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Abstract. Each atmospheric aerosol type has distinc-ity to modify regional and, to some extent, global climate
tive light-absorption characteristics related to its physi-forcing (e.g., Lau and Kim, 2006; Ramanathan et al., 2005;
cal/chemical properties. Climate models treat black carborGautam et al., 2007). Several observational and modeling
as the main light-absorbing component of carbonaceoustudies have addressed the optical properties of absorbing
atmospheric aerosols, while absorption by some organi@erosols in this region (Costabile et al., 2013; Russell et al.,
aerosols is also considered, particularly at ultraviolet wave-2010; Bergstrom et al., 2002; Dubovik et al., 2002). Most
lengths. Most absorbing aerosols are assumed to be <1 prlimate models attribute the atmospheric absorption of solar
in diameter (sub-micron). Here we present results from a reradiation mainly to black carbon and mineral dust. Absorp-
cent field study in India, primarily during the post-monsoon tion by organic aerosols is considered by a number of studies
season (October—November), suggesting the presence of aparticularly at ultraviolet wavelengths, and it is much weaker
sorbing aerosols sized 1-10um. Absorption due to superen a per gram basis than black carbon in the visible band (Ja-
micron-sized particles was nearly 30 % greater than that dueobson, 2001; Kirchstetter et al., 2004; Feng et al., 2013).
to smaller particles. Periods of increased absorption by largeHowever, the complexity associated with the wavelength-
particles ranged from a week to a month. Radiative forc-dependent absorption by aerosols leads to increased uncer-
ing calculations under clear-sky conditions show that supertainty in the estimation of global aerosol direct radiative forc-
micron particles account for nearly 44 % of the total aerosoling and bounding the contribution of black carbon to direct
forcing. The origin of the large aerosols is unknown, but me-radiative forcing (Chung et al., 2012; Bahadur et al., 2012).
teorological conditions indicate that they are of local origin. A recent study by Bond et al. (2013) addresses the need for
Such economic and habitation conditions exist throughoutnclusion and quantification of the associated physical and ra-
much of the developing world. Hence, large absorbing par-diative processes of black-carbon aerosols in climate forcing
ticles could be an important component of the regional-scald@o improve future climate forcing estimates. To investigate
atmospheric energy balance. the impact of aerosols on radiative transfer and cloud pro-
cesses in this region, the Ganges Valley Aerosol Experiment
(GVAX) was conducted from June 2011 to March 2012 at
Manora Peak, Nanital, India (221’ N, 79°27 E).
1 Introduction The GVAX project was a joint study conducted by the US
Department of Energy, Atmospheric Radiation Measurement
The Ganges Valley region is one of the most rapidly develop-program, and the Indian Institute of Science, Bangalore, In-
ing and densely populated regions in the northern part of thejia. puring this study, instruments for ground-level mea-
Indian subcontinent. In recent decades, this region has eXsyrement of various atmospheric dynamics, cloud properties
perienced increasing emissions of aerosols arising from fosznd radiative transfer were deployed at the Aryabhatta Re-
sil fuel, biofuel and biomass burning, besides mineral dustsearch Institute of Observational Sciences, Nainital, approx-

from the Thar Desert (Chinnam et al., 2006). Atmosphericimately 280 km northeast of New Delhi. The site is situated
aerosols scatter and absorb solar radiation and have the abil-
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at an altitude of roughly 1980 m above the mean sea level Absorption Coefficient (Mm)™'
(a.m.s.l.) in the foothills of the Himalayan mountain range, £  e«0 o (o0,
far from major pollution sources such as industries and large ! \
metropolitan areas. Regions to the south and southwest 0™ &
the observation site have low elevation (<200 ma.m.s.l.) and
merge with the vast Ganges basin. Additional details of the
project are in Kotamarthi (2011).
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measured the total particle scattering coefficiert{) and

hemispheric back-scattering coefficient. The photometer andkig. 1. Temporal and spectral variation of aerosol absorption. Daily
nephelometer switched between aerosol particles of diamevariations of aerosol absorption coefficients in three wavelength
ter <10 pm and < 1 pmf1opmandDy m, respectively) every — bands —470, 528 and 660 nm — 0§ ,m and D1 umparticles from

