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Abstract
The first ever land campaign to study the spatial variability of the aerosol
characteristics along the Brahmaputra river valley (BRV) in Assam,
North-Eastern India, was conducted during 2011. Measurements were made
over 13 locations for Aerosol Optical Depth (AOD), scattering coefficient,
particulate matter, black carbon (BC) concentration and meteorological parameters. The BRV is divided into three sectors longitudinally viz western
sector (WS), central sector (CS), and eastern sector (ES). Significant Spatial
heterogeneity in AOD and BC concentration was observed (p < 0.05) with the
highest values over WS and a continual decrease from WS to ES with aerosol
dominance in PM2.5 category along the entire valley. The Angstrom coefficient measured using different wavelength pairs showed spatial variability indicating dominance of fine particles over WS and coarse particles in ES with a
probable bimodal distribution. The scattering and absorption coefficient
shows dominance of both types of aerosol over WS than other areas. The
shortwave radiative forcing was higher over the WS than CS and ES of the
valley. The campaign revealed that under favorable wind conditions, the BRV
is loaded with significant amount of natural and anthropogenic aerosol during
local winter and is influenced by the long-range transport of aerosols from the
Indo-Gangetic plain.
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1. Introduction
Aerosols play a key role in climate system by altering the global radiation budgDOI: 10.4236/jep.2018.94026
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et, directly by scattering and absorbing the incoming radiation or indirectly by
changing the cloud microphysical properties [1] [2] [3] [4]. The estimation of
aerosol radiative forcing (RF) comes with large uncertainties [4] [5] and aerosols
dominate the uncertainty in the total anthropogenic RF [5] [6]. This uncertainty
arises primarily due to unavailability of adequate information on spatial and
temporal distribution of aerosol across the globe [7] [8]. This uncertainty can be
greatly reduced through accurate measurements of optical, physical, and chemical properties of aerosols through continuous measurements from ground-based
networks, ships, aircrafts, balloons, and satellites, collecting data through field
experiments supported by numerical modeling [9].
The Brahmaputra River Valley (BRV) of Southeast Asia recently has been experiencing regional climate change due to aerosol [10]. Several studies have
shown that on a global scale the largest source of BC aerosols has been the South
East Asia [11] [12]. Large scale biomass burning aided by transport of pollution
form Indo-Gangetic plain (IGP) is the reason for dominant source of carbonaceous aerosols over this region [13]. The region with all its natural diversities,
high population density, diverse living habits, and the growing industrialization
and urbanization calls for detail investigation on aerosol properties [14]. Unfortunately, in the BRV region of India, which is home to about 20 million people
and several biodiversity hotspots, no systematic measurement of aerosol over
space and time has been done. A few studies by Gogoi et al. [15] [16] and Pathak

et al. [17] have reported short and long term optical and physical properties of
aerosol over Dibrugarh (an urban location in eastern Assam, India) during last
few years and related them with the synoptic meteorology and long range transport. Aerosol measurements have also been made over Guwahati city with an
indigenously developed LIDAR [18] [19].
During last two decades, several field experiments have been conducted with
multi-platform measurements and multi-institutional participation. The most
significant experiment among them are Indian Ocean Experiment (INDOEX)
[20], Arabian Sea Monsoon Experiment (ARMEX) [21], the Intercontinental
Chemical Transport Experiment (INTEX) [22], African Monsoon Multidisciplinary Analysis (AMMA) [23], Integrated Campaign for Aerosols, gases and Radiation Budget (ICARB) [14], Winter phase of ICARB (W-ICARB) [24], Geostationary Earth Radiation Budget Inter-comparisons of Longwave and Shortwave
(GERBILS) [25], Arctic Research of the Composition of the Troposphere from
Aircraft and Satellites (ARCTAS) [26], the Amazonian Aerosol Characterization
Experiment 2008 (AMAZE-08) [27], the Integrated project on Aerosol Cloud
Climate and Air Quality interactions (EUCAARI) [28], Atmospheric Brown
Clouds East Asian Regional Experiment (ABCEARE) [29], Cloud-Aerosol Interaction and Precipitation Enhancement Experiment (CAIPEEX) [30] etc, which
have improved our understanding of regional aerosol properties and their radiative forcing. Also two separate land campaigns, viz., Land campaign-I (LC I)
over southern and coastal India [31], Land campaign-II (LC II) over IGP and
DOI: 10.4236/jep.2018.94026
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central Indian region [31] have been conducted.
It is evident that field experiments give the unique opportunity of collecting
data over an extended spatial domain within a short time span that is useful in
bringing out the special features of aerosols within the campaign area. The
Brahmaputra valley in north eastern region (NER) of India with a unique terrain
is among the highest rainfall receiving zones in world (Cherrapunjee and Mawsynram that receive world’s highest annual rainfall are within this region). Majority of the population in NER resides in the Brahmaputra valley spanning from
east to west in the state of Assam. The valley is highly vulnerable to aerosols
loading during winter (Nov-Feb) and pre-monsoon season (March-May) owing
to the fact that the valley has hills of altitude more than 1500 m all around
(Figure 1(a)), except a narrow opening in the west [15]. The wind over the region is primarily westerlies during the winter and pre-monsoon season that has
the potential to carry dust laden air from north-west and west Asian countries
along with the contribution from IGP [13] [32]. The winter is also mostly dry
with daytime relative humidity remaining below 50% for most of the times. The
aerosol within the atmospheric boundary layer therefore has the potential to remain over the area for long duration. The north eastern part of India has not
been explored much either in the form of fixed station measurements or during
any of the campaigns mentioned above except partly during the CAIPEEX program [30]. Therefore, to examine the spatial variability of the aerosol characteristics along the BRV, a land campaign was conducted by North Eastern Space
Applications Centre (NESAC) in collaboration with Dibrugarh University, by
collecting in-situ data from west to east along the BRV during the period from
February 3 to March 2, 2011. In this paper, we present the results of columnar
and surface aerosol measurements, absorption and scattering measurements
carried out during the campaign. The RF calculated using SBDART model for
the campaign locations are also presented in this paper.

