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ABSTRACT. Atmospheric Turbidity data collected over a perafdabout 23 years (1975-97) at Indian ‘Global
Atmospheric Watch’ stations have been analysedeterthine the major causes of time variation. Thetnextreme
perturbations have been associated with signifigattanic eruptions of EI-Chichon, Mexico (17° Ni&E E) in April,
1982 and Mt. Pinatubo, Philippines (15° N, 1209rEJune, 1991. The increase in atmospheric tusbiditues following
these eruptions was discernible for 1.5 - 2 yeéfter ghe eruption. Annual mean values of the tuthidoefficients
computed for the two consecutive decades, 1976r851886-95, show a general increase of turbiditynduthe later
epoch at all stations except Kodaikanal. Analydisong-term monthly means shows the seasonal vamstand
influence of monsoon over turbidity coefficients.cAnsiderable shift of atmospheric turbidity valdesn the lower
band values (0.0 - 0.1) to higher band (0.1 - 81&) witnessed from the percentage frequency analys
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1. Introduction increase in aerosol optical depths over the lasttorone
and a half decade and the increasing trend is more
The effect of the aerosol load in the tropospheie a significant at shorter wavelengths (Moorthy, 1992001,
stratosphere and its interaction with the Sun'gatah on Prasacet al, 1999). A program of monitoring atmospheric
the earth's energy budget and on the local andaflob aerosols using lidar technique has been in proga¢ss

climate is known for a long time. Turbidity measuents IITM, Pune since 1986. A small increasing trencabbut
are useful in deriving information about the vealig 3% is seen in aerosol column content for 12 yeam f
integrated aerosol content of the atmosphere. 1986 which is attributed to the increase in humetividy

in the urban area of Pune and also due to chantméh

Considerable increase in atmospheric turbidity use pattern (Earnest Raf al, 1999). The same data
during the last few decades has been reported\mrale  showed an increasing trend of almost 20% for 9 year
authors (Mankt al, 1973; Krishnanand and Maske, 1983; period upto 1995. The aerosol loading is found & b
Srivastavaet al, 1992, Subbarayat al, 2000). A few maximum in summer and minimum during the SW
groups in India have been making atmospheric akrosomonsoon (Earnest Ref al, 1997).
measurements usinig situ and remote sensing techniques
(Devara, 1999). Under ISRO's Geosphere Biosphere The observed atmospheric turbidity values at al th
Program a network of multi-wavelength radiometer Indian Global Atmospheric Watch (GAW, formerly
stations has been set up. Studies from this netdvork known as BAPMoN) stations show systematic seasasal
locations such as Trivandrum, Mysore, Pune, well as long-term variation apart from random
Visakhapatnam and Ahmedabad indicate significant fluctuations. However, the nature of variatisistation
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TABLE 1

Geographical locations of GAW stations

Stations Latitude (°N) Longitude (°E) Altitude (m) Aerosol Environment
Allahabad 25° 27 81° 44 98  Mid-latitude, Continental & Urban
Jodhpur 26°18 73°01 217 Mid-latitude, Arid & Rural
Kodaikanal 10° 14 77° 28 2343 Tropical, High altitude
Minicoy 08° 18 73°00 2 Tropical maritime & Natural
Mohanbari 27°29 9501 111 Tropical, Humid
Nagpur 21°06 7903 310  Continental, Urban
Portblair 11°40 92°43 79  Tropical maritime & Natural
Srinagar 34°05 7450 1587 Extra-tropical & Elevated valley
Visakhapatnam 17°41 8358 72 Tropical Coastal, Industrial & Urban

dependent. Singlet al (1997) have found that surface

1992 show highest aerosol optical depth ever medsair

wind, surface maximum temperature and negativeelaps Hyderabad over a fifteen year period of observation

rate are positively correlated with atmospheriditlity.
Significant short term and long term variations the
atmospheric transmission are common. These vamtio
are mainly a function of the vertical distributiand total
loading of aerosol in the troposphere and stratsphhe
aerosol size distribution and concentration, theicap
qualities of the aerosol and the total precipitabizter
(Junge, 1971).

which is attributed to Mt. Pinatubo volcanic eropti
(Subbarayaet al, 2000). The long-term sun photometric
turbidity observations from Indian GAW Stations bav
been analysed in this paper to examine the long-ter
variations and the effect of volcanic eruptionsriBg the
period of study the eruptions of EI-Chichon in 198%

