
of « is nearly double (0.9740.08), indicating a signifi-
cant enhancement of small particles attributed to be of
industrial and urban origin. The synoptic upper layer
winds have special contribution to the aerosol advec-
tion from the western deserts, the Gangetic plains and
the BoB area.
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