2. Site Description and Meteorology
The campaign was conducted along the Brahmaputra River flowing east to west
in the Assam state in India. The Brahmaputra Valley is surrounded by the
mountains of Yanan to the East, the Meghalaya plateau and Nagaland hills in the
South, and the Himalayan Mountains and the Tibetan plateau to the North. The
valley has a narrow opening is the west towards the IGP in India making the region vulnerable to aerosol transport and trapping over the BRV (Figure 1(a)).
The campaign covered a road distance of about 800 km extending from 89.97˚E
to 95.55˚E and 26.1˚N to 27.6˚N, starting at Dhubri (westernmost point) and
ending at Doomdoma (easternmost point) as shown in Figure 1(b). The 13 selected locations where measurements were taken are (sequenced as per their position from west to east along the valley with a abbreviation used for the station,
latitude, longitude, and altitude from mean sea level shown within the parenthesis) Dhubri (DHB, 26.1˚N, 89.97˚E, 34 m), Gossaigaon (GSG, 26.45˚N, 89.95˚E,
DOI: 10.4236/jep.2018.94026
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(a)

(b)

Figure 1. (a) The rectangular box containing the NER of India with elevation profile. The Brahmaputra River flowing along the
flood plains of Assam from east to west; (b) The aerosol river over the Gangetic valley flowing into the Bangladesh and Brahmaputra valley in India as seen in MODIS imagery. The points of data collections are shown as yellow boxes with their names from
west to east written over the image.
DOI: 10.4236/jep.2018.94026
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50 m), Bongaigaon (BNG, 26.52˚N, 90.5˚E, 63 m), Nalbari (NBL, 26.47˚N,
91.43˚E, 42 m), Guwahati (GHY, 26.17˚N, 91.75˚E, 55 m), Nagaon (NGN,
26.22˚N, 92.5˚E, 67 m), Tezpur (TZU, 26.7˚N, 92.83˚E, 48 m), Bokakhat (BKH,
26.63˚N, 93.58˚E, 76 m), Jorhat (JRH, 26.73˚N, 94.01˚E, 116 m), Sivasagar (SVG,
26.95˚N, 94.63˚E, 95 m), Dibrugarh (DBR 27.3˚N, 94.6˚E, 108 m), Tinsukia
(TSK, 27.5˚N, 95.36˚E, 116 m) and Doomdooma (DMD, 27.6˚N, 95.55˚E, 114
m). Most of the sampling locations were so chosen to be away from heavy traffic
and any visible pollution sources. Three locations i.e. GHY, JRH, and DBR are
urban locations, while GHG, NBL, and DMD are rural locations and the rest are
semi-urban locations.
For spatial assessment of aerosols, the valley is grouped into three regions/sectors from west to east, and named as western sector (WS: from DHB to
GHY), central sector (CS: from TZU to JRH), and eastern sector (ES: from SVG
to DMD) based on proximity to the external pollution source and terrain. The
major pollution sources in the western sector are two oil refineries and a number
of open cast coal mines in close proximity. The region is also characterized by
very less forest cover, large open agricultural field and several large sand islands.
The CS region is largely covered by moderately dense vegetation and large water
bodies, a large number of tea gardens, and one oil refinery. The BRV gets narrowed down in the ES with densely vegetated hills on both side and is mostly
covered by tea gardens in addition to several oil fields and coal mines.
The NCEP/NCAR reanalysis data on synoptic wind at 700 mb and 850 mb
pressure level over the region is shown in Figure 2. The wind was of the order of
1 - 3 m/s at 850 mb and was mostly north-westerly, while that at 700 mb was

Figure 2. Synoptic wind pattern over the Indian subcontinent during the campaign period for (a) 700 mb pressure level and (b)
850 mb pressure level.
DOI: 10.4236/jep.2018.94026
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relatively strong at 5 - 6 m/s and was westerly over the region. The surface meteorology at the observation sites were obtained from nearby Automatic Weather Stations (AWS, set up and maintained by NESAC). Figure 3 shows spatial
variations of the maximum and minimum temperature, mean relative humidity
(RH) with one standard deviation as vertical bars on both sides, and maximum
wind speed. The maximum and minimum temperature was in the range of
30.3˚C - 22.6˚C and 9.7˚C - 17.5˚C respectively. The CS showed more consistent
temperature than the other two sectors. The mean RH remained in the range of
70% - 80% with daytime RH going below 50% and that reaching to 99% at night.
Short spells of rainfall accumulating to 3 - 5 mm was recorded at NGN and TZU
during the campaign. The entire campaign period remained dry barring this
rainfall episode. Surface wind remained north-westerly and is weak throughout
the valley with higher wind speed observed over the WS.