Mt. Pinatubo in 1991 have had greatest impact on
turbidity over Indian stations. Both were low naith
latitude and sulphur rich volcanic injections ofrga

Explosive volcanic eruptions are the major sourfce 0 magnitude.

aerosol in the stratosphere, which
short residence time due to gravitational settliragnout
and washout and produce only local and seasoradteff
But stratospheric aerosols have lifetime of thecoxf 2-3
years and can get transported by atmospheric ationk
and produce long-term effect. Observations follgyihe
eruption of Mt. Pinatubo in Philippines in June 19tave
offered large details regarding forcing and respons
characteristics associated with stratospheric aéyos
(McCormick et al, 1995). Long-term measurements for
the period from 1956 to 1992 from coastal Antakectic
showed the influence of Mt. Agung, EI-Chichon and M
Pinatubo volcanic eruptions on aerosol optical klept

(Herberet al, 1993).

influences the
atmospheric transmission. Tropospheric aerosolse hav 2.

Data and methodology

Sun photometric observations at 500 hm wavelength
made at nine stations of GAW network of the India
Meteorological Department (IMD) for the period 1995
are considered for the present study. Geographical
locations of these stations are given in Tablehe hdian
GAW network contains Allahabad, Jodhpur, Kodaikanal
Mohanbari, Minicoy, Nagpur, Portblair, Pune, Sriaag
and Visakhapatnam. Due to the lack of continuitythia
data set, the station Pune was excluded for theepte
study. As turbidity observations are taken onlydem
cloud free sky conditions, very less number
observations is generally possible during the raiegson.
The method used to calculate turbidity coefficiasat

of

Mani et al (1973) noticed marked decrease in direct described in WMO (1978). The mean and standard

solar radiation and increase in Angstrom turbidity. 963
and 1965 associated with Mt. Agung and Taal volcani
eruption. Srivastavat al (1992) have reported a sudden
increase in turbidity over some Indian stationsirtdyr

deviation of turbidity coefficients for two consdiue
decades 1976-85 and 1986-95 have been calculafedito
out the decadal variations and dispersion naturaual
means for the period 1975-97 for all the statioaveh

1980 and 1982 associated with Ulawun and EI-Chichonbeen worked out and used for finding the long-term

volcanic eruptions. Under the

ISRO's Geospheretrend pattern. In order to analyse the seasoné#tianrs,

Biosphere Programme, the measurements during 1891 a long-term monthly means were calculated afattqd.
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Fig. 1. Monthly variation of turbidity coefficient B0.5um)

Percentage of frequency of occurrences of turbidity Visakhapatnam, Jodhpur and Nagpur stations whesa cl
coefficients was computed for two consecutive fpears sky days are more in comparison to the ottaions.
periods 1986-90 and 1991-95. The effect of volcanic However, the effect of volcanic eruptions was rediat
eruptions on turbidity is discussed in detail for all the stations. Total suspended particulate mansPM,
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Fig. 2. Variation of turbidity coefficient (B) with TSPM
TABLE 2
Long term mean of atmospheric turbidity and standard deviation
Stations No. of days per year Annual R/F Mean turbidity coefficient + Standard deviation
with PPT /TS /DS (cm)
1976 - 85 1986 - 95
Allahabad 68.0/55.2/6.4 102 0.158 + 0.058 (10) 0.242 + 0.053 (10)
Jodhpur (35.0/27.0/6.0) 38 0.103 = 0.041 (10) 0.118 + 0.046 (10)
Nagpur 87.7/63.3/0.0 113 0.126 +0.035 (7) 6.16.044 (10)
Mohanbari 168.8/91.8/0.6 259 0.192 + 0.059 (6) 0.212 +0.083 (9)
Kodaikanal 156.0/67.1/0.4 167 0.039 +0.026 (7) 0.041 +0.024 (9)
Srinagar 93.0/36.3/0.3 66 0.083 +0.039 (10 0.126 = 0.054 (5)
Minicoy 137.2/35.4/0.0 167 0.163 + 0.059 (6) 188 + 0.067 (10)
Portblair 179.7/66.3/0.2 317 0.107 £ 0.029 (5) 0.142 = 0.050 (10)
Visakapatnam 81.8/62.3/0.1 97 0.122 +0.029 (7) 0.148 + 0.043 (9)
Note : No. of years of available data is givethim the bracket.

