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AB STRACT

Co lum nar aero sol size dis tri bu tions, re trieved from spec tral AOD (aero sol op ti cal depth) es ti mates over a north east ern

lo ca tion of In dia (Dibrugarh) are, in gen eral, bi modal with the oc cur rence of pri mary (broad) mode at 0.04 - 0.17 mm and the

sec ond ary mode at 0.88 - 1.29 mm. The phys i cal pa ram e ters of size dis tri bu tions rep re sent ing the microphysical prop er ties of

aero sols show dis tinct sea sonal vari a tions with the high est value of the ef fec tive ra dii (~ 0.55 mm) dur ing pre-mon soon (March

to May) sea son which, along with the high est value of AOD (~ 0.46 ± 0.09) dur ing the same sea son, is at trib uted to the

max i mum abun dance of coarse par ti cles. Ex am in ing the re sults in the light of the HYSPLIT back tra jec tory anal y sis and the

pe cu liar to pog ra phy of north east In dia al low ing advection only from the Indo-Gangetic plains or Bay-of-Ben gal, it ap pears that 

the strong pres ence of the coarse mode aero sols are associated with either mineral dust or marine aerosol components or both.
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1. IN TRO DUC TION

In for ma tion on the dis tri bu tion of at mo spheric aero sol

is im por tant for the un der stand ing of phys i cal pro cesses re -

lat ing to stud ies of weather, cli mate, at mo spheric elec tric ity,

air pol lu tion, and aero sol phys ics. Be cause of their ca pac ity

to di rectly al ter the rate of trans fer of so lar ra di a tion and in -

di rectly af fect the com plex phe nom ena con nected with cloud

and pre cip i ta tion pro cesses, aero sols are of con sid er able in -

ter est to at mo spheric sci en tists. Pro duced by a va ri ety of na -

tural and anthropogenic sources, aero sols fre quently ex -

hibit widely vary ing op ti cal prop er ties over time due to dif -

fu sion and ag ing pro cesses such as co ag u la tion, humi di fi -

cation, scav eng ing by pre cip i ta tion and gas to par ti cle con -

ver sion. Com bined with vary ing source strengths and due to

advection by lo cal to syn op tic me te o ro log i cal pro cesses,

aero sols form a dy namic at mo spheric con stit u ent for ef fects

on cli mate, en vi ron ment and pub lic health (Smirnov et al.

2002). The cli mate ef fects are cru cially de pend ent on aero -

sol prop er ties, such as size dis tri bu tion, chem i cal com po si -

tion, and de gree of in ter nal and ex ter nal mix ing. Es ti mates

of cli mate im pact are fur ther com pli cated by high spa tial

and tem po ral vari abil ity in aero sol prop er ties (Pilinis et al.

1995; An der son et al. 2003). Mea sure ment of aero sol op ti -

cal depths (AOD) and co lum nar size dis tri bu tions (CSD)

are thus im por tant for the study of earth’s ra di a tion bud get,

re mote sens ing, and cli mate re search. The size dis tri bu tion

func tion de scribes how the var i ous phys i cal pa ram e ters of

aero sols are dis trib uted as a func tion of their sizes.

The size dis tri bu tion of aero sols at any given lo ca tion is

mainly de ter mined by the rel a tive strength of dif fer ent pro -

duc tion and re moval pro cesses (Jaenicke 1993; Raes 1995;

Schwartz et al. 1995). In spite of in creased re search ac tiv i -

ties dur ing re cent years, the or i gin of sub-mi crom e ter par ti -

cles in the at mo sphere is one of the ma jor open ques tions in

am bi ent aero sol re search. How ever, when ur ban air is con -

sid ered, the or i gin of par ti cles is more com pli cated. It is well

known that traf fic and other anthropogenic com bus tion

sources are the most im por tant sources of all air pol lu tion

com pounds in ur ban air in clud ing fine par ti cles (Der went et

al. 1995). Also the nu cle ation mode par ti cles (par ti cle dia -

meter less than 20 nm) have been found to orig i nate from

traffic (Vävekä et al. 2000). Since the sources of anth ro -
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pogenic aero sols are lo cated pri mar ily on land, the con cen -

tra tion of anthropogenic aero sols tends to be much larger

over land than the open ocean. The land re sponse to sur face

ra di a tion flux changes much more quickly than the ocean

be cause of its lower heat ca pac ity and hence the pres ence of

aero sols (es pe cially ab sorp tion types such as soot) over land

have more sig nif i cant cli mate ef fects than those over the

ocean (Hansen et al. 1998).

In this pa per, we re port the char ac ter is tics of aero sol size 

dis tri bu tion re trieved from spec tral AOD es ti mates over

Dibrugarh and in ves ti gate the ef fect of me te o ro log i cal fac -

tors, es pe cially rain and wind, as well as syn op tic-scale phe -

nom ena on aero sol par ti cle num ber con cen tra tions and size

dis tri bu tions.

2. STA TION AND IN STRU MEN TA TION

Dibrugarh (27.3°N, 94.6°E, 111 m amsl) is lo cated close 

to the north east ern bound ary of In dia, in the north east ern

cor ner of the up per Brahmaputra val ley (Fig. 1). The unique

pe cu liar ity of the val ley is such that it is sur rounded by the

great Hi ma la yan range and Ti betan Pla teau to the north,

Garo-Khasi-Jayantia and Naga hills to the south and moun -

tains of Yanan to the east, but is open to the west side to -

wards the Indo-Gangetic plains. The area is en dowed with

ex ten sive wa ter re sources. No sig nif i cant lo cal pol lu tion

sources are pres ent in the prox im ity of the site, ex cept for ve -

hi cle ex haust from the Na tional High way run ning close to

the se lected site.

