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Abstract. The aerosol spectral optical depths at ten discretepogenic features is important to understand the mechanisms
channels in the visible and near IR bands, obtained from avhich define the optical state of the atmosphere. Assess-
ground-based passive multi-wavelength solar radiometer at ang the long-term variations in the atmospheric aerosol phys-
coastal industrial location, Visakhapatnam, on the east coastal properties, at different locations, is essential to reduce
of India, are used to study the response of the aerosol opthe overall uncertainty in the calculation of climate forcing
tical properties and size distributions to the changes in atby aerosols, to be able to provide a prognostic analysis of
mospheric humidity, wind speed and direction. It is ob- the future radiative forcing and climate response. Emerg-
served that during high humidity conditions, the spectral op-ing ground-based aerosol climatology on the Aerosol Optical
tical depths show about 30% higher growth factors, and theDepths (AOD) for different sites of AERONET was reported
size distributions show the generation of a typical new modeby Holben et al. (2001). Michalsky et al. (2001) reported
around 0.4 microns. The surface wind speed and directiorthat multi-year measurements of aerosol optical depths from
also indicate the formation of new particles when the humidthree sites indicate similar seasonal and interannual changes,
marine air mass interacts with the industrial air mass. Thisbut with notable differences in the magnitude of aerosol op-
is interpreted in terms of new particle formation and subse-tical depths. Parameswaran et al. (1998) have reported an
quent particle growth by condensation and self-coagulationincreasing trend in aerosol optical depths over a coastal lo-
The results obtained on the surface-size segregated aerostdtion in India during 1989-1994 and that this increase is
mass distribution from a co-located Quartz Crystal Microbal- not only confined to the mixing region, but also to higher
ance during different humidity conditions also show a largealtitudes. Several groups around the globe are working to
mass increase in the sub-micron size range with an increasaccurately characterize the atmospheric aerosol system over
in atmospheric humidity, indicating new particle formation different locations, to be able to provide precise informa-
at the sub-micron size range. tion for the development of a global aerosol model. This
Key words. atmospheric compositon and chemistry demand.s a comprehgnsive study of the p_hysical, chemical
(aerosols and particles); synoptic scale meteorology (meteo"Zmd radiative P.mpef“es of the atmqspherlc a erosols under
rology and atmospheric dynamics) Weather conditions influenced by dlﬁerenF air mass pres.
The optical parameters show a wide variability depending on
the air mass conditions under which the measurements are

made (von Hoyningen Huene and Raabe, 1987; Gulyaev et
1 Introduction al., 1990).

Aerosol optical depth is an important parameter that charac- © DO_Wd and Smith, _1993 _reported th"’?‘ aerosols associ-
ated with anthropogenically influenced air masses over the

terizes the integrated extinction of solar radiation suffered inN theast Atlani tained tvoically 80% sulphat "
its transit through the atmosphere. Characterization of atmo- ortheas antic contained typically o sulphate parti-
les, the remaining being soot and sea salt, while for arctic

spheric aerosol physical properties at as many locations over. o2 0
the globe as possible is important in climate change studie air masses, the contribution of sulphate was 60% due to a

Comprehensive studies investigating the temporal and spatij?w cgn;entritm? of seisa:t which v.\;gs dependent onl V\r’:ntd
relations of the aerosol spectral optical depths and size cha2P€€d. For situations with clean mf;m IMe air mass, sulphate
acteristics to the synoptic air mass and the surface anthro?erosol accounted for less than 25% and the remaining con-
sisted of predominant sea salt particles at all size ranges.
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type classification for the analyses and discrimination of at-the location on the east coast of India consist of jute, engi-
mospheric aerosol optical properties (Smirnov et al., 1995)neering, chemicals and petrochemicals, paper, leather, steel,
Von Hoyningen Huene and Wendiseh (1994) reported thaferroalloys industries, while Bhubaneswar and adjoining ar-
maritime air masses have low values of size indexvhile eas in the state of Orissa have aluminum, iron and steel, ce-
optical conditions formed with urban-industrial aerosol ac- ment, fertilizer, paper and sugar, petrochemical complex in
cumulated under the inversion layer show a size index ofParadeep. However, these two industrial belts of Kolkatta
about 0.7. The diurnal, seasonal and annual variations in thand Bhubaneswar are more than 600 km away towards the
ground-based observations of the aerosol optical propertiesorth from the observing location.