PPT : Precipitation, TS : Thunderstorm, DS : Stesm, R/F : Rainfall taken from “Climatologicahfble
1951-80" published by India Meteorological Depantiné Climatological Table 1931-60

in ug/m® data from Jodhpur, obtained using high volume 0.10 - 0.35 for the continental stations, for thlands and

air sampler between 1982-91, have been also wtiline

establish the relation between turbidity and TSPM.

The volcanic eruptions of EI-Chichon and Mt.

Pinatubo resulted in unusually large turbidity ‘\esu
Turbidity values during volcanically perturbed petiof

coastal stations, the range is 0.10 - 0.25, whilestations
Kodaikanal and Srinagar have a lower value of @(0%.

The continental stations Allahabad and Jodhpur are
having onset of monsoon in late June and July
respectively. Hence, the turbidity values incresteadily

May 1982 to December 1983 and June 1991 to Decembeduring the pre-monsoon season, which is relatideigr,

1992 are not considered in calculating long teendrand
decadal variations.

3. Resaultsand discussion

3.1. Seasonal variation

but reduce considerably after the onset of monséon.
Jodhpur, this decreasing tendency found to contiillie
late winter because of the stable atmosphere and
occasional rains associated with the Western
Disturbances. Since the frequency of rainy daysata
winter is less at Nagpur, the turbidity values @b show a
considerable fall in the post-monsoon and wint@seas.

The graphical representation of long-term monthly At Mohanbari, as the pre-monsoon rains almost merge

means for all the stations is shown in Fig. 1. Mafsthe
monthly mean turbidity coefficients lie within tihange of

with the monsoon rains, the turbid season is ctetti
to January-March after that turbidity vaudecrease
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Fig. 3. Annual mean turbidity coefficient over Indian GAstions. The gaps correspond to volcanically plee period
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Fig. 4. Frequency of occurrence histogram of turbidityfioent

considerably and remain more or less constant frane detected the presence of mineral aerosols ovekrthigian

to December. Visakhapatnam shows annual pre-monsooisea during the summer MONEX-1979. Using “tagged

maxima, which is predominant over other perioddsiti  radon” species to track the air masses, Raseth. (2000)

Due to the onset of northeasterly monsoon rains, th during INDOEX found that in the northern ArabianaSe

secondary maxima that generally occurs in the post-most of the air near the surface originates frorabfa and

monsoon does not occur at Visakhapatnam. India and at the higher altitude (2.5 km) air ofriéén
origin makes a much larger contribution to theiaithe

Turbidity values over Minicoy are found to be highe Arabian Sea.
than Portblair throughout the year. At Minicoy, Higity

values are found to have slight variation from Zapu Srinagar is an extra-tropical type of station, whic
May during the months of northeast trade wind regim shows low values of turbidity from April to October
and increasing during June-July with the rever§alinds Higher values of turbidity found during December-

to the westerly regime. This can be attributed he t February. Srivastaveet al (1992) attributed higher
aerosol transported from African coast and evemnfro turbidity values during winter months due to wester
Arabia to India. Patterson and Grams (1981) hatleear transport of dust from upstream desert locationgran
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and Afghanistan. In case of Kodaikanal, the valaes 3.3. Distribution of turbidity coefficients B (0/4m)
found to have the range 0.03 - 0.07 with slightiatan.
Kodaikanal shows two pronounced maxima, one before The frequency of occurrence histogram of turbidity
the monsoon season in May and other in September. coefficient B(0.um) at different stations for the periods
1986-90 and 1991-95 are presented in Fig. 4.