On the ba sis of the cli ma tic char ac ter is tics of dif fer ent

me te o ro log i cal pa ram e ters such as dis tri bu tion of tem per a -

ture, rain fall, rainy days, hu mid ity, pres ence of fogs, and

thun der storms, the cli mate of the area is clas si fied into four

sea sons. The dry and cold win ter (De cem ber to Feb ru ary) is

as so ci ated with fog and hazes, while the up per pres sure level 

west erly air masses sig nif i cantly in flu ence the aero sol pro -

perties at Dibrugarh dur ing pre-mon soon (March to May)

sea son. The mon soon (June to Sep tem ber) sea son is char ac -

ter ized by heavy rains, which de crease abruptly in the re -

treat ing-mon soon (Oc to ber and No vem ber) sea son.

Study of the char ac ter iza tion of at mo spheric aero sols at

Dibrugarh in the en tire north east ern part of the coun try has

been car ried out since Oc to ber 2001 by us ing a ground based 

Multi-Wave length so lar Ra di om e ter (MWR). The coun try is 

cov ered by a broadly dis trib uted net work of MWRs that

form part of the In dian Space Re search Or ga ni za tion’s Geo -

sphere Bio sphere Pro gram (ISRO-GBP). This net work mea -

sures spec tral ex tinc tion of so lar flux as a func tion of so lar

ze nith an gle at ten nar row wave length bands cen tered at

0.38, 0.40, 0.45, 0.50, 0.60, 0.65, 0.75, 0.85, 0.935, and

1.025 mm with full width at half max i mum band width of 5 to 

6 nm. The MWR, de signed on the prin ci ple of fil ter wheel

ra di om e ters (Shaw et al. 1973; Tomasi et al. 1983) was op -

erated from the roof top of the build ing of the Phys ics De -

partment of Dibrugarh Uni ver sity (~8 m above ground) on

all days when un ob structed so lar vis i bil ity was avail able for

at least 2 to 3 hrs. Spec tral AODs (de noted by tpl) are es ti -

mated by an a lyz ing the MWR data fol low ing the Langley

tech nique (Shaw et al. 1973; Tomasi et al. 1983). In an a lyz -

ing the MWR data, the data col lected dur ing the fore noon

(FN) and/or af ter noon (AN) parts of the day were con sid ered 

as a sin gle data set and the av er age spec tral AODs were re -

trieved for that data set fol low ing the Langley plot tech -

nique. The long term tem po ral sta bil ity of the Langley in ter -

cept (also called zero air mass in ter cept), cor rected for the

daily vari a tion of the sun-earth dis tance was used as an in -

direct cal i bra tion of the in stru ment. Dur ing the study pe -

riod, the long-term sta bil ity of the in stru ment has been fairly

good, with the Langley in ter cepts ly ing within 10% of the

mean for the worst cases. There were very few days (when

sig nif i cant de vi a tions were ob served as so ci ated with highly

hazy con di tions) that were not con sid ered in fur ther anal y -

sis. Es ti mates have shown that typ i cal er ror in the re trieved

value of tpl lies in the range ~ 0.009 - 0.011 at dif fer ent

wave lengths ex clud ing the vari ance of the Langley fit

(Mo orthy et al. 1998). The small vari ance of the Langley

intercept (< 10%) along with the other un cer tain ties in the

es ti ma tion of tpl, puts the un cer tainty in the range of 0.03 -

0.05 at dif fer ent wave lengths, with the higher val ues at

shorter wave lengths (< 0.5 mm) and dur ing high AODs (> 0.5).

More de tails on the MWR in clud ing anal y sis de tails and
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Fig. 1. MWR sta tion at Dibrugarh (DBR) in north east ern In dia along

with the other ground based MWR ob ser va to ries [Kullu (KLU), Patiala 

(PTL), Dehradun (DDN), Nainital (NTL), Delhi (DEL), Jodhpur (JDR),

Kanpur (KNP), Banaras (BHU), Shillong (SHN), Naliya (NLY),

Rajkot (RJK), Ahmedabad (AHMD), Bhopal (BPL), Kharagpur (KGP),

Nagpur (NGP), Bhubaneswar (BBR), Pune (PUNE), Hyderabad (HYD),

Visakhapatnam (VSK), Goa (GOA), Anantapur (ATP), Bangalore

(BLR), Kalppakkam (KPK), My sore (MYS), Port-Blair (PBR), Ooty

(OTY), Minicoy (MCY) and Trivandrum (TVM)] across the coun try.



error bud get are given in sev eral ear lier pa pers (Moorthy et

al. 1997, 1999, 2001; Satheesh and Moorthy 1997; Sagar et

al. 2004; Saha et al. 2005).

3. DATA US AGE AND METHOD OF ANAL Y SIS

3.1 Aero sol Size Dis tri bu tion

The ob ser va tional da ta base com prises of 475 sets of

data (con sid er ing fore noon and af ter noon as in di vid ual data

sets) in 337 clear/partly clear days dur ing the pe riod from

Oc to ber 2001 to Feb ru ary 2006. Us ing the ex ten sive es ti -

mates of tpl at ten wave lengths, the co lum nar (height in te -

grated) size dis tri bu tion func tion [nc(r)] of aero sols have

been de ter mined by nu mer i cal in ver sion of Mie in te gral

equa tion

(1)

where Qext is the aero sol ex tinc tion ef fi ciency fac tor, which 

de pends on the aero sol re frac tive in dex (m), ra dius (r), and

wave length of in ci dent ra di a tion (l), and ra and rb are, re -

spec tively, the lower and up per ra dii lim its for in te gra tion.