must be analyzed in the context of the prevailing synoptic

conditions. The maritime air mass has significant depen- .

dence on wind velocity. Analyses of aerosol optical depth? Instrumentation and data

as a function of relative humidity in real environments re- . . - .
A multi-wavelength solar radiometer is in operation at

sulted in highly variable reports and in some cases the ef: . . :
forts were statistically inconclusive (for example, Smirnov Visakhapatnam since December 1987. It is a passive ra-

iometer operating at 10 discrete wavelengths in the visible
I, 1 . . (1 f I f
et al., 1995). Saxena et al. (1995), from analyses o daté;nd near IR bands between 380nm to 1025nm. The total

from typical non-urban and urban locations, reported that the tical depth luated the fi N
aggregate hygroscopic properties of inorganic particles ar@Ptical deptns evaluated from e Tiux measurements are cor-
cted for Rayleigh optical depth from the known neutral air

altered substantially when organics are also present and thif

the alteration could be positive or negative depending on thé:)rOfIIeS from this stat|on.(N|ranjan etal., 1997). Eight of the
location. 10 wavelengths fall outside any strong molecular absorption

. : : bands, except the 600 nm, which falls in the Chappuis band
Simple analytical model studies of Khvorostyanov and .
b y y 'Ef Ozone absorption and 940 nm that falls at plaer band of
ferent in the three different humidity regimes, namely mod_;/vatetrhvapour atéstorptmln. lt\/letﬁsurelments attthetsef two wave(—j
erate, high humidity, but sub-saturation, and interstitial cloud engths are used to evajuate the column content of 0zone an

Iy . . ater vapour (Niranjan and Ramesh Babu, 1993; Satheesh
I hat th h . .
grirgst% and that the transition between these regimes is ngffnd Moorthy, 1996 and Nair and Moorthy, 1998), which are

In a coastal and highly industrial location, it is difficult to used to correct for the molecular absorption at the adjacent

interpret the column integrated optical properties of the at_yvavelengths. Aerosol optical depths evaluated after correct-

mospheric aerosols due to the mixing of two completely dif- mrg for tdh? Ré;yflgtn compcipelnt n%ln? molerc?la; a;bs?rﬁtlgn
ferent air masses, namely continental and maritime, whictﬁ € used fo study e spectral and temporal characleristcs.

could lead to the formation of new types of aerosols with rom the spectral optical depths, the column integrated num-
completely different optical, physical and chemical prop- ber density size distribution of the coastal urban aerosols

erties. Analyses as a function of synoptic air mass, how-1$ obtained by constrained linear inversion of Mie integral

ever, could lead to a reasonable understanding of the vari(—aqu"’Itlon

ous features observed under different conditions. In this pa- rp

per, the various features of aerosol optical depths observed gt , — /ﬂerext(m, r, Mg (rydr,
Visakhapatnam, a coastal industrial location on the east coas