30 min. Measuring in two aerosol size ranges allowed optical9 June 2011 to 31 March 2012. Data are missing in the white areas.
measurement of both fine- and coarse-mode aerosols, which

often have different sources. The details of instrument opera-

tion, associated uncertainty limits and corrections applied ar®©9iNNing of post-harvest biomass burning over northwestern
described in Table 1. India (Sahal et a.l., 2014)

3.2 Absorption coefficient spectral index

3 Observations and analysis The time series of daily averaged absorption coefficient val-
ues at the 470nm and 660 nm wavelength fr,m and
Dioum particles are shown in Fig. 2a. The measurements
made at 660 nm foD1m, particles and at 470 nm fdP1opm
articles represent the lowest and highest levels of absorp-

3.1 Absorption properties of aerosols

The daily variations of aerosol absorption coefficients mea-

sured by the photometer at three wavelength bands (470, 5 on, respectively. However, the difference between these two

and 660 nm) forD1um and D1oum aerosol particles during o0 me Jevels of absorption increases and decreases at dif-

the entire observation period are shown in Fig. 1. Absorptiong, ...+ times of the year. For a given size of the particle (1

sh?]vys depgndence :)n Wﬁvgength B decrleagl)rlog]?astor'ptio& 10 um), on the log-log scale, the coefficient of absorption
with increasing wavelength (Bergstrom et al., )- During decreases nearly linearly with the increase of wavelength,

the Indian summer monsoon of July-September 2011 (dayand the slope of the best fit straight line provides the ab-

22-83in Fig. 1), a significant decrease in aerosol absorpti_o'%orption spectral index. A clear view of absorption charac-

and scattermg was_observf(?d _throufghout th_e 24? (17?\3}/1 W'tl?eristics is obtained from the daily average spectral index es-
an ﬁverﬁ ge a sorlp tlonhcog 'C.'e.gf 0 appromm_ar:]g y d M timates across the three wavelengths (Fig. 2b). The absorp-
at the three wavelengths in visible spectrum. This Is due tq;.,, spectral index (ASI) is a slope determined separately for

the aerosol washout from the atmosphere by continuous raln-Dlum and D1o,m (ASl1 um and AShoum respectively) mea-

fall. Howgvir, dunng the p(;st—énonsoEn s;aazon, ab_sorpt'%%urements by fitting the best straight line to the correspond-
increased. Averaged over the 9 months of observations, t ﬁlg logarithmic daily averages of absorption coefficients at

mean value of the aerosol absorption coefficient was roughl;ihe three wavelengths. The wavelength dependence of the
18 Mm~1. Another distinctive feature indicates that for ap- ASI

proximately 10 h between 16:00 and 02:00 UTC (21:30 to@bsorption coefficient is often defined g = (%) ,
07:30h local time), the absorption was low on most of thewhereoaps.1 andoapg,.2 are the absorption coefficients at two
days after monsoon. The exception was during the last weekvavelength bands; andi,, and ASl is the negative slope of

of October and the first 2 weeks in November 2011 (daysabsorption vs. wavelength in a log-log plot.

140-160), when a fair amount of high-intensity absorption Figure 2b shows that the daily averages of Al and

was observed throughout the day. The absorption was highe#Sl;o,m take similar shapes during the entire period of ob-
for the D1oym particles (see Supplement Fig. S1 and Supple-servation, though their magnitudes are not always the same.
ment Note A). This period (days 140-160) coincides with the The periods when the magnitudes of Agh and AShoym
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Table 1. Instrument operation, associated uncertainty limits and corrections applied.