3. Instruments and Model Description
The measurements were made continuously for 48 hours in each location using
Microtops Sunphotometer, Aethalometer, Integrating Nephelometer, Quarts
Crystal Microbalance Impactor, and Automatic Weather Station. A Toyota
quails vehicle was internally modified and the equipments were placed inside the
vehicle. The air inlet was placed at a height of more than 10 m from ground. The
vehicle had an uninterrupted power supply system with battery backup for up to
3 hours. However, due to frequent load shedding in Assam during the campaign
period, data could not be collected for few hours in a few stations. No data could

Figure 3. Variation of mean relative humidity (top), max. wind speed (middle) and max.
and min. temperature over the measurement locations. The vertical bars represent one
standard deviation on both sides.
DOI: 10.4236/jep.2018.94026
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be collected using Sunphotometer over NGN due to overcast situation during
both the days scheduled for the station. The Sunphotometer and the Nephelometer were 5 months and 3 months old instruments respectively when the campaign was conducted. The factory calibration was therefore valid for both these
instruments. The Aethalometer, being 3 years old during the campaign period,
was calibrated two months prior to the campaign by the Indian authorized agent
of the manufacturer of the instrument. A brief description about the instruments
and models used is provided below.

3.1. Aethalometer
A portable Aethalometer (Magee Scientiﬁc, model AE42) was used for measurement of Black Carbon (BC) concentrations. The instrument measures attenuation of light beam at seven different wavelengths, viz., 370, 470, 520, 590,
660, 880, and 950 nm. The observation at 880 nm wavelength only was taken for
BC measurement as it is the principal absorber of light at 880 nm. Details of the
instrumentation, methodology and uncertainty are discussed elsewhere [33]
[34]. The Aethalometer was operated at a flow rate of 4 litres per minute (LPM)
and with a temporal resolution of 5 minutes at all the stations. The Aethalometer
measurement is subject to uncertainties that arise from the multiple scattering
effects in the filter tape and the shadowing effects. The corrections for these uncertainties were done following Weingartner et al. [35] and Nair et al. [34].

3.2. Quartz Crystal Microbalance Impactor
A Quartz Crystal Microbalance (QCM) Impactor (model PC-2, California Measurements Inc., USA) was used to measure the aerosol mass concentration at 10
different size ranges (cut-off diameters in μm at >25, 12.5, 6.25, 3.2, 1.6, 0.8, 0.4,
0.2, 0.1, and 0.05 for stage 1 to 10) assuming a typical density of 2 g·cm−3 for
continental aerosols. The QCM was operated with a flow rate of 240 milliliters
per minute. It was operated only when the ambient relative humidity (RH) was
less than 75% as quartz crystals in QCM are sensitive to high RH. The observations were made at sampling accumulation time of 5 min at every hourly interval
during 7:00 hrs to 19:00 hrs (local time) on all days. The error in QCM measurements is less than 15% [31].

3.3. Integrating Nephelometer
The scattering properties of aerosols (βsca) were measured using an Integrating
Nephelometer (Model 3563, TSI, USA). The Nephelometer makes simultaneous
measurement at red, green, and blue wavelengths for the total scattering and
back-scattering. It detects scattering properties by measuring light scattered by
the aerosol and subtracting light scattered by the gas, the walls of the instrument
and the background noise in the detector. It counts photons using the photomultiplier tubes. The photon counts are converted to counting frequencies and
then scattering coefficients using calibration constants. The instrument has
DOI: 10.4236/jep.2018.94026
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sensitivity of better than 1.0 × 10−7 meter−1 for light scattering coefficients.

3.4. Microtops Sunphotometer
The aerosol optical depth measurements were made using a MICROTOPS II
(make: solar light company, Inc, USA) hand-held multi-band Sunphotometer.
The instrument has five accurately aligned optical collimators having full field
view of 2.5°. The instrument made simultaneous measurement of Aerosol Optical Depth (AOD) at 380, 440, 500, 936, and 1020 nm wavelengths. The amount
of precipitable water in atmospheric column was determined by measurements
at 936 nm (complete water absorption channel) and 1020 nm (no water absorption). A detailed description about the instrument functions and its calibration
and validation is provided by Morys et al. [36].

3.5. SBDART Model
The SBDART (Santa Barbara DISORT Atmospheric Radiative Transfer) multiple scattering model [37] was used to estimate the aerosol RF for all the locations along the valley. The model has been developed by the atmospheric science
community and is being used widely for the radiative transfer calculations. The
major input parameters for RF estimations are AOD, single scattering albedo,
asymmetry factor and surface albedo. Other input parameters in the model include are solar zenith angle, which is calculated by specifying a particular date,
time, latitude and longitude, and atmospheric profiles (humidity, temperature,
ozone and other gasses). Based on the prevailing weather conditions and measured parameters suitable atmospheric model are used.

4. Results and Discussions
The aerosol characterization over RBV has been done by studying different optical and physical properties of aerosol and estimating their effect on the radiative
balance of the Earth-Atmosphere system. Continuous measurement was made
for 48 hours over 13 locations along the valley. The data collected for the entire
period of observation was used to estimate the station wise mean. Standard deviation from mean was also computed each station. The observations made are
analyzed below.