The quan tity nc(r) is given by:

(2)

which rep re sents the num ber of par ti cles per unit area per

unit ra dius in ter val in a ver ti cal col umn through the at mo -

sphere. Equa tion (1) is solved fol low ing the it er a tive in -

ver sion pro ce dure de scribed by King (1982) and as ap -

plied by Moorthy et al. (1997). The val ues of ra and rb are

taken as 0.05 and 3.0 mm, re spec tively, as they are found

to be op ti mal by ex am in ing the ker nel func tions [inte -

grand of Eq. (1)], cor re spond ing to the ex treme wave -

lengths used in the MWR ob ser va tion. The com plex re -

frac tive in dex de pends on the chem i cal com po si tion of

aero sols and is dif fer ent for dif fer ent types of aero sols.

Re frac tive in dex val ues as a func tion of wave length are

avail able in lit er a ture for dif fer ent types of aero sols (e.g.,

Shettle and Fenn 1979; d’Al meida et al. 1991). We used

wave length de pend ent com plex re frac tive in dex given by

Lubin et al. (2002).

In or der to quan tify the ob served changes in the re -

trieved size dis tri bu tions in terms of phys i cal pa ram e ters of

the aero sols, the in di vid ual size dis tri bu tions are char ac ter -

ized us ing ap pro pri ate an a lyt i cal func tions. When ever the

co lum nar size dis tri bu tions in di cated pres ence of two mo -

des, the phys i cal pa ram e ters such as mode ra dii (rmi) and

stan dard de vi a tions (si) are de ter mined by least square fit -

ting a bi modal lognormal dis tri bu tion of the form:

(3)

where, i = 1 rep re sents the pri mary (small par ti cle) and i =

2, the sec ond ary (large par ti cle) modes and Noi is a scal ing

pa ram e ter which de pends on the to tal aero sol con cen tra -

tion. When ever the size dis tri bu tions in di cate the pres ence

of a sin gle mode only, the same func tion [Eq. (3) above]

has been used to char ac ter ize it with i = 1. For size dis tri bu -

tion with a sec ond ary large par ti cle mode pre ceded by an

in verse power-law type of be hav ior with no in di ca tion of

pri mary mode, Eq. (3) is re placed by:

(4)

where n is the power-law in dex. In case, when the aero sol

size dis tri bu tion shows power law de pend ence, it is fit ted

with the equa tion:

(5)

or,

(6)

The nor mal iza tion con stant K is ad justed to evolve the best

fit.

By evolv ing a fit be tween the re trieved size dis tri bu tions 

and the ap pro pri ate an a lyt i cal func tions [Eqs. (3) - (5)] with

min i mum rms er ror, the mode ra dii (rm1 and rm2), stan dard

de vi a tions (s1 and s2) and power law in dex (n) are de duced

for the CSDs. The other phys i cal pa ram e ters of size dis tri bu -

tions [viz., in te grated con tent of aero sols (Nt) and ef fec tive

ra dii (Reff)] are es ti mated, fol low ing the ex pres sions:

(7)

(8)

3.2 Me te o rol ogy and Tra jec tory Anal y sis

Sup ple men tary me te o ro log i cal data dur ing the pe riod of 

ob ser va tion were ob tained from the In dia Me te o ro log i cal

De part ment (IMD) at Dibrugarh.
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The back-tra jec to ries are cal cu lated us ing the Hy brid

Sin gle Par ti cle Legrangian In te grated Tra jec tory (HYSPLIT,

http://www.arl.noaa.gov/ready/hysplit4.html) model (Draxler

and Hess 1997) of Na tional Oce anic and At mo spheric Ad -

min is tra tion (NOAA). As tpl is a mea sure of the co lum nar

aero sol con tent, we have con sid ered three height lev els

keep ing in mind the el e vated to pog ra phy of the north east ern

re gion over the ob ser va tion site: 1000 m (within At mo -

spheric Bound ary Layer, ABL), 2000 m (above ABL) and

3500 m (in the lower free tro po sphere; Moorthy et al. 2003)

above ground level (AGL).

4. RE SULTS AND DIS CUS SION

4.1 Num ber Size Dis tri bu tion

The rep re sen ta tive CSDs for each sea son of the study

pe riod have been ob tained by in vert ing the sea sonal mean tpl

val ues. A sum mary of the sea sonal size dis tri bu tions in terms 

of phys i cal pa ram e ters of aero sols is given in Ta ble 1 (rm1,

rm2, s1, and s2) and Ta ble 2 (tpl, Reff, Nt, Nc, Na, and Nc/Na).

The sym bols W, Pre-M, M, and Ret-M are used to rep re sent

the four sea sons of win ter (De cem ber - Feb ru ary), pre-mon -

soon (March - May), mon soon (June - Sep tem ber) and re -

treat ing mon soon (Oc to ber - No vem ber) sea son, re spec -

tively. Ex cept Pre-M 2005, the en tire sea sonal size dis tri bu -

tions are bi modal with the pri mary mode oc cur ring at rm1 ~

0.04 - 0.17 mm and the sec ond ary mode at rm2 ~ 0.88 - 1.29 mm.