Instrument Measured Uncertainty Sources of uncertainties
parameter rangée
Particle soot Absorption 1to 4Mm 1 Flow rate, spot size, wavelength,
absorption pho- coefficient for 1-minute interpretation of scattering as
tometer (Mm~1) average data absorption and instrument response to
absorption
Nephelometer Scattering coef-1.3 to 10 Mnt1 Drift in calibration, noise in filtered air
ficient (Mm~1)  for 1-minute scattering coefficient, instrument
average data calibration to Rayleigh scattering of dry

air and CO2, truncation of near-forward
scattered light

* Reference: Aerosol Observing System Handbook,
http://www.arm.gov/publications/tech_reports/handbooks/aos_handbook.pdf?id=_36

are very different are indicated with yellow shading. Thesedata points lying close to the one-to-one line. The lower ab-
differences in the magnitudes of AShand AShgumfollow sorption by Dioum Vs. D1um particles is associated mostly

a pattern similar to the observed differences in absorptiorwith regions in Fig. 2b having near-constant values over
coefficient (Fig. 2a). Furthermore, all of the shaded regionsmulti-day periods (shaded yellow areas corresponding to the
in Fig. 2b arise when AShym> ASlym, indicating a flat-  presence of super-micron-sized aerosol particles in the atmo-
tening of the ASjomspectrum. A flatter ASbymspectrum  sphere).

for Dioum particles can result because of (1) a reduction in

absorption at 470 nm with respect to 660 nm, and/or (2) en3.3 Scattering properties of aerosols

hanced absorption at 660 nm with respect to 470 nm, and/or ] o ) o

(3) a relatively high absorption at all wavelengths, causingThe daily variations of aerosol scattering coefficients ob-

less difference between the values at 470 nm and 660 nn€"ved by the nephelometer for thg m and D1oum parti-
This distinct feature indicates the presence of larger parti €S in wavelength bands at 450, 550 and 700 nm over the

cles. Thus, when ASh m> ASl1 m, Super-micron particles entire observation period (see Supplement Fig. S2 and Sup-
are in abundance. Conversely, when A < ASl1 um, Sub- plement Note B) demonstrate that scattering intensity de-
micron particles are the dominant component. These result§'€ases with wavelength. Moreover, these diurnal variations
suggest that significant amounts of super-micron-sized parl scattering coeffl_C|en_t resemble the_absorptloq coefficient
ticles were loaded continuously into the ambient aerosolYarations shown in Fig. 1. As mentioned earlier, due to

causing a steady increase in absorption. Eck et al. (2010 ashout of aerosols by continuous rainfall, low aerosol scat-
also suggested the possibility of anomalously strong absorpt€/ing was observed during monsoon (July—September). Af-

tion in coarse-mode aerosols in observations made at twd€" monsoon, aerosol scattering increased, with a peak cen-

AERONET sites (Beijing and Xianghe) located in eastern tere(_j at 06:3Q UTC (Io_cal noon) daily. Scattering reached a
China. These two sites are in or near downwind of the heayyMaximum during the first week of November (roughly day
metropolitan pollution, whereas our area of study, Nainital, 150).

is away from major cities and at high elevation. The aerosols 4 Scatteri fficient tral ind
discussed here are likely from local sources as discusseé' cattering coetlicient spectral index

later. Time series of daily averaged scattering coefficient values
_ The average values of Aflm and AShoum are, respec- i tha 450 nm and 700 nm wavelength bands ffar,m and
tively, —0.85 and—0.80. The average values of ASI before D1oym particles are shown in Fig. 3a. The measurements at
and after monsoon (before and after day 100) we€e70 7001y for D1um particles represent the lower side of the
and—0.95, respectively, for botl; um and Dioum indicat-  geayering, while the highest values are observed at 450 nm
ing steepening of the absorption spectrum after the monsoog,, D1oym particles. As for absorption, the wavelength de-
period. In Fig. 2b, the gap between Aph and AShoum  pendence of the scattering coefficient was used to com-
§tays nearly constant petvyeen days 140 and 160, correspong[Jte scattering coefficient spectral index (SS!) fafm and
ing to the 3-week _penod in October—November 2011 whenDlOum particles (SSlymand SSioum respectively). During
increased absorption was also observed throughout the d%onsoon (before day 100) the scattering was low, as ex-
(see Supplement Fig. S1 and Supple_ment Note A). pected, averaging roughly 25 Mrfor both Dy umand Dyopm