4.1. Aerosol Optical Depth
The aerosol optical depth (AOD) provides the most comprehensive description
of optical properties of aerosol. AOD is defined as the integral of the atmospheric extinction coefficient due to aerosol from the surface to the top of the atmosphere [38]. AOD is a highly wavelength dependent parameter due to their different physical and chemical characteristics and knowledge on the spectral dependence of AOD is important for adequately modeling the effects of aerosols
on the radiation budget [39]. The qualitative assessment of spectral dependence
of AOD can be made by the Angstrom exponent α [40]. A detail discussion on α
DOI: 10.4236/jep.2018.94026
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is provided in Section 4.2.
The variation in AOD for all the stations at five representative wavelengths,
namely, 380, 440, 500, 936, and 1020 nm are shown in Figure 4. Vertical lines on
top of each bar represent ±1σ variation about the mean value. The locations in
WS show higher AOD than the locations in CS and ES. One station in ES,
namely, TSK shows higher AOD comparable with that in WS locations. No
AOD measurement could be done over NGN due to overcast situation there.
The variation of AOD along the western to eastern corridor of BRV is consistent
at all wavelengths. However, AOD shows more consistency at longer wavelengths (936 and 1020 nm) than at smaller wavelengths (380 nm). The highest
value of AOD at 550 nm of 1.03 ± 0.1 was observed over NBL in WS while
lowest value of 0.41 ± 0.12 was observed at SVG in ES. The locations in CS show
very consistent AOD values in all channels. The regional inhomogeneity observed could be attributed to several reasons, firstly, the locations in WS are
closer to the relatively high aerosol dominated IGP and the westerly wind travelling from the IGP (Figure 1(b), Figure 2(a), and Figure 2(b)) could transport a
significant amount of aerosol towards the WS locations, which could further
propagate towards the locations in CS and ES, but with lesser concentration. Secondly, the WS and CS of the BRV are more densely populated than the ES,
leaving reasons for higher anthropogenic aerosol generation over WS. The WS
has more agricultural field along the valley than other two sectors, causing more
loading of dust aerosol as well over the WS locations. All these contribute to
higher concentration of both anthropogenic and natural aerosols over the

Figure 4. Spectral variation of AOD for all locations along the BRV. The vertical bars
represent standard deviation about the mean on both sides.
DOI: 10.4236/jep.2018.94026
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locations in WS than CS and ES. Similar observations have been reported by
Pathak et al. [41]. AOD values at higher wavelengths are more affected by naturally produced coarser aerosols, while the submicron sized aerosols produced
mostly because of various anthropogenic activities contribute maximum to
AODs at smaller wavelengths [42]. The higher AOD in all channels over the entire valley suggest both higher natural and anthropogenic aerosol along the valley.
Total aerosol loading in the atmosphere over any location depends on the differences between production of aerosols from all possible sources (either locally
produced or transported to that location by wind) and their sinks (either gravitational settling or transported to other locations by wind) [42]. This means that
even if there is no difference in source strength of aerosols, any weakening of the
sink mechanisms can result in pile up of aerosols in the atmosphere which may
manifest itself in terms of higher aerosol optical depth. There was a rainfall of
the order of 2 - 5 mm over large part of CS and ES, when the vehicle was stationed in NGN. Such a small amount of rainfall cannot do any large scale removal of aerosol from atmosphere. However, still it could cause moderate reduction in AOD over subsequent stations like TZU and BKH. The AOD over
JRH and SVG showed lowest value even though data were collected five to seven
days after the rainfall event.

4.2. Ångström Exponent
Another important parameter used for optical and physical characterization of
aerosol is Ångström Exponent (AE, α), which is computed from the Ångström’s
[40] empirical formula:

AODλ = βλ −α

(1)

where AODλ is the AOD at wavelength λ and β is the turbidity coefficient and is
equal to AOD for λ = 1 µm. Logarithm of Equation (1) provides equation of a
straight line between lnAODλ and lnλ as:

ln AOD
=
α ln λ + ln β
λ

(2)

Taking ratio of Equation (2), the AE can be calculated from the spectral values
of AOD as:

α = − ( d ln AODλ ) ( d ln λ )

(3)

AE is useful to compare and characterize the wavelength dependence of AOD
and columnar aerosol size distribution [39] [43]. A relative increase in the number of fine particles with respect to the coarse mode particles will result an increase in the value of AE and vice versa. However, AE estimated using
Sun-photometer measured AOD depends on the wavelength pair used for the
computation [39] [44] [45]. Reid et al. [45] have shown that AE computed using
longer wavelength pair is more sensitive to changes in the amount of coarse
mode aerosols while AE computed using shorter wavelength pairs is more sensiDOI: 10.4236/jep.2018.94026