The pri mary mode is, in gen eral, broader (s1 ~ 0.27 - 0.46)

con sis tently, whereas the sec ond ary mode is sharper (s2 ~

0.14 - 0.31). How ever, the mode ra dii and stan dard de vi a -

tions do not show sig nif i cant sea sonal vari a tions ex cept ran -

dom fluc tu a tions about the mean. The Pre-M 2005 rep re -

sents unimodal dis tri bu tion with pri mary mode ra dii at rm1 ~

0.12 mm and its stan dard de vi a tion s1 ~ 0.66.

Ta ble 2 in di cates that AODs are high est in pre-mon soon

sea son, dur ing which Reff also re mains higher. But, Nt is

relatively fea ture less. As Reff is the ra tio of to tal vol ume to

the area of aero sols, the sea sonal vari a tion of Reff are in dic a -

tive of the sea sonal changes in the rel a tive dom i nance of

larger to smaller par ti cles. This as pect is ex am ined by di vid -

ing Nt into two size re gimes, e.g., the ac cu mu la tion re gime

(small aero sols) and the coarse par ti cle re gime (large aero -

sols) con sid er ing r = 0.5 mm as a cut off that di vides the size

dis tri bu tions into the two dis tinct re gimes. Then the to tal

con cen tra tion of ac cu mu la tion mode par ti cles (Na) and co -

arse par ti cles (Nc) have been es ti mated as:
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(9)

(10)

From this a dimensionless ra tio Nc/Na is eval u ated, which 

rep re sents a mea sure of the rel a tive abun dance of the large

(coarse) par ti cles to the to tal aero sol con cen tra tion. This is

so be cause Nc is gen er ally about 2 to 4 or ders smaller than

Na, so that Na is ap prox i mately equal to Nt. It is found that

the ra tio of Nc/Na in creases dur ing pre-mon soon sea sons,

in di cat ing in creased abun dance of large par ti cles in the size 

spec trum.

The char ac ter is tic vari a tion of co lum nar size dis tri bu -

tion with sea son is fur ther in ves ti gated by ob tain ing a sin gle

size dis tri bu tion for each sea son from the en sem ble mean tpl

val ues, ir re spec tive of the year. The rep re sen ta tive size dis -

tri bu tions at four sea sons are shown in Fig. 2. The sea sonal

mean val ues of tpl at 0.5 mm and Reff are also shown in the

fig ure. It is seen that all the dis tri bu tions are bi modal with

the pri mary mode be ing more prom i nent in pre-mon soon

and win ter. The pri mary mode is broader (smean ~ 0.45 ±
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Fig. 2. Mean sea sonal co lum nar size dis tri bu tions at four dif fer ent sea -

sons (Pre-Mon soon, Mon soon, Ret-Mon soon, and Win ter) along with

the val ues of aero sol op ti cal depth at 0.5 mm (tpl, 0.5 mm) and ef fec tive ra -

dius (Reff, mm) em bed ded in the fig ure.



0.04) in all the cases and ap pears in the ex treme end of

shorter ra dii (rm1 ~ 0.09 ± 0.03 mm). The high est value of tpl

at 0.5 mm (~ 0.46 ± 0.09) and Reff (~ 0.55 mm) in the pre-

 mon soon sea son in di cates the max i mum abun dance of large

par ti cles dur ing this sea son.

De spite the sea sonal char ac ter is tics of CSDs cor re -

spond ing to sea sonal mean tpl, the monthly char ac ter is tics of 

CSDs are also an a lyzed for each month of MWR ob ser va -

tion, as tpl showed dis tinct monthly vari a tions. Thus a to tal

of 41 sets of monthly mean AODs are in verted to ob tain the

rep re sen ta tive CSDs for dif fer ent months. The un avail able

monthly anal y ses are due to the un avail abil ity of MWR ob -

ser va tions due to cloudy and rainy weather. The CSDs for all 

the avail able months ex cept for the months of April 2003

and Feb ru ary, June and Sep tem ber in 2005 are bi modal. Out

of these five months, the month of April 2003 rep re sents

power law dis tri bu tion with n = 3.9. The size dis tri bu tions

dur ing the month of Feb ru ary, June, and Sep tem ber in 2005

are unimodal with mode ra dii oc cur ring at ~ 0.16 ± 0.61,

0.08 ± 0.61, and 0.11 ± 0.58 mm, re spec tively. The back-tra -

jec tory anal y sis in di cates that only the free tro po spheric tra -

jec to ries, for a few days in the month of April 2003, were

orig i nated from the west ern In dian land mass. But, the tra jec -

to ries at other two (lower) lev els were ly ing in side the high

hills and moun tain bar ri ers of north east In dia. Sim i larly, the

syn op tic air masses were ab sent dur ing the months of Feb -

ruary, June, and Sep tem ber 2005, which may be the cause

for the elim i na tion of sec ond ary mode in the re trieved CSDs

due to a lack of long range trans port cou pled with strong wet

re moval dur ing June and Sep tem ber 2005. The in flu ence of

long-range trans port to the growth of aero sols over Dibru -

garh is dis cussed in sec tion 4.2 in de tail. On the other hand,

the bi modal dis tri bu tions are, in gen eral, the com bi na tion of

two unimodal dis tri bu tions and in most cases, the pri mary

mode is not well de vel oped, but is only in di cated by the

slant ing na ture of the dis tri bu tion. This is be cause of the fact

that the pri mary mode (small par ti cle) falls be low ra (al -

though it is close to it). How ever the sec ond ary mode (large

par ti cle) is clearly seen in all the cases. The bi modal dis tri -

bu tions in the months of July and Sep tem ber 2003 and July

2005 are the com bi na tion of a power law and a unimodal dis -

tri bu tion.