The plot of AShm vs. AShoum (Fig. 2¢) illustrates an 5 nicles. After the monsoon period (after approximately day
overall correlation of approximately 90 %, with most of the 100), the scattering level and the SSI increased, peaking at
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about day 140. These results are consistent with those for
absorption. However, as Fig. 3b shows, the daily average
SShymand SSjgum values differ remarkably from the aver-
ages for the absorption spectra. Also, irrespective of season,
the difference between Sg|\mand SSi,m does not change
significantly as indicated by the gap between ;9&h and
SShum. The averages of S§lm and SSjoum are, respec-
tively, —0.90 and—0.54. A nearly constant ratio of approxi-
mately 0.6 between these spectra indicates that the scattering
is high for D1o.m particles at all wavelength bands, leading
to the flatness in the spectrum.

The plot of SS{;m vs. SSkoumYyields a correlation coef-
ficient of about 83 % (Fig. 3c). As the ratio of spectral in-
dices reveals, the correlation shows an offset of roughly 0.6
with respect to the one-to-one correlation line. Further, dur-
ing most of the observation period, $§lm spectra are flat-
ter than SSl,m spectra. As indicated by the daily average
scattering coefficient plot (Fig. 3a and b), these periods cor-
respond to a higher level of scattering.

3.5 Emission source location analysis

Measurements of surface wind from GVAX (Supplement
Fig. S3 and Supplement Note C) indicate that the wind di-
rection at Nainital was commonly from northwest and south-
east. Figure 4 shows HYSPLIT 5-day back-trajectory analy-
ses ending at 500m and 2500 m above ground level (AGL)

- r . w over Nainital during October 2011. Trajectories at the 500 m
5 C) slope = 0.865074 level illustrate that the air masses most commonly origi-
~ el o : i nated in the neqrby valley. This observation indiqates that the
§ [ & strongly absorbing10.m particles observed during GVAX
= .‘.gz;,._-;‘-:..'- were likely from local sources. In contrast, for the back
2 ._..‘:* D trajectories ending at the 2500m level over Nainital, air
§ o .‘ . ;';'r:._;‘. toe masses generally originated from far northwestern and south
» T R ity ’ ] central India and remained above the boundary layer (alti-
e ol tude > 2500 ma.m.s.l.). This latter type of air mass is likely
8 and to carry mixtures of biomass burning aerosols above the tro-
S o o posphere from post-harvest agricultural burning in the north-
=7 ] western states of Punjab and Haryana.
< | ! L 3.6 Implications of super-micron-sized particles for

-1.2 -0.9 -0.6

direct radiative forcing

Absorption Coeff. Spectral Index (Dm#m)

Here, we explore the significance of the present findings
Fig. 2. Absorption properties of aerosol@) Time series of daily for aerosol direct radiative forcing. A single-column Monte
averaged absorption coefficient values at 470 and 660 ni{gF, Carlo radiative transfer model (Kim and Ramanathan, 2008)
and D1oymparticles. The green and blue bars at the top of the plotwas used to estimate forcing due to the abundance and in-
are the error barsi{o) of daily averaged absorption coefficient of creased absorption of super-micron-sized particles during the
DyymandDigumrespectively at 600 nnfb) Times series of daily  3.week period in October—November 2011 when a large frac-
averaged ASloymand AShmvalues. The blue and red bars atthe tjon of total aerosol absorption near the surface was ob-
top of the plot are the error bars-¢) of daily averaged ASlum  gerved to be contributed by super-micron-sized particles (i.e.,
and AShoum respectively. The area shaded in yellow _representsabout 20% more at 525 nm and even more at smaller wave-
ASl10um>ASlym (¢) Plot of AShoymVs. ASh um showing ap- lengths — about 30 % more at 470 nm). The radiation model