414

Journal of Environmental Protection

S. S. Kundu et al.

tive to changes in the number of nucleation and accumulation mode sized particles. To find the dominating factor which causes α to change from one station
to another along the BRV, we have computed this parameter for different wavelength intervals. Figure 5 shows the location wise variation of α computed for
three different wavelength intervals (α: 380 - 936 nm, αS: 380 - 440 nm, and αL:
500 - 936 nm). The AOD at 1020 nm were not included for computation of AE
values because of possible water vapor absorption effects at that wavelength.
We find that α values (computed using entire spectrum) is almost consistent
over all locations with highest value of 1.21 over DMD (extreme eastern location) and lowest of 0.98 over GSG, that do not provide any clear picture on relative dominance of either fine mode or coarse mode aerosols along the entire valley. However, the αS values have very significant variation along the valley with
lower values over locations in WS (close to 1) and higher values in ES (max. of
1.72 for DMD). As AE represent relative abundance in aerosol fine mode fraction and αS is more sensitive to changes in nucleation and accumulation mode
aerosol particles, the increase in its value may signify increase in fine mode fraction over the locations from BKH to DMD in CS and ES. However, the αL, computed using larger wavelength pairs, decreased as we move from west to east
along the BRV, suggesting relative increase in coarse mode fraction as well over
the ES. The locations in WS and part of CS covering from DHB to TZU, however, show consistent values of α (close to 1) for all wavelength pairs, that do not
provide any clarity on the relative dominance of aerosol mode over this region.
This calls for a detail investigation on the spectral properties of AE along the
valley, particularly over the ES of the BRV.

Figure 5. Variation of Angstrom exponent along the campaign trail. The exponent is
computed for three different wavelength ranges.
DOI: 10.4236/jep.2018.94026
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Since AE is also observed to vary with wavelength, a more precise empirical
relationship between aerosol extinction and wavelength was suggested using a
second order polynomial fit [39] [45] [46] [47] [48] [49] given by:
ln AODλ =+
α 0 α1 ln λ + α 2 ( ln λ )

2

(4)

where α0, α1, and α2 are constants. The coefficient α2 accounts for a curvature often observed in sun-photometry measurements [50]. As a parameter to quantify
the curvature of AODλ, the second derivative of lnAODλ versus lnλ is utilized as
it is related to the derivative of AE with respect to lnλ [39] [45] [49]. The second
derivative (α') of AE is a measure of the rate of change of slope with respect to
wavelength. From Equations (2) and (4), the following relationship can be obtained:
(5)
− d ( ( ln AODλ ) d ln λ ) d ln λ =
−2α 2
α′ =
dα d ln λ =
A curvature in lnAODλ versus lnλ plot can provide useful information for
type of aerosol [45] [49]. While a concave curve depicts dominance of biomass
burning and/or urban/industrial aerosol, a convex curve depicts a dust dominated aerosol [39]. They [39] [45] [49] also concluded that aerosol dominated by
coarse modes and having bimodal distribution could have very small curvature
for lnAODλ versus lnλ, making polynomial fit to be linear. Figure 6 shows the
plot for lnAODλ versus lnλ for all the stations along the BRV. It is clear that
none of the station in BRV has any significant curvature for lnAODλ versus lnλ,
suggesting a possible presence of bimodal distribution with presence of both
biomass burning aerosols and dust aerosols.
The second derivative of AE (α' = −2α2) has been used for qualitative assessment
of aerosol particle size. A positive value of α' indicates aerosol size distribution

Figure 6. Spectral AOD over the BRV in log scale.
DOI: 10.4236/jep.2018.94026
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dominated by fine mode and negative values indicates the same dominated by
coarse mode [39] [44] [51]. Kaskaoutis et al. [50] also concluded that the if the
values of α computed using shorter wavelength pair is larger than that computed
using longer wavelength pair and the second derivative of AE is negative, that
strongly characterizes aerosol size distribution significantly dominated by coarse
mode aerosols. The opposite of the above was characteristic of fine mode dominance. Figure 7 depicts the distribution of second derivative of AE along with
the AOD at 500 nm and difference of αS and αL for all the sites along the BRV.
The locations in the ES show negative values for second derivative of AE for all
locations except over TSK supported with higher value of αS than αL. This clearly
indicates dominance of aerosol with coarser mode over these locations. TSK,
being a railway hub in the ES and has relatively higher population density than
other locations in ES, could have more anthropogenic aerosols leading to fine
mode fraction dominance. The same can also be inferred from relatively higher
AOD over TSK than other locations in ES.
The locations in WS and CS except JRH have negligible difference between
the values in αS and αL, and have moderately higher positive value for the second
derivative of AE. This indicates the presence of aerosol distribution with significant presence of both fine and coarse mode aerosols over these locations with a
higher number concentration of fine mode aerosols. The AOD at 500 nm wavelength also is significantly higher over these locations, which also support the
presence of aerosols with bimodal distribution over these locations.

