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Abstract-InSept~mbe~1989a JointU.S.S.R.-U:S. study dft~e causes and effects of desert dust on the' 
environment was conducted in the Tadzhik S.S.R. in Soviet Central Asia. The objectiveS 'Of the study 
included measurements .of optical absorption by suspended material, both windblown dust and aerosol 
"black:' carbon. This latter material is a combustion effluent, prevalent in emissions from poorly'controlled' 
burning, with, a long atmosphericlifetimeanq a huge cross-section for the absorption of visible 'radiation. 

, The measurements obtaiJ;Jed from the analysi,sof filter samples indicate that only during periods of active 
dust production was there asignificant contribution of dust to tot'aiabsorption. At other times; the presence 
of black carbon from local and· regional sources accounted for approximately 90° of the total aerosol optical 
absorptio1J.. The ,conclusions are that fuel combustion may produce ,a greater optical impaCt on the' 
atmosphen: in less-developed,areas of the world than that arising ftom the effects of desert dust production. 

INTRODlJCTION 

Ajoint 'U.S.,S.R.~,u.s. study ofthe. causes and effects of 
desert dust in the cOntext of anthropogenically in­
duced desertification was conducted in the Tadzhik 
S.S.R. in Soviet Central Asia in September 1989. This 
study involved the participation of many research 
groups and organizations on both sides (Gillette et al., 
1993, this issue), under the provisions of the 1988 
Protocol of Worl,cing Group ,8 of theu'S.-U.S.s,R. 
Bilateral, Agreement on Environmental Protection: 
Three sites wt':re,set up for tht': study of atmospheric 
physical and chemical parameters in the arid ,valley of 
the Kafirnigan River,. in the southeast portion .of the 
Tadzhik S.s.R. Synoptic, local and micrQ-meteoro~ 
logi<:a,l parameters, were measured,photometric meas­
urements wert': taken, and satellite image~ of the region 
were obtained for the study pel'iod. The objective from 
the point of view'of atmospheric optics is to produce a 
representation of optical absorption and scattering as 
a function of dust .loading" consistent with photo­
mejric,and satellite data; that may be used as input to 
models· calculating the. impact of anthropogenic de" 
sertification on atmospheric .radiative transfer. Other 
lJ.S. investigators were also involved in measurements 
of aerosol optical properties (Patterson et aI;, 1993, 
this issu~). In this paper we cQflcentrate on measure" 
ments of optical absorption and their interpretation in 
terms of the presence. of two species: "dusf" a.nd 
aerosol "black" carbon. 
• Aerosol '~black" carbo1J.(BC, sometimes referred to 
as,"elemental" carbon, EC) is a universal component 
of,the effluent from the'combustion of carbonaceous 
fuels (Wolff,. 1984; Goldberg, 1985).Jtsemissionfactor, 
~efinedas the mass; of aerosol BC emitted per unit 

mass of carbon consumed in the fuel, is highly variably 
and depends to a great degree on the nature oftheJuel 
and. the combustion .process -(Hansen etal., 1978). In 
general, the 'higher the temperature and the better 
controlled the combustion, the lower the Be emission 
factor. This factor has been mea.sur~d as ranging fJ:olll 
less. than 10-6 for emissions from industrial-scale 
boiler~powered by nat~ral gas"to gr~ater than 10- 6 

for the burning of a pile of asphaltic roofing material 
as encountered in a resideptialconfiagration (Dod et 
al., 198?).More typicalvalues for the average <:mis~ 
sionsfro.rn an area"wide.source, are around 10~4 for an 
urban mix of sources in a developed country, increas­
itigby perhaps one order of magnitude to aro.rind 
10- 3 for regional emi~sions in.a less~developed area. 

Aerosol black carbon haS a.n.absorptio~ cross­
section of approximately 10 ni2 ,g-l in the, visible 
spectrum; making it by far the strongest absorber 
commonlyeticountered.lntheatmosphere(Roess~er 
and Faxvog, 1980). It has a long' atmo~pher1c resi­
dence time, and has been detected at the most remote 
locations oil the globe (e.g. at the South Pole, Hansen 
et al., 1988). Typical concentrations of BC range from 
> 10 .ugm -3in some urban areas, to 0.1-1.ug m - 3 in 
rural iireas of the U.S." to 0.01-0.1 ,.ug m - 3 ,in remote 
regions of. the Northern Hemisphere. The optical 
absorption coefficient of desert dustisgenenilly meas~ 
ured to be at least two orders of magnitude smaller, i~e. 
in the regi()n of 0.03-0.1 m2 g- 1 (Patterson et' al., 197,7; 
Royetetal~, 1983). Thus,dust loadings, must exceed 
BC concentrations by'at least a factor ~f.100 ifthe dust 
is to make a significant contribution to tl;1e overall 
optical absorption. Inre'mote desert locationsdevoid 
of human iinpact this situation may in~eed be the case: 
however, the long-range transport ,of aerosol black 
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carbon from regions of copious fuel combustion may 
change this situation if the study area is downwind of 
anthropogenic activities. 