The winter months have narrowest distribution of
turbidity values at all the stations. Seasonalgaiffiect the Aerosol  distributions at  Allahabad and
atmospheric turbidity in two ways. Firstly, rainearery Visakapatnam have undergone drastic change. At
effective in cleansing the atmosphere by rainoutl an Srinagar, Jodhpur and Port Blair a large percentafge
washout processes. Secondly, during monsoon seafon occurrences (at least 52%) were confined in thdieear
becomes moist and vegetation cover develops overepoch within the first class intervals with B(QrB)
extended areas due to which soil derived aerosdhén  ranging upto a value of 0.10, whereas in the leperch at
atmosphere decrease. Thus aerosol input decreasag d least 50% occurrences have taken place in the rarige
monsoon season and increases progressively inaste p to 0.20. Jodhpur, Nagpur and Minicoy have shown an
monsoon period until the next monsoon season. iBhis increasing bias towards higher values of B, altoug
evident from the total suspended particulate matterbroadly retaining the shapes of the distributiomves.
(TSPM) data obtained from Jodhpur (Fig. 2). TSPM Almost all the stations except Mohanbari, haveeadrof
values are significantly correlated (c.c. 0.52 digant at shifting their model class to higher values at ¢lxpense
5% level) with atmospheric turbidity in all the ntba of lower values of turbidity. Kodaikanal, whichashigher
except in monsoon months at Jodhpur. In monsoonaltitude station, too have changed in its distidoupattern
months TSPM values decrease sharply as compared twhere, the class 0.0 to 0.05 that had 85% of oeages

turbidity coefficient. in the first epoch, is reduced to 35% in the secgmolch.
It is to be noted that the later epoch had a laaeanic
3.2. Long term and decadal variations eruption which contributed significantly to the fhof

B(0.5um) towards higher values. However, the role of
On an annual basis, the lowest turbidity is obsirve possible anthropogenic influence cannot be ruléd ou
at Kodaikanal and Srinagar and highest in the nartth

central India. The effect of heavily industrializeities on 3.4. Effect of volcanic eruptions on atmospheric
turbidity is apparent from the Fig. 1 especiallpgb for turbidity

Allahabad and Nagpur which are more turbid as caoetga

to other stations. The mean values and standairdtaes The impact of volcanic eruptions on the atmosphere

of turbidity values during the two epochs 1976-8&la depends not only on the strength of the eruptionatao
1986-95 have been given in the Table 2. Compattieg t on the geographic location. A large volcanic ermupti
shifts in the mean values, the increase in atmaiphe establishes a reservoir in the lower stratosphéréhe
turbidity over Jodhpur, Kodaikanal, Minicoy and latitude of injection, moving with and stretchingtan the
Mohanbari could be considered as nominal. The otherdirection of the zonal circulation. Equatorial nesgrs
stations show an upward shift in the means, whigh i have a residence time of about two years while,dfaid
significant at 5% level of significance. The highitade and high latitude injections have a residence tifn@bout
stations concerned, Kodaikanal has remained almosthree to nine months according to the latitude tame of
unaffected by this trend pattern despite the lp@fod of injection in the annual cycle of stratospheric $ort
high turbidity during 1982-83 and 1991-92, but Sgar (Dyer, 1974). Aerosol observations suggest that two
has shown a significant increasing trend. Allahabad transport regimes exist in the lower tropical stsphere.
Nagpur, Portblair, Visakhapatnam and Srinagar showA lower transport regime is suggested by the rapid
significant secular increasing trends with highatues of poleward and downward movement of volcanic material
turbidity in all the months of the later epoch. deposited within a layer several kilometers aboke t
tropopause (Kent and McCormick, 1984). In the upper
The increasing trend of the turbidity at short transport regime, detrainment of aerosol from thpen
wavelength (500 nm) indicates that it is causedenimyr equatorial reservoir depends upon the intensity of
fine size range aerosol, which are the productrimhary planetary wave activity and on the phase of quasirbal
and secondary production processes associated witloscillations (QBO). During the westerly phase o€ th
anthropogenic activities. The large prolonged deepes QBO, the stratospheric surf zone is able to peteetra
from background turbidity levels are associatechwtite deeper into the tropics and eddy mixing can taptre of
major volcanic eruptions. Fig. 3 shows the variatif the aerosol reservoir lying near the equator. @nather
annual turbidity values and the associated tremeslifor hand during the easterly phase of the QBO, plapetar
some of the stations. waves are shielded from the equator and @elgosol
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Standardised monthly turbidity anomaly (Oct-May)

lying near the subtropics can experience furthdevpard
mixing (Trepte and Hitchman, 1992).
Aerosol and Gas Experiment-Il observations indichss

the primary transport of Mt. Pinatubo aerosol fréow

Stratospheric latitude to southern latitude occurred above 20 km

(McCormick and Veiga, 1992).
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The volcanic material remained equatorward severalcoefficients computed for the two consecutive desad
months after the eruptions because of the absefhce 01976-85 and 1986-95, show a general increase loitity
planetary wave induced mixing within the summer during the later decade at all stations except Keuahal.
easterly flow. The increase of turbidity in case of The increasing trend in turbidity at wavelength 50