In or der to in ves ti gate the tem po ral fea tures of the phy -

sical char ac ter is tics of aero sols, the es ti mated val ues of rm1,

rm2, s1, s2, Reff, Nt, and Nc/Na for each month of the study pe -

riod are shown in Figs. 3 and 4, re spec tively. No sys tem atic

vari a tions are seen for mode ra dii and stan dard de vi a tion ex -

cept for some ran dom fluc tu a tions about the mean (Fig. 3).

The en sem bles mean value of rm1 and rm2 are 0.11 ± 0.03 and

0.99 ± 0.09 and the cor re spond ing s1 and s2 are 0.41 ± 0.09

and 0.21 ± 0.06, re spec tively. The stan dard de vi a tion in the

pri mary mode is higher than the sec ond ary mode, which in -

di cates that the pri mary mode is broader and oc curs at more

dif fer ent val ues of rm1 com pared to the sec ond ary mode,
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Fig. 3. Monthly vari a tion of (a) pri mary, rm1 and (b) sec ond ary, rm2

mode ra dii and stan dard de vi a tion of the (c) pri mary mode, s1 and (d)

sec ond ary mode, s2 re spec tively.

Fig. 4. Monthly vari a tion of (a) ef fec tive ra dius (Reff, mm), (b) in te -

grated con tent of aero sols (Nt, m
-2), and (c) the ra tio of coarse to ac cu -

mu la tion mode (Nc/Na) par ti cles.

(a)

(b)

(c)

(d)

(a)

(b)

(c)



which is sharper and con sisted. It is seen from the Fig. 4a

that Reff are high dur ing March/April (or May) months,

whereas Nt is rel a tively fea ture less (Fig. 4b) sim i lar to that

seen in the sea sonal anal y sis. How ever, the ra tio of Nc/Na

(Fig. 4c) in di cates sig nif i cant in crease in the rel a tive abun -

dance of large par ti cles in the month of March, April or May. 

Since Na con sti tutes about 99% of the to tal con tent, vari a -

tions in Nc may not be re flected in Nt. It is readily seen from

Figs. 4b and c that month-to-month vari a tions in Nt and

Nc/Na are mir ror im ages of each other.

The fore go ing dis cus sions clearly in di cate that the phy -

sical pa ram e ters of aero sols rep re sent ing the phys i cal state

of aero sols are highly vari able over dif fer ent months or sea -

sons and the CSDs are found to fall un der three broad cat e -

go ries. The char ac ter is tics dis tri bu tions (namely unimodal,

bi modal, and power law) at three dif fer ent months are shown 

in Figs. 5 - 7. Ide ally, the unimodal size dis tri bu tion is cha -

racterized by a sin gle mode (peak) in the co lum nar num ber

den sity-size spec trum with the num ber den sity drop ping off

on ei ther side of the peak. The peak oc curs gen er ally in the

size range of 0.05 to 0.4 mm. How ever, it is found that, in the

pres ent study, the de crease in co lum nar num ber den sity on

the shorter ra dii side of the peak is not pres ent in some dis tri -

bu tions. In such cases, the co lum nar num ber den sity re mains 

more or less con stant at shorter ra dii. Prob a bly the peak is

quite broad in these cases. On some oc ca sions, the pri mary

mode is not seen ex plic itly. In stead, the co lum nar num ber

den sity de creases with in crease in ra dius from a max i mum

value. In such cases, the pri mary mode may be as sumed to

oc cur at still smaller ra dii (r < 0.05 mm) and can not be seen

in the in verted dis tri bu tions since the dis tri bu tions are de -

fined for r > 0.05 mm due to the re stric tion im posed by the

wave lengths used in the MWR. More over, on the smaller

radii side (r < 0.05 mm) the num ber den sity can not in crease

indef i nitely with de crease in ra dius be cause pro cesses like

co ag u la tion will lead to for ma tion of a mode in the small par -

ti cle re gime (Junge 1963; Pruppacher and Klett 1978). The

unimodal dis tri bu tion, shown in Fig. 5 rep re sent ing the

month of Feb ru ary 2005 de pict rm1 ~ 0.17 mm with the co -

lum nar num ber den sity fall ing off rap idly on larger par ti cles. 

At the peak, the co lum nar num ber den sity is of the or der of

~ 1012 m-2 mm-1. The re spec tive tpl-l plot is shown in the top

panel of the fig ure along with the re-es ti mated val ues of tpl.

In this case the black cir cles rep re sent the mea sured tpl va -

lues with the ver ti cal bars on them show ing the mea sure -

ment er rors. The con tin u ous line cor re spond to the tpl re-es -

ti mated us ing the in verted size dis tri bu tion by us ing Eq. (3).