proximately 90 % correlation.
adopts a surface albedo of 0.18 from the European Centre for
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Fig. 3. Scattering properties of aeroso(g) Time series of daily
averaged scattering coefficient at 450 and 700 nmZg[m and
D1opm particles. The green and blue bars at the top of the plot
are the error barst{o) of daily averaged absorption coefficient of
DyymandDigymrespectively at 700 nnib) Times series of daily
averaged values of Sfglymand SS|m The blue and red bars at
the top of the plot are the error bats) of daily averaged SS|im

and SS{gymrespectively(c) Plot of SShomVs. SSkm, showing
approximately 83 % correlation.
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Medium-Range Weather Forecasts surface solar radiation re-
analysis over Nainital.

The GVAX surface measurements of aerosol extinction
and absorption coefficients and the derived spectral indices
were used to calculate aerosol optical depth (AOD) and sin-
gle scattering albedo fab; ;m and D1oym particles. We as-
sumed that the aerosols over Nainital were concentrated in
the surface layer, up to 500 m AGL. The calculated column-
integrated aerosol optical depth for aerosol particles was sim-
ilar to the values retrieved from multifilter rotating shadow-
band radiometer measurements (8.0.05) at 550 nm.

The atmospheric forcing by aerosols i$5.2 and
+3.8Wn12 for D1opym and Dyym particles, respectively,
during this 3-week time period. The super-micron particles
(D1oum -D1um) contribute about 27 % (1.4 Wnf) of the
aerosol heating in the atmosphere. Because of the strong ab-
sorption in the shortwave range, the atmospheric absorption
and the heating effect due to super-micron aerosols could
be comparable to that of sub-micron aerosols. For exam-
ple, on 8 November 2011 (day 152), the calculated aerosol
heating effect increased by nearly 70 %, from 0.6 Kdlatp
1Kday 1, when we accounted for absorption due to super-
micron particles. At the surface, aerosol forcing increased
from —6.8 Wn1?2 for Dy ym particles only to—10.5W nt2
for all aerosols. The estimated atmospheric forcing of to-
tal aerosols is 5.2 Wn? from October to November 2011,
which is similar to other studies at this site (e.g., Pant et al.,
2006). About 27 % of this atmospheric heating by aerosols
can be attributed to the super-micron particles. The calcu-
lated aerosol forcing efficiency is about 42 WAAOD 1
for sub-micron particles with a time-averaged AOD of
0.09 and Single Scattering Albedo (SSA) of 0.91, and
29 W2 AOD 1 for all aerosols with total AOD of 0.18 and
SSA of 0.93.

4  Conclusions

We have analyzed the aerosol absorption and scattering coef-
ficients for D1ym and D1opm particles for data collected over

a period of 10 months during the GVAX campaign in Naini-
tal, India. The primary conclusions drawn from this study are
as follows:

1. Dioumparticles exhibit markedly higher measured ab-
sorption values (by roughly 30 %) than thg ;,, parti-
cles during several segments of the post-monsoon pe-
riod. The differences betweeR;o,m and D1m Sug-
gest a significant contribution to total aerosol absorp-
tion due to super-micron coarse particle3gum —
D1pm).

2. The average absorption and scattering coefficients dur-
ing the entire observation period were approximately
18 Mm! and 206 M, respectively. During the peak
summer monsoon season (day < 100; roughly 50 % the

Atmos. Chem. Phys., 14, 118%5 2014
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level.

entire observation period averages), the absorption and ponent of the regional-scale atmospheric energy bal-
scattering coefficients were fairly small, with values of ance.

7Mm~1 and 117 Mn11, respectively. These low val-

ues are attributable to washout of the aerosols. In this

period, the absorption spectral index was also smallSupplementary material related to this article is

(_07) Compared to the average over the entire perio@V&”ﬁb'G online athttp://WWW.atmos—Chem-phys.net/14/
(0.95). The average scattering spectral index was alsd-159/2014/acp-14-1159-2014-supplement.pdf

lower during the monsoon+0.54) than during the en-

tire period (-0.90), possibly because high levels of rel-

ative humidity (90 %) led to larger particles during the
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