of India obtained using a ground-based multi-wavelength e
solar radiometer for a period of about 10 years, are re-whereQeyx: iS the aerosol extinction efficiency factor, which
ported. Support of the size segregated aerosol mass distrdepends on the refractive index), radius ¢) and the wave-
bution obtained using a co-located Quartz Crystal Microbal-length of the incident radiatiom]. n.(r) is the columnar
ance (QCM) is given in interpreting the column-integrated size distribution function of aerosols (number of aerosols in
physical properties. The observing site has an industrial area vertical column of unit cross section in a small radius range
in the southwest and is very close to the sea coast (500 r centered around), andr, andr; are the lower and upper
away). The city’s industrial belt consists of a Steel plant, radii limits for integration. The above equation is solved for
fertilizer, polymer, zinc industries and an oil refinery. Dur- n.(r) following the iterative inversion procedure described
ing winter season winds are north-northeasterly with a speetby King et al. (1978) and King (1982). The upper and lower
of 7km/h, while the temperature and humidity are°@3 radii limits r, andr, are taken as 0.1 and 5.0n, respec-
and 75%, respectively. The total rainfall in this season istively. Considering the aerosol sources around Visakhapat-
about 6cm. During summer the winds are southwesterlynam, the refractive indices are taken from Shettle and Fenn
with wind speeds in the range of 16 km/h, while the tem- (1979) for an aerosol composition of 20% background, 38%
perature is around 32 and a humidity of around 80%. The anthropogenic, 40% water soluble sea slats and 2% soot.
station experiences two spells of rainfall: during the south- A California Measurements Inc. model Quartz Crystal Mi-
west monsoon (June to August) and again during the northerobalance (QCM) Cascade Impactor System with 10 size
east monsoon (October and November). The total rainfallcut-off stages ranging from 0.05 to 25n (25, 12.5, 06.4,
during the season is about 40 cm. In the upwind direction 0f3.2, 1.6, 0.8, 0.4, 0.2, 0/m, respectively) is co-located
the northeast, the industrial belts of Kolkatta lying north of with the existing MWR at Visakhapatnam. The instrument
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Month Fig. 2. Typical aerosol columnar number density - size distribution
_ o _ ) at Visakhapatnam (bottom panel). The top panel shows the exper-
Fig. 1. Temporal variation of the 13-point running mean aerosol jmental data (points with standard deviation) used in the inversion

optical depth at 400nm, 750nm and 1025nm. The vertical barsand re-estimated aerosol optical depths (solid line) retrieved from
represent the standard deviation of the mean. the obtained size distribution.

utilizes an inertial impaction principle to segregate and col-the column optical depths are affected by the Pinatubo vol-
lect particles by size and oscillating quartz crystal mass sencanic activity and hence, the 13-point running means at those
sors in each impactor stage to report particle mass collectiorfive points show significantly higher values. It may be noted
The size segregated mass distribution is used to evaluate thfat the running mean for a month is considered only if con-
surface aerosol size distribution. tinuous 13-month data, i.e. 6 months before and 6 months
after the month, are available. Therefore, the data show some
gaps, although data are available during that particular year.
During 1990 and 1991, there was some discontinuity in the
data and hence 13-point means could not be evaluated for all

The aerosol spectral optical depths at Visakhapatnam sho'® months. The 13-point running means are shown with the
a seasonal dependence with summer maximum and wintdfUrPose of eliminating the seasonal trends. It may be seen
minimum. The spectral slope (Angstrom parameter) is that at shorter wavelength of 400 nm, the a_erosol spectral op-
around 1.1 in winter and early summer, while, it is quite low tical depths are reasonaply stable until mid 1996 and there-
during summer (May/June) when the onset of a sea breez&fter we ob;erved two d_lstmct peak_s centereq around 1997
is more probable and is associated with a maritime air mas@nd 1999 with a trough in 1998. This trend with two peaks
(Niranjan et al., 1997). Figure 1 shows the 13-point running'S S€en at 400, 450, 500 and 600nm. However, at longer
mean variation of aerosol spectral optical depths along withVavelengths (750nm) a peak is seen only in 1999 and the
the standard deviations (vertical bars) at three typical waveAODS at other wavelengths show a tendency for increased
lengths 400nm, 750 nm and 1025nm during July 1987 tovalues around 1999, even though the percent increase from
January 2001. The Langley intercept is continuously moni-the mean long-term trend is very small.