The bi modal dis tri bu tion es sen tially de picts a sec ond ary

mode oc cur ring at ra dius r > 0.5 mm and hav ing a peak num -

ber den sity about two or ders less than that at the pri mary

mode. The co lum nar num ber den sity first de creases with in -

crease in ra dius from a max i mum value (pri mary mode), re -

aches a trough fol lowed by the sec ond ary mode (rm2 ~ 0.9 mm)

with the num ber den sity drop ping off at larger ra dii. The re -

presentative bi modal dis tri bu tion ob tained in the month of

Sep tem ber 2004, shown in Fig. 6, in di cates that the co lum -

nar num ber den sity falls off the peak rap idly as par ti cle size

in creases. Oc ca sion ally, the co lum nar num ber den sity also

showed a monotonic de crease with in crease in the par ti cle

ra dius de pict ing in verse power law de pend ence with par ti cle 
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Fig. 5. Char ac ter is tic unimodal (UM) dis tri bu tion de duced from the

monthly mean tpl val ues for the month of Feb ru ary 2005.
Fig. 6. Char ac ter is tic bi modal (BM) dis tri bu tion de duced from the

monthly mean tpl val ues for the month of Sep tem ber 2004.



ra dius and ex hib it ing a power law or Junge dis tri bu tion. The

ex am ple of power law dis tri bu tion, ob tained in the month of

July 2005 (Fig. 7), shows a more or less monotonic de crease

in aero sol num ber den sity (co lum nar) with in crease in the

par ti cle ra dius. The co lum nar num ber den sity de creases from

~ 1013 m-2 mm-1 to 107 m-2 mm-1 in the ra dius in ter val 0.05 to

3 mm. This type of dis tri bu tion is, in gen eral, rare at Di -

brugarh.

The wave length de pend ence of tpl re sult ing in uni -

modal dis tri bu tion on in ver sion (as shown in Fig. 5) is dis -

tinctly dif fer ent from that re sult ing in bi modal dis tri bu tion

(Fig. 6). The tpl-l plots de pict a neg a tive cur va ture in the

case of unimodal dis tri bu tion, whereas the cur va ture is pos i -

tive to wards the lon ger wave length in the case of bi modal

dis tri bu tion. There is al most lin ear de crease of tpl with l in

the case of power law dis tri bu tion (Fig. 7). Each of the size

dis tri bu tion ex hib its char ac ter is tic wave length de pend ence

of aero sol op ti cal depths.

4.2 In ves ti ga tion of Source Ar eas

To in ves ti gate the in flu ence of long-range trans port

from dif fer ent source re gions to the site of MWR sta tion at

Dibrugarh, the 5-day iso baric back tra jec to ries for all the

days on which the AOD data avail able are an a lyzed. The

5-day pe riod was con sid ered in view of the typ i cal res i dence

time of ³ 1 week for aero sol in the lower tro po sphere

(Ramanathan et al. 2001) dur ing the dry pe riod. The tra jec -

to ries es sen tially back-trace the course of aero sol par cels in

space (lat i tude, lon gi tude, and al ti tude) and time (days),

start ing from the source of in ves ti ga tion at a par tic u lar

height from the ground. Tra jec to ries are as signed to a par -

ticular sec tor if they re side over it for more than 80% of

their travel time be fore reach ing the ob ser va tion site. Based

on this, sim i lar tra jec to ries are grouped into a par tic u lar sec -

tor ac cord ing to their di rec tion of flow, namely West (W),

South west (SW), South east (SE), North (N), and Lo cal (L)

at four sea sons of Pre-M (March - May), M (June - Sep tem -

ber), Ret-M (Oc to ber - No vem ber), and W (De cem ber - Feb -

ru ary) sep a rately. The west sec tor (W) in clude the tra jec to -

ries orig i nat ing from west Asian re gions, north and mid dle

and the west coast of In dia and then flow ing over the In dian

land mass, across the Hi ma la yan Moun tains and partly over

the south ern Chi nese re gion. The tra jec to ries hav ing a sig -

nif i cant Bay-of-Ben gal sig na ture be fore reach ing north east

In dia and fi nally the ob ser va tion point (Dibrugarh) are in -

cluded in south west sec tor (SW). The tra jec to ries orig i nat -

ing from south east ern lo ca tions such as Thai land and Myan -

mar be long to the south east sec tor (SE). Within the north ern

(N) sec tor, the tra jec to ries orig i nate from the south ern Chi -

nese re gion sit u ated to wards the north of Dibrugarh. Lastly,

when all the tra jec to ries con fine to the bound ary of north -

east ern In dia, they are con sid ered to lie within the lo cal sec -

tor (L). In clas si fy ing the tra jec to ries into a par tic u lar group

it is con sid ered that at least two of the tra jec to ries out of

three height lev els had tra versed the par tic u lar re gion rep re -

sented by dif fer ent sec tors. Sub se quent to this clas si fi ca tion,

the spec tral AOD val ues along with the cor re spond ing va -

lues of Ang strom ex po nent a and tur bid ity co ef fi cient b for

each ob ser va tion day are sep a rated and av er aged with re -

spect to each tra jec tory group at dif fer ent sea sons. The pa ra -

m e ter a is a good in di ca tor of the frac tion of ac cu mu la tion

mode par ti cles to coarse mode, while b rep re sents a mea sure

of co lum nar aero sol load ing in the at mo sphere. Both these

pa ram e ters are re lated through Ångström equa tion as (Ång -

ström 1961):

tpl = bl-a (11)

Val ues of a £ 1 in di cate size dis tri bu tions dom i nated by

coarse mode aero sols (ra dii ³ 0.5 mm) that are typ i cally as -

so ci ated with dust and sea salt, and val ues of a ³ 2 in di cate

size dis tri bu tions dom i nated by fine mode aero sols (ra dii

£ 0.5 mm) that are usu ally as so ci ated with ur ban pol lu tion

and bio mass burn ing (Eck et al. 1999; Schuster et al. 2006). 