El-Chichon was smaller as compared to that afterMih
Pinatubo eruption, although the zonal wind dateeaév

indicates that it is caused more by fine size raag@sol
which are the product of primary and secondary

that during both the eruptions, QBO easterlies wereproduction processes associated with anthropogenic

present over the equator at 30 hPa, the reasor leén
later eruption injected much more sulfurous maleiigto
the stratosphere as compared to the El-Chichortierup

Perturbations in the background turbidity over &di
stations are apparent in the periods following majo
volcanic activities such as EI-Chichon in 1982 avid
Pinatubo
molecular scattering usually dominate the turbidijues,
it is expected that several smaller volcanic eorsiare
not evident in the record. The effect of EI-Chichemd
Mt. Pinatubo eruptions can be examined by normaizi

sources of pollution. The comparative percentage
frequency of occurrence of turbidity coefficient) (Bt
different stations for the periods 1986-90 and 1991
indicate that Allahabad and Visakapathnam have
undergone drastic changes in their distributionslhpur,
Nagpur and Minicoy have shown an increasing bias
towards higher values of B, although broadly retejrthe

in 1991. Since tropospheric aerosols andshapes of the distribution curves.

All of the GAW stations show anomalously high
values of atmospheric turbidity in 1982-83 and 1921
following the eruptions of EI-Chichon, Mexico, inpAil,

each turbidity value to form a standardized monthly 1982 and Mt. Pinatubo, Philippines, in June, 19Pie

turbidity anomaly (Fig. 5) (only few graphs repnetieg
continental, coastal and island stations are ghene). In
order to find out the extent and persistence ofefifiect of
Mt. Pinatubo eruption, monthly mean values of tditlyi
for the years 1991, 1992, 1993 have been compaithd w
the average values for the period 1986-90, thdivelst
volcanically quiescent period before the Mt. Pitatu
eruption. It is found that the turbidity increagtibuted to
the aerosol injected into the stratosphere afewticanic
eruption of Mt. Pinatubo was observed after a agbmut
one month from the episode. The increase in atner&ph
turbidity values following the volcanic eruptionsasv
discernible for 1.5 - 2 years after the eruption.

4. Conclusions

The observed atmospheric turbidity values at al th
stations show systematic seasonal as well as knmg-t
variation apart from random fluctuations. Howevtre
nature of variation is station dependent and sedson
variation appears to be the strongest feature Hotha
stations. This is because of regional
meteorology. Most of the turbidity values lie withthe
turbidity range of 0.10 - 0.35 for all the contiten
stations, and for islands and coastal stationgdhge is
0.10-0.25, while hill stations Kodaikanal and Sgaa
found to have lower values in the range 0.05 - OTEPM
values are significantly correlated with turbidityall the

months except in rainy season. During rainy months

TSPM values decrease sharply as compared to ttyrbidi
values, the reason being the dust load in the athaos is

reduced considerably by rainout and washout but the

increased moisture content contributes to a riseh@
turbidity values. Annual mean values of the turtyidi

increase in atmospheric turbidity values followitigese
eruptions was discernible for 1.5-2 years after the
eruption.

Acknowledgements

Authors are thankful to ADGM (Research), IMD, for
his constant support and inspiration for the wétkthors
sincerely thank to Dr. M. Rajeevan, Director, IM&r his
valuable comments and suggestions during the presen
work. Many thanks are due to Meteorologist in-cleaod
Air Pollution Section and Director of National Data
Centre of IMD for their encouragement and help ted
for this work.

References

Devara, P. C. S., 1999, “Lidar and Solar Radioroetdtivities in India
for Aerosol and Trace Gas Studies”, Advances in dspheric
Chemistry, Proc. of the National Workshop on Atriesc
Chemistry, October 12-14, 1999, Pune, India, 92-96.

sources and

Dyer, A. J., 1974, “The effect of volcanic eruptioon global turbidity,
and an attempt to detect long-term trends due t@',n@uart. J.
Roy. Met. So¢100, 563-571.