4.3. Aerosol Mass Concentration and Absorption Properties
The aerosol mass concentrations over all locations along the BRV were measured

Figure 7. The AOD at 500 nm wavelength, second derivative of AE, and difference of AE
computed using shorter and longer wavelength pair for all sites along the BRV. The zero
value level is shown with a solid black line.
DOI: 10.4236/jep.2018.94026
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using the QCM for particulate matter (PM) concentrations, viz., PM10 and
PM2.5. The BC mass concentration, which is normally a subset of PM2.5 were
also measured using an Aethalometer. Figure 8 shows the variation of these parameters along the valley. The PM and BC concentration and its variation along
the BRV has been discussed by Pathak et al. [52], using the data collected during
the same campaign discussed here. The highest PM concentrations (PM10 and
PM2.5) were observed at NBL in WS (53.75 ± 4.75 and 51.82 ± 3.1 μg·m−3) with
almost similar values at BKH, JRH, and SVG in CS and ES. However at sector
level, CS shows the maximum sector average values of 37.73 ± 10.26 and 35.12 ±
10.2 μg·m−3 respectively for PM10 and PM2.5. Despite the light rain at two sites,
NGN and TZU in CS recorded appreciable PM concentrations (29.82 ± 3.7 and
28.1 ± 2.1 μg·m−3 for PM10). This concentration could be attributed to contribution
from local sources. Most of the sites in ES show low PM concentrations which
lead to a sector based average value of 27.68 ± 9.74 and 25.08 ± 9.95 μg·m−3, respectively for PM10 and PM2.5. The regional inhomogeneity observed for the
PM and BC concentration also has similar causes as those discussed in Section
4.1.
Two locations in WS named DHB and GHG showed significantly lower value
of PM, irrespective of relatively higher value of BC concentration and AOD. The
AOD is a columnar data with contribution from aerosol in the entire column
over the measurement sites unlike the BC and PM concentrations representing
the surface level aerosol. There could be significant amount of aerosol well above
the surface over these two locations contributing to the overall increase in AOD.
This observation also supports the concept of significant contribution of

Figure 8. Variation of BC, PM10, and PM2.5 along the campaign train with
vertical bars representing one standard deviation on both sides.
DOI: 10.4236/jep.2018.94026
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transported aerosol from the locations west of the BRV, primarily the IGP, affecting the locations in the WS more than CS and ES. In addition, a relatively
higher wind speed over DHB could uplift more aerosols at a higher altitude,
while almost calm weather over other locations confines aerosol at a lower surface level.
The daily mean BC mass concentration varies between highest value of 22.52 ±
4.05 μg·m−3 at NBL and lowest value of 6.82 ± 0.09 μg·m−3 at TZU. The WS locations again are rich in BC concentration near the surface (17.55 ± 3.26 μg·m−3) as
compared to the other two sectors having almost similar mean concentration of
~10.3 μg·m−3. Pathak et al. [52] also reported an appreciable day-to-day variability in BC concentration particularly at the western locations and at DMD in the
eastern sector. This was attributed partly to the proximity of these locations to
coal mines or coal dumps over extreme eastern locations. A decreasing trend in
BC concentration was observed from west to east which could be attributed to
similar reasons discussed in Section 4.1.
The aerosol absorption coefficient (βabs) was computed for 520 nm wavelength
and is shown in Figure 9. βabs was computed by measuring the attenuation
(ATN) of the incident light transmitted through the sample spot on a quartz fiber filter loaded in the Aethalometer. The absorption exponent was computed
using the raw absorbance data recorded by Aethalometer. The absorption coefficient provides an idea about the amount of particulate absorption in the atmosphere and it is one of the critical parameter for radiative forcing calculations
[53]. Absorption coefficient at 520 nm shows similar spatial variability along the
BRV as that of the BC mass concentration indicating one to one relationship

Figure 9. Aerosol absorption coefficient along the campaign trail in BRV. The
vertical bars represent one standard deviation on both sides.
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between the mass concentration and their absorbing properties. It has been seen
in some of the earlier studies that aerosols emitted because of biomass/biofuel
burning exhibit stronger absorption characteristics than those produced because
of fossil fuel burning [54] [55]. The relative dominance of absorbing aerosol is
evident over the locations in ES and CS than over the WS. The properties of
aerosol absorption coefficient and absorption Angstrom exponent over the
campaign sites has been discussed by Pathak et al. [52].

4.4. Aerosol Scattering Properties
The aerosol scattering coefficient (βsca) was computed using the Integrating Nephelometer data at 530 nm. Figure 10 shows the variation of aerosol scattering
coefficient at 530 nm along the valley. The vertical lines on top of each bar
represent ±1σ variation about the mean. The water-soluble inorganic species like
sulfates, nitrates, etc. make very significant contribution to the scattering coefficient [2]. These could arise from emissions associated mainly with combustion
of fossil fuel, fertilizers, and some organic aerosols arising from biomass combustion [2]. The scattering coefficients over the WS locations are almost 7 - 8
times higher than that over ES and a few locations in CS. The highest value of
0.00183 ± 0.0009 is observed over BNG and lowest value of 0.00022 ± 0.0006 is
observed over TZU. During the winter seasons, we see a lot of waste burning activities, such as burning agricultural fields, small scale forest fires, shrubs etc. in
various parts of the valley and all these contribute significantly to the production
of both scattering and absorbing type species in the atmosphere. Moreover during this season, aerosols which are either locally produced or transported from