The val ues of a and b are eval u ated by evolv ing a least

square lin ear fit be tween tpl and l in a log-log scale. The

slope of the re gres sion line gives the value of a while b is

eval u ated from the in tercept.

The av er age val ues of tpl, a, and b with re spect to each

tra jec tory group are given in Ta ble 3 along with the val ues of 

their stan dard de vi a tions (val ues ap pear ing af ter ‘±’ sym -

bol). The per cent con tri bu tions of dif fer ent tra jec tory groups 

are given in the last col umn of the ta ble, which in di cate that
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Fig. 7. Char ac ter is tic power law (PL) dis tri bu tion de duced from the

monthly mean tpl val ues for the month of July 2005.



the trans port was pre dom i nantly from the west dur ing pre-

 mon soon, ret-mon soon, and win ter sea son; while dur ing

mon soon sea son, the dom i nant sec tor was south west (SW)

con trib ut ing 57% of the to tal trans port pro cesses. How ever,

the con tri bu tion of the SW sec tor is also sig nif i cant dur ing

pre-mon soon sea son (46%). Rep re sen ta tives of five-day

back tra jec to ries at 1000, 2000, and 3500 m above ground

level for each sea son are shown in Fig. 8.

Back-tra jec tory anal y sis in di cate that dur ing pre-mon -

soon sea son, the high est av er age val ues of tpl (~ 0.55 ± 0.41) 

and b (~ 0.33 ± 0.22) are re lated to the air masses from

Bay-of-Ben gal (SW-sec tor), along with com pa ra ble higher

val ues of tpl (~ 0.49 ± 0.25) and b (~ 0.28 ± 0.14) when the

tra jec to ries be long to the West (W) sec tor. The higher val ues

of tpl and b, but lower a (< 1.0) as so ci ated with both these

sec tors in di cate sig nif i cant advection of coarse mode par ti -

cles till the on set of mon soon rain. Since, most of the tra jec -

to ries, which be long to the West (W) and South west (SW)

sec tor, flow across the ma jor in dus trial and ur ban re gions of

Indo-Gangetic plains (Vinoj et al. 2004; Tripathi et al. 2005)

and the pen in su lar re gion of the Bay-of-Ben gal be fore en ter -

ing into the Brahmaputra val ley, they sig nif i cantly advect

con ti nen tal and ma rine aero sols, apart from the advection of

large amounts of desert and min eral aero sols from the west

Asian and In dian deserts. In ad di tion to advection by air

masses, the in creased so lar heat ing (Fig. 9a) of the land mass 

over the lower plains ad ja cent to the site dur ing the pre-mon -

soon sea son would re sult in in creased con vec tive mix ing

and el e va tion of the bound ary layer aero sols.

Dur ing the mon soon sea son, the advection of ma rine

aero sols from the Bay-of-Ben gal (SW-sec tors) is sig nif i cant

(57%), which leads to high val ues of tpl (~ 0.34 ± 0.18) and 

b (~ 0.19 ± 0.12) com pared to that in the other two sec tors.

The con tri bu tion of the E/SE sec tor is not sig nif i cant enough 

to en hance tpl or b, even though the per cent age con tri bu tion

of this sec tor is high (35%). The higher value of a (> 1.0) in
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Fig. 8. Rep re sen ta tive dom i nant tra jec tory types in four sea sons of win -

ter, pre-mon soon, mon soon, and ret-mon soon at three dif fer ent height:

1000, 2000, and 3500 m above ground level (AGL).



the lo cal sec tor in di cates the abun dance of fine mode aero -

sols, even though the per cent age con tri bu tion of this sec tor

is low (8%). The in tense rain fall dur ing the mon soon sea son

(June - Sep tem ber) (Fig. 9b) is the ba sic cause for the de -

crease in the abun dance of both coarse as well as fine mode

aero sols in the at mo sphere.

Dur ing the ret-mon soon and win ter sea son, most of the

tra jec to ries be long to the West sec tor, i.e., tra jec to ries orig i -

nat ing from west Asia move east ward and then pass over the

In dian land mass. How ever the con tri bu tions of tra jec to ries in

this sec tor to en hance b are not sig nif i cant in both the re treat -

ing mon soon and win ter. Dur ing Oc to ber and No vem ber, the

wash out by rain in the pre ced ing months with out suf fi cient

re plen ish ment could be the rea son for lower aero sol load ing

in the at mo sphere. Even though, the com par a tively higher

val ues of tpl and a (> 1.0) in di cate more ad vection of fine

mode aero sols from the ur ban ized re gions of the Indo-

 Gangetic plains dur ing win ter than that dur ing the ret-mon -

soon sea son, the tra jec tory anal y ses do not pro vide any in for -

ma tion on the trans por ta tion of coarse mode aero sols dur ing

both these sea sons. As such, the oc cur rence of sec ond ary

mode in the co lum nar size dis tri bu tion dur ing both re treat ing

mon soon and win ter may be due to some lo cal per tur ba tions

orig i nat ing from for est and fos sil fuel fires. Dur ing this pe -

riod, the rel a tive hu mid ity de creases be com ing lower in the

win ter sea son (Fig. 9c). Thus the at mo sphere be comes dry

and the banks of the mighty river Brah maputra, which is not

very far from the ex per i men tal sta tion, look like great sandy

plains. A mod er ate to high wind is ca pa ble of loos en ing and

lift ing the dust par ti cles from these sandy ar eas. Also sur -

round ing veg e ta tion may make some con tri bu tion to the sec -

ond ary mode of ob served size dis tri bu tions dur ing this pe riod

as pol lens and seeds, etc. are also im por tant con stit u ents of

nat u ral aero sols apart from wind blown dust (sil ica).