tored for all the days of observation, as a check on the sys- The column integrated aerosol number density size distri-
tem calibration and it is found to be constant throughout thebutions obtained by the inversion of the aerosol spectral op-
period of observation with a standard deviation varying be-tical depths which show a bi-modal distribution is shown in
tween 1-4% at different wavelengths. During 1993-1995,Fig. 2, with a primary mode around Quin and a secondary

3 General features of aerosol optical depths and size
characteristics over Visakhapatnam
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ence of the gas to particle conversion processes characteristic Radius (um)

of industrial environment and the secondary mode indicates

the presence of sea spray aerosols as a result of the bulk-tdig. 4. Column integrated aerosol number density size distributions

particle conversion on the sea surface (Niranjan et al., 2000)f.or different conditions of atmospheric humidity in terms of inte-

Whenever inversion of aerosol size distribution is attempted 9rated water vapour content.

the aerosol spectral optical depths are re-estimated from de-

rived size distributions and compared with the actual mea-

sured values used in the inversion algorithm (shown in thetical bars represent the standard deviation around the mean

top panel of Fig. 2). The size distribution is considered only AOD. It may be seen that the AODs show the usual hy-

if the measured and retrieved optical depths match withingroscopic growth factors. But the growth factors seen here

the standard deviation of the measurements. The size disare higher at shorter wavelengths than those reported earlier

tribution indicates that the sub-micron aerosol concentration(Boucher and Anderson, 1995; Nair and Moorthy, 1998, Im

dominates with an 89% share of the integrated column conet al., 2001). Secondly, it may be seen that the growth fac-

tent, while the super micron aerosol share is about 11%.  tors at the shorter wavelengths of 400 and 450 nm are higher
at high humidity levels after 4.0 g/ém At the intermediate
wavelengths (500 and 600 nm), however, they are moderate,

4  Effect of atmospheric humidity on the aerosol size dis- ~ While at 750nm and 940nm, again the growth factors are
tributions higher.

In Fig. 4 the column integrated number density — size
In Fig. 3 the variations of aerosol optical depths as a func-distributions at different humidity levels obtained from the
tion of the column integrated water vapour content at all 10inversion of AODs are shown. Initially, the size distribu-
wavelengths, are shown. Since the AODs refer to column intion shows usual bimodal distribution at low humidity levels
tegrated features, the column integrated water vapour is conf0.5 g/cnf). For an initial increase of column water vapour
sidered and the surface relative humidity RH is not consid-content, particle population from sizes @. and above in-
ered. The horizontal bars represent the variance in the inteerease. For a further increase in column water vapour content
grated water vapour content around the mean, while the ver(2.0 g/cn?), a distinct secondary mode appears au@and
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Fig. 5. Mean spectral variation of aerosol optical depth during a typical winter month (November 1998). The bottom panel shows the hourly
mean wind speed and direction on the days considered in evaluating the mean AOD shown in the top panel.

the usual secondary mode between 0.7x#0Bis buried in 5 Effect of surface wind on the aerosol properties

the new mode at Oidm. When the column water vapour

content is around 6.0 g/cina decrease in number density at aerosol optical depths and their wavelength dependence are

the large particle size (2m and above) is seen (please see strongly influenced by air mass sources, which are depen-

the bottom panel of Fig. 4). dent on the season (Pinker et al., 1997). In a coastal envi-
ronment, mesoscale processes such as a land/sea breeze play
an important role in determining the air mass characteristics
(Keen and Lyons, 1978, Moorthy et al., 1997). However, a



1856 K. Niranjan et al.: Effect of synoptic and mesoscale weather

0.8
e 0.7 -
=)
Q.
[]
o 0.6
©
L2
-la 0.5
o
© 04
0
o
)
< 0.3
5
(] 02
=
01 |
0.0 ! ! ! ! ! ! ! ! !