Earnest Raj, P., Devara, P. C. S., Maheskumar,.,RPa&dithurai, G.,
and Dani, K. K., 1997, “Lidar measurements of aegreslumn
content in an urban nocturnal boundary lay&tmos. Res45,
201-216.

Earnest Raj, P., Devara, P. C. S., Pandithurai, Oapi, K. K.,
Maheskumar, R. S. and Jaya Rao, Y., 1999, “Lidadystof
atmospheric aerosols at Pune”, Advances in Atmogphe
Chemistry, Proc. of the National Workshop on Atnisic
Chemistry, 12-14 October 1999, Pune, India, 103-106



890 MAUSANM4, 4 (October 2003)

Herber, A., Thomson, L. W., Radionov, V. F. andtéssr, U., 1993,
“Comparison of trends in the tropospheric and ssyaiteric
aerosol depths in the Antarcticd. Geoph. Res. 98, D10,
18441-18447.

Junge, C. E., 1971, “The nature and residence tiofiesopospheric
aerosols”, Man's impact on the climate, Mathews HWV.and
Co-Editors, The MIT Press., 302-309.

Kent, G. S. and McCormick, M. P., 1984, “SAGE andNsl|
measurements of global stratospheric aerosol dptigath and
mass loading”J. Geoph. Res89, 5303-5314.

Krishnanand and Maske, S. J., 1983, “ Atmosphegasurements with
Volz sun photometer at a few background air-padluti
monitoring network stations in IndiaMausam 34, 3, 327-330.

Mani, A., Chacko, O. and lyer, N. V., 1973, “Atnpberic turbidity
over India from solar radiation measuremengdjar Energy
14, 185-195.

McCormick, M. P. and Veiga, R., 1992, “SAGE-Il messments of
early Pinatubo aerosolsGeophy. Res. Lettl9, 155-158.

McCormick, M. P., Thomason, L. W. and Trepte, C., R995,
“Atmospheric effects of the Mt. Pinatubo eruptioMature
373, 399-404.

Moorthy, K. K. 1999, “Aerosol studies under the IREX: An
overview”, Advances in Atmospheric Chemistry, Pro€.the
National Workshop on Atmospheric Chemistry, 12-1etdber
1999, Pune, India. 167-171.

Moorthy, K. K. 2001, “Atmospheric Aerosols: Cloudrtensation
nuclei and long-term trends”, Proc. of first DSTRBE School
on "Mathematical Modelling of Atmospheric PollutiorSapna
Book House, Bangalore.

Patterson, M. and Grams, G. W., 1981 “Measuremdniaayosol
radiative properties during MONEX-1979", Internaté
Conference on early results of FGGE, GARP Report,
Talahassee, Florida.

Prasad, B. S. N., Raju, N. V. and Narsimhamurthy,1899, “Diurnal,
Seasonal and Interannual Variation of atmospheric
characteristics over Mysore (12° N)”, Advances tmAspheric
Chemistry, Proc. of the National Workshop on Atriesc
Chemistry, 12-14 October 1999, Pune, India,21-24.

Rasch, P. J., Collins, W. D. and Eaton, B. E., 200@derstanding the
Indian Ocean Experiment INDOEX aerosol distribusionith
an Aerosol Assimilation”). Geophy. Resl06, D7, 7337-7355.

Singh, D., Mukhopadhyay, B. and Srivastava, H. 9871, “Climatic
impact on atmospheric turbidity at some Indian ictest’,
Mausam48, 1, 33-40.

Srivastava, H. N., Datar, S. V. and Mukhopadhyay1®92, “Trends in
atmospheric turbidity over IndiaMausam43, 2, 183-190.

Subbaraya, B. H., Jayaraman, A., Krishnamoorthyad Mohan, M.,
2000, “Atmospheric Aerosol studies under ISRO’s $pdere
Biosphere ProgrammeJ, Ind. Geophys. Uniop¥, 1, 77-90.

Trepte, C. R. and Hitchman, M. H., 1992, “The stsgheric tropical
circulation deduced from aerosol satellite dafdgtureg 355,
626-628.

WMO, 1978, “International operations handbook foeasurement of
background atmospheric pollution”, WMO Technicalt&liNo.
491, 10-16.