Figure 10. Variation of aerosol scattering coefficient along the BRV. The vertical
bars represent one standard deviation on both sides.
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other regions are constrained within a shallow boundary layer having smaller
ventilation coefficient and this causes their concentration to rise near the surface
level [56]. The locations in the WS, being closer to the IGP and also large
amount of biomass burning in this region causes higher scattering coefficient
over the locations. Dust is another key parameter that gives higher scattering
coefficient. The presence of large scale agricultural field and moderate level wind
speed also adds to the overall scattering aerosol loading over the locations in WS
and over some locations in CS. The similar trend observed for the absorption
coefficient and scattering coefficient along the BRV, suggest same source of
aerosol contributing to absorption and scattering.
The Atmosphere contains simultaneous presence of both scattering and absorbing type aerosols with contrasting effect in aerosol radiative forcing [42].
The single scattering albedo (SSA, ω0) which is the ratio of scattering to extinction coefficient of aerosols, provide important information on relative potential
of the aerosol in cooling or warming of the atmosphere. The knowledge of single
scattering albedo is very crucial as small error in its magnitude can produce large
difference in the estimated values of aerosol radiative forcing [57]. The magnitude of ω0 considered as an index for the relative dominance of scattering with
respect to absorbing type of aerosols, which can range from 0 (purely absorbing)
to 1 (purely scattering). Ganguly et al. [55] have shown that for the same aerosol
optical depth (AOD) and mass loading over Bay of Bengal, atmospheric forcing
by aerosols is very sensitive to ω0. Over land areas, knowledge of ω0 becomes
even more critical and any small change in its value can have larger impact resulting from flux changes within and below the aerosol layer such as differential
heating rates, changes in atmospheric stability and cloud formation [58]. In this
particular study, we have estimated the single scattering albedo of aerosols from
the ratio of scattering coefficient at 0.53 µm using Nephelometer and its sum
with the absorption coefficient at 0.52 µm measured using Aethalometer. Measured values of scattering coefficient are associated with some angular truncation
loss which is an inherent and unavoidable problem for all Nephelometers [59].
Taking into account all possible sources of error, overall uncertainty in the estimated value of ω0 during the present study is around 8%. Figure 11 shows the
variation of ω0 along the BRV with vertical lines on top of each bar representing
±1σ variation about the mean.
The lowest value of ω0 was found to be at BKH in CS having value of 0.55 ±
0.07 and highest value of 0.89 ± 0.05 was observed at BNG in WS. The SSA values over all stations except DHB and BNG is very high (below 0.8) indicating
relative dominance of absorbing aerosols along the entire BRV. Pathak et al. [41]
has also reported higher absorbing aerosol over Dibrugarh (DBG in ES) that is
comparable to many locations in IGP. Tripathi et al. [60] reported SSA value for
Delhi and Kanpur to be 0.67 and 0.76 during pre-monsoon period and December month respectively. The SSA values over the BRV are also comparable to
that over IGP regions. The SSA also shows similar trend with respect to the
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Figure 11. Mean value of single scattering albedo over the measurement
locations. The vertical bars represent one standard deviation on both sides.

trend depicted by the scattering coefficient and absorption coefficient along the
BRV. The net aerosol loading over the WS is of course significantly high along
with high SSA, high βabs, and βsca than that over the ES and CS

4.5. Aerosol Radiative Forcing
The radiative effect due to aerosol-radiation interactions also known as direct
radiative forcing (RF) is the change in radiative flux caused by the combined
scattering and absorption of radiation by anthropogenic and natural aerosols.
The RF requires knowledge of the spectrally varying aerosol extinction coefficient, single scattering albedo, and phase function, which can in principle be estimated from the aerosol size distribution, shape, chemical composition and
mixing. Short wave aerosol radiative forcing ranging from 0.25 - 4.0 µm is calculated using the Santa Barbara DISORT Atmospheric Radiative Transfer
(SBDART) model [37]. The forcing was calculated for all the stations separately
where data were collected during the campaign. The optical properties (that are
not available, but required for RF calculation like phase function, asymmetry
parameter, etc.) obtained from Optical properties of Aerosol and Cloud (OPAC)
[61] model outputs and were used as input for the SBDART model. The model
generated AODs at five wavelengths (at 380 nm, 440 nm, 500 nm, 936 nm and
1020 nm) were validated with the measured AOD obtained using Microtops
Sunphotometer, and those outputs of OPAC for which root mean square error is
minimum between observed and measured values were used for computation of
radiative forcing
Spectral dependence of surface albedo for the entire short wave range was
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taken care by using combination of different surface types for each site. With
this methodology, radiative forcing estimates were made for Top of the Atmosphere (TOA, 100 km for the present case), Atmosphere (ATM), and Surface
(SUR)
Figure 12 shows TOA, ATM, and SUR level radiative forcing for all the locations along the campaign trail. High atmospheric forcing of the order of 54
Wm−2 was observed over GSG and NBL in the WS and the lowest radiative forcing of 29.91 Wm−2 was found over SVG in ES. The RF at ATM level is positive
for all locations with a gradual decrease in RF as we move from west to east
along the BRV. The pattern is similar to that observed by AOD and BC concentration along the BRV. The radiative forcing was found to be reducing at the rate
of 3.08 Wm−2 per degree longitude along the Brahmaputra valley as we move
from west to east.
The positive forcing arises due to the absorption of radiation by significantly
larger concentration of black carbon in the atmosphere over all sites. The TOA
RF also is positive for all locations except the GHY and JRH, which are the two
major urban locations along the BRV. Significant contribution of absorbing
aerosols to lower atmospheric warming over different parts of NE region of India has also been reported by Gogoi et al. [62]. Pathak et al. [63] have reported
that atmospheric forcing due to composite aerosols over Imphal (a valley location south of DMD in NE region of India) was 25.1 Wm−2 at, over Shillong
(another hilly station south of GHY) was 31.6 Wm−2 and over Agartala (an urban station in Tripura state) was 56.2 Wm−2. The global mean clear-sky ARF at
the TOA and the surface are however found to be negative [64].