400 450 500 600 650 750 850 940 1025

Wavelength, nm

0.0 MARCH'99
20 3375 225 = Spd(Km/H)

g 12925 67.5

0470.0

90.0

8 247.5 1125

20 - 202.5 157.5
180.0

Fig. 6. Same as Fig. 5 for March 1999 when the wind is predominantly south/southwest.

priori estimates of air mass based on synoptical identificatiorcal depths show near Junge spectral properties as shown in
alone can yield useful results without the necessity of carry-Fig. 5. The top panel shows the mean spectral variation of
ing out the back trajectory analysis (Smirnov et al., 1994). Itthe AOD during that month, while the bottom panel shows
is observed that at this location the surface wind speed anthe mean wind speed and direction for the days considered
direction determine the characteristics of the air mass. If then the study. However, during the summer, the wind is pre-
wind is from the NE, as in the case of winter, the air massdominantly from the south/southwest. In Fig. 6 the spectral
reflects totally background aerosol properties, and the optivariation of aerosol optical depths are shown when the wind
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Fig. 8. Same as Fig. 7 for southwest wind condition. Fig. 10. Same as Fig. 9 for southwest wind condition.

is southwest, where high optical depths are seen at shorteditions (open circles), the spectral characteristics show near
wavelengths. The wind speed plays an important role in thisbackground features. As the wind speed increases, the in-
case (the coastal urban nature of the site) due to the inlandrease in spectral optical depths at shorter wavelengths is
penetration of the marine air mass during high wind speedelatively higher but the spectral slope is still retained. In
conditions. In such cases the marine air mass interacts witlsontrast when the wind is from S-SE the increase in AOD is
the air mass coming from the industrial establishments. Tosteady at all wavelengths (Fig. 8) and the AODs at the mid
make a qualitative study of such features, we have separatestavelength band are equally sensitive to the increase in the
the two cases, namely the NE wind condition and the S-SWsurface wind speed. It may be seen that the spectral optical
wind conditions, and made a characteristic study on the efdepths are higher than those compared to the condition with
fect of the wind speed on the aerosol spectral optical depth&E winds.
and size characteristics. Cases with wind speeds in the range In Fig. 9 the column integrated aerosol number density
of <8km/h are classified as a low wind condition, 8-12km/h sjze distribution profiles for various wind conditions are
as a moderate wind condition and winds with6 km/h asa  shown viz., low, moderate and high for the NE wind con-
high wind speed condition. dition. It may be seen that when the wind speed is low and
In Fig. 7 the spectral variation of aerosol optical depthsmoderate, the aerosol density shows a distribution reflecting
on a few typical days with different wind speeds during the a combination of background and industrial particulate load-
winter of 1998 are shown when the wind direction is from ing with a single prominent mode in the small particle re-
the NE. It may be seen that during the low wind speed con-gion. But when the wind speeds are higheil6 km/h) the
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- sediment at a faster rate. Secondly it was observed that dur-
g I ing 1999, an anti-cyclonic circulation was present (Jha and
| o RE=60-70% Krishnamurthy, 1999) that caused a trapping of aerosols and
—A— RH=70-80% led to a further increase in the optical depths.

[V RIFS090% The response of the aerosol physical properties to an in-
crease in the atmospheric humidity shows a peculiar be-
haviour at Visakhapatnam, with higher growth factors in
aerosol optical depths and the generation of a distinct mode at
0.4um in the column integrated number density size distri-
butions. Depending on the aerosol composition, the aerosol
extinction cross section may vary differently in the humid-
ity range of 30% to 90% (Kasten, 1969; Fitzerald et al.,
o S S RS 1982, Hegg et al., 1996). The light scattering of aerosol is
' strongly dependent on the RH at which it is measured, due
to the hygroscopic nature of most of the aerosols. The hy-

. : o . groscopic growth curves are generally described in the form
Fig. 11. Size segregated surface aerosol mass distribution obtalneof total scattering coefficient) as a function of RH. The
with a QCM system for different surface humidity conditions in the asp . 'ng icient) ) uncti 0 )
ten cut-off size ranges of the QCM. hygroscopic growth factor, the ratio of, (RH = 80%) to .