4.3 Ef fect of Sur face Wind Speed

Aero sol size dis tri bu tion, which cov ers sev eral or ders of 

mag ni tude both in size and num ber con cen tra tion, re sults

pri mar ily from the ef fects of pro duc tion, re moval, and trans -

port mech a nisms. There are two ba sic pro duc tion mech a -

nisms namely gas-to-par ti cle con ver sion and bulk-to-par ti -

cle con ver sion (Jaenicke 1984; Hoppel et al. 1990). The par -

ti cles are re moved from their re spec tive sizes by pro cesses

like co ag u la tion, sed i men ta tion, impaction scav eng ing and

wet scav eng ing. The aero sol size dis tri bu tion is con trolled

by the ba sic pro cess of co ag u la tion at the lower cut-off re -

gion (r ~ 0.1 mm) and sed i men ta tion and impaction scav eng -

ing at the higher side (> 0.5 mm). The be hav ior of the size

dis tri bu tion in be tween these cut off ra dii re flects the ef fects

of aero sol sources, sinks and trans port mech a nisms, which

are of re gional im por tance. Close to the aero sol source, aero -

sol prop er ties are as so ci ated with the gen er at ing mech a -

nisms. But at large dis tances from the sources on a global or

syn op tic scale, aero sol char ac ter is tics change.

Ear lier stud ies on the ef fect of the changes in wind speed 

on aero sol char ac ter is tics have in di cated a sig nif i cant in -

crease in aero sol con cen tra tion (Lov ett 1978; Hoppel et al.

1990; O’Dowd and Smith 1993), aero sol op ti cal depth

(Smirnov et al. 1994; Moorthy et al. 1997), and mass load ing 

(Exton et al. 1985; Moorthy et al. 1997) with in crease in

wind speed. Exton et al (1985) also re ported that the ef fect

ap pears to be stron ger at larger sizes. To ex am ine the ef fect

of wind speed on aero sol char ac ter is tics, we ex am ine the

vari a tion of the ra tio (Nc/Na) of the num ber con cen tra tions of 

coarse par ti cles (Nc) to the num ber con cen tra tion of ac cu mu -

la tion mode par ti cles (Na) es ti mated from the re spec tive size

dis tri bu tions against the mean wind speed during the pe riod

of MWR ob ser va tion (Fig. 10). It is seen from the fig ure that

the ra tio (Nc/Na) in creases with in crease in wind speed with a 

mod er ate cor re la tion co ef fi cient R ~ 0.72. This shows that

the in crease in sur face wind speed over a re mote con ti nen tal 

lo ca tion of nat u ral back ground causes mod er ate in crease in

the rel a tive dom i nance of coarse par ti cles pro duced due to

dry weather con di tions.

5. SUM MARY AND CON CLU SION

From the in ves ti ga tion of aero sol size dis tri bu tion pro -

perties, re trieved from spec tral AOD es ti mates over Di -
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Fig. 9. Monthly vari a tion of (a) tem per a ture (°C), (b) rain fall (mm), and 

(c) rel a tive hu mid ity (%) at Dibrugarh dur ing the pe riod from Oc to ber

2001 to Feb ru ary 2006.

(a)

(b)

(c)



brugarh, the fol low ing con clu sions are made:

i. The co lum nar size dis tri bu tions are, in gen eral, bi modal

al though unimodal dis tri bu tions are seen in few cases.

The power law dis tri bu tion is seen only in the month of

July 2005.

ii. The pri mary mode is not well de vel oped in most of the

cases, whereas the sec ond ary mode is sharper and con -

sis tent for all the bi modal dis tri bu tions.

iii. Higher val ues of AOD and Reff dur ing pre-mon soon sea -

son are at trib uted to the in crease in the rel a tive dom i -

nance of coarse par ti cles in the size spec trum.

iv. Dur ing pre-mon soon and mon soon sea son, the ex is tence

of sec ond ary mode is due to the advection of coarse

mode aero sols from the west Asian and In dian desert, In -

dian main land, and the Bay-of-Ben gal.

v. The lo cal tur bu lence cou pled with the sandy ar eas of

the Brahmaputra River and the sur round ing tea gar -

dens in flu ence the growth of sec ond ary mode in the re -

trieved size dis tri bu tions dur ing ret-mon soon and win -

ter sea son.
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AP PEN DIX

nc(r) co lum nar size dis tri bu tion of aero sols

tpl co lum nar aero sol op ti cal depth

a Ångström wave length ex po nent

b Ångström tur bid ity pa ram e ter

r ra dius of aero sol par ti cles

Qext aero sol ex tinc tion ef fi ciency fac tor

m com plex re frac tive in dex of aero sols

l wave length

rmi mode ra dius for the ith mode in lognormal of size

dis tri bu tion

smi stan dard de vi a tion for the ith mode in lognormal

size dis tri bu tion

K nor mal iza tion con stant

n Junge power law in dex

Nt in te grated con tent of aero sols

Reff ef fec tive ra dii

Na con cen tra tion of fine mode aero sols

Nc con cen tra tion of coarse mode aero sols
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