Figure 12. Shortwave radiative forcing over all the campaign locations.
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5. Summary and Conclusions
The first ever land campaign along the BRV was conducted during February 3 to
March 2, 2011 along the western to eastern corridor of the Brahmaputra River
valley in Assam. The campaign revealed significant regional heterogeneity in
aerosol physical and optical properties along the BRV. The short wave aerosol
radiative forcing computed using SBDART model also displayed regional variability. The summaries of major observations are mentioned in Table 1.
The following conclusions are drawn based on the observations and analysis
of the data:
• The AOD, BC, PM, scattering coefficient, and absorption coefficient are
higher over the western sector of the BRV than over the central and eastern
sector. Distinct spatial heterogeneity with a continual decrease in the values
of most of the parameters was observed as we travelled from west to east
along the BRV. Eastern locations are distinctly less polluted compared to the
western and middle Assam locations.
• Surface level aerosols in BRV are dominated by PM2.5 throughout the BRV.
The BC has significant contribution in total aerosol loading in all stations.
• The coarse mode aerosols probably are of similar density along the valley.
The difference in AOD along the valley is because of variation in fine mode
aerosols. The low curvature in ln AODλ vs ln λ and high AOD suggest bimodal distribution. There is a dominance of coarse mode particles over the
ES and fine mode particles over the WS locations as observed by analyzing
the Angstrom exponent computed using different wavelength pairs.
• The analysis of AOD, BC, and PM suggest significant presence of vertically
Table 1. Summary of physical and optical properties of aerosol along the BRV.
Name of
Station

AOD
(500 nm)

AE (α)

PM10
(µg·m−3)

PM2.5
(µg·m−3)

BC (µg·m−3)

Scattering
coefficient

Abs
coefficient

SSA

DBH

0.69 ± 0.12

1.07 ± 0.04

26.8 ± 3.2

25.1 ± 2.5

17.12 ± 3.0

0.00163

0.00034

0.83 ± 0.09

GHG

0.86 ± 0.12

0.98 ± 0.05

24.4 ± 8.8

21.7 ± 9.7

17.76 ± 6.3

0.00136

0.00042

0.77 ± 0.1

BNG

0.95 ± 0.07

1.05 ± 0.05

39.9 ± 4.2

37.4 ± 4.1

13.35 ± 1.7

0.00183

0.00022

0.89 ± 0.05

NBL

1.03 ± 0.10

1.08 ± 0.07

53.7 ± 4.75

51.8 ± 3.1

22.5 ± 4.05

0.00081

0.00043

0.65 ± 0.07

GHY

0.61 ± 0.16

1.14 ± 0.03

37.8 ± 12.6

35.5 ± 12.7

17.09 ± 5.4

0.00081

0.00033

0.71 ± 0.06

NGN

NA

NA

29.8 ± 3.7

26.6 ± 3.1

15.38 ± 4.1

0.00063

0.00033

0.66 ± 0.06

TZU

0.61 ± 0.11

1.12 ± 0.07

28.1 ± 2.1

26.2 ± 2.1

6.82 ± 0.89

0.00022

0.00014

0.62 ± 0.06

BKH

0.49 ± 0.09

1.12 ± 0.08

48.3 ± 2.9

45.9 ± 2.7

8.57 ± 0.82

0.00021

0.00018

0.55 ± 0.07

JRH

0.45 ± 0.10

1.07 ± 0.05

44.6 ± 10.3

41.8 ± 10.1

10.2 ± 1.31

0.00029

0.00021

0.58 ± 0.05

SVG

0.41 ± 0.12

1.01 ± 0.03

42.1 ± 5.3

39.9 ± 5.1

9.91 ± 0.09

0.00030

0.00020

0.60 ± 0.09

DBR

0.57 ± 0.18

1.08 ± 0.04

24.9 ± 11.2

21.9 ± 11.2

9.08 ± 1.22

0.00027

0.00014

0.66 ± 0.09

TSK

0.77 ± 0.11

1.15 ± 0.06

22.6 ± 1.3

19.6 ± 1.6

10.03 ± 1.9

0.00028

0.00022

0.56 ± 0.11

DMD

0.58 ± 0.09

1.21 ± 0.04

21.1 ± 1.4

18.9 ± 1.4

12.34 ± 3.6

0.00039

0.00025

0.60 ± 0.08
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distributed aerosol over the extreme western locations, which could have
large contribution from transported aerosol from IGP.
• The locations in the western part of the valley are high both in absorption
coefficient and scattering coefficient. The difference being more for the scattering coefficient manifests into higher single scattering albedo over the
western locations. The sources of absorbing and scattering aerosols are
probably the same along the valley.
• Northwesterly surface wind direction travelling along the IGP causes higher
aerosol over the entire valley and most significantly over the western sector of
the valley.
• The radiative forcing shows the highest surface level forcing over the western
locations and the same was continually decreasing as we move from west to
east along the valley. Higher BC aided positive forcing at atmospheric level
was observed throughout the valley.
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