osp (RH=30%), was calculated to be 1.61 for polluted conti-
nental, 1.61 for marine and 1.59 for continental aerosols (Im

aerosol size distributions show a bi-modal distribution with €t al., 2001). Boucher and Anderson (1995) calculated the
a secondary mode around Q1. This shows the presence effective RH factor, defined as the ratio of radiative forcing
of the sea salt aerosol, being brought in by the high-speed®Y & hydrated aerosol using RH computed by a general cir-
winds from the sea in the northeastern region of the observculation model and climate forcing computed for a constant
ing location. This occurs only during high-speed NE wind RH value of 30%, to be between 1.19 and 1.71. However,
conditions, as the seacoast is a little farther in the NE directhe present studies indicate growth factors that are 30-35%
tion. above the reported growth factors and are different at dif-
In Fig. 10 the column integrated aerosol number densityf€rent wavelengths. Boucher and Anderson (1995) reported
size distributions during the SW wind conditions are shown. that the value of the hygroscopic growth factor decreases as
During low wind conditions, the size characteristics show athe particle diameter increases, i.e. the smaller particles are
bi-modal distribution, even during low SW wind conditions. More sensitive to increasing humidity. The humidity effect at
As wind speed increases, the particle concentration at mi¢uch a coastal industrial location is more complex due to the
particle range increases. For a further increase in the windnteraction of the industrial gas phase reaction products abun-
speeds, that is when the wind speeds are high, a distinct nefi@nt in an urban location with the humid marine air mass. It
mode appears around Quin and the usual secondary mode Was reported thatin the marine boundary layer, an increase in
is buried under this broad mode around @M. Thus, dur-  the wetness of the atmosphere would accelerate new particle
ing S-SW wind conditions, when the wind is moderate to formation due to gas to particle conversion and nucleation,
high, particle population in the mid-size range increases a$articularly when it interacts with gas phase reaction prod-

the coast is 500 m away from the observing location. ucts. Formation of new particles by nucleation often occurs
in the marine and coastal atmosphere (Covert et al., 1992). It

is known that nucleation tends to occur in air masses where
6 Discussion sulfuric acid relative acidity is elevated (Clarke et al., 1998,

Weber et al., 1999). Nucleation events have been observed
The long-term database shown in Fig. 1 indicates signifi-at the coast in Mace Head in Ireland during on-shore flow
cantly high values in aerosol spectral optical depths during(Grenfell et al., 1999, Mc Govern et al., 1996). In the present
1997 and 1999. Moorthy et al. (2001), based on the NCERcase, either when humidity is high or when there is an inter-
wind data, as well as meteorological reanalysis, have showmction of marine air mass with the industrial air mass, due to
that the when the spectral optical depths were close to théhe abundance of gas phase reaction products and the resul-
mean values, as in 1998, the Inter-tropical convergence zontant elevation of acidity levels, new particle formation seems
(ITCZ), in general, has been far more south than in 1997 ando be accelerated by nucleation. Once nucleation occurs,
1999. In 1999, the ITCZ was situated just south of the equa-new particles grow by condensation and self-coagulation un-
tor. Since the convergence of winds from the continental andil the particles reach a diameter of the order of the mean
pristine oceanic regions takes place around the ITCZ, the refree path of the condensing molecule. Although under tropo-
sultant updraft prevents the aerosols from spreading far soutepheric background conditions, particles initially formed by
of it and hence, the aerosols are confined to a smaller spatialucleation take a longer time to grow, under polluted urban
region in these years, showing up as a distinct peak. This isype conditions growth occurs quite rapidly because of the
more pronounced at shorter wavelengths as the larger particlstrong supply of condensable material from homogeneous
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gas phase reactions (Raes et al., 1995). Secondly, when tlevironment as a function of surface weather is difficult due

marine air mass penetrates inland, the production of subto the counter play of the effects of the different parameters

micron aerosols by the gas to particle conversion process isuch as wind and humidity during different conditions.

accelerated due to the reduction in temperature, which has
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