EXPERIMENTAL DETAILS 

properties of the dust are not greatly changed by the firing 
process, the optical attenuation of the sample after furnace 
firing will be 

ATfEN(2)=Sigma(Dust)*[Dust] (2) 

with no eontril>ution fr~mcarbon. W~ obsejve that a sample 
that ,'Was originally oC'a dirk greycolonltion will lose the 
blackness after firing, with a small amount of reddish-brown 

, coloration remaining, , 
Aerosol samples wetecollected over periods of one to a few Subtracting the above two measurements allows us to 

hours using a low-volume sampler at two locations during,., calculate the amount of aerosol black carbon in the mixed 
the study period~. From 6 to 18 September, the sampler ~as: ' sample, and also to calculate the contribution oreach species 
set up at Sitei, a rural lqcatipn atthe vilIage.ofIsenbai. From~,' to the overall optical absorption of the original total aerosol. 
18 to 21 September, the sampler was, ~ovedlo Site 3; in th~' His convenient to express the absorption due to dust in terms 
grounds of the Tadzhik Physical-Technical Institute in the of a "black carbon equivalent", i.e. the amount of Be that 
cit;y of Dushanbe. This city has a. population of approxim- would be needed to produce the same amount of absorption. 
ately 300, 000 people, with copious fuel combustion emis- . If the absorption coefficient of dust is 1000 times smaller than 
sions visible and a distinct air pollution problem. The Site 2 that of black carbon, then a dust absorption component 
location was an approximately 70 km distance from Du- "equivalent"tol Jlgm '-3BC represents an actual dust 
shan be. Further detailsqf the. site characteristics are. pre- loading of 1'mg'm-\ 
sented by Gillette et al. (1993, this. issue). Ninety-one samples were collected and analysed for op-

Samples were collected on pre-fired quartz fiber filter,S at tical transmission attenuation before and after' firing in a 
an air flo:", I'i\teqf approximately 0.5 m3 j1-1. Theaerqsol furnace. The optical absorption component that burned off 
was concentrated ontoa central spot on the , filter that was· was attributed to aerosol black carbon: that remaining after 
defined by interchangeable masks. Normally, masks of 0.5, 1 firing was attributed to dust. The dust 'absorption was 
and 2 cm

2 
were used, The aerosol inlet configu,ration in- expressed as "equivalent" Be for ease of comparison. 

volved no radius turns, and, SO it ,was hoped, that losses of 'Light Winds were observed predominantly from Dushanbe 
large dust particles would be minimized. Aftercolleftion, the (down-valley indirection) frointhe beginning of the experi­
samples were stored in Petri slides and subsequently returned ment until 16 September (Smirnov et al., 1993, this issue). 
to Berkeley for analysis. The deposits of carbon and dust are During the dust storm of 16 September, stronger winds 
both.chemically.andmechanically, stable?,and jt.is,()u~ directed up-Valley towards Dushanbe were measured. Gen­
experience that no substantial losses or errors are introduced erally, observers noted an abundance of smoldering fires 
during storage or transit: . which resulted in a smokey at~()spj1ereunder the light wind 

ThefiHer samples were analysed 'by a combination tech- COnditIons in the valIe~ froin 6 to ~5 September. ' 
nique'employing an optical transmission attenuation'measc 

. urement befor~ .and .. after h,eat treatment.in a furnace. We 
mea&~re. the. reduction lnintensity ofa brqadsPectrum light 
beam projected through the aerosol sample colIected on t.he 
filter; relative to the intensity transmitted through an adJa­
cent blank area of the filter. 'Quartz filters have a deep mat of 
qptically scattering fibers. that produces multiple reflections 
pf light incident qn t):Ie trapped particles, This; .hast:-vo 
consequences: first, itnulIifies the elf~cts ofqpticalscattenng 
by the particles on the net transmissIOn of lIght throu.~ t~e 
sample (thus ensuringihatthemeasurement'ofabsorphon IS 
not subject to interference by aerosol scattering); second; the 
multiple reflections;enhance the absorption signalby a factor 
of approximately,tw() (Rosen and Novakov, 1983; Gun<;lel et 
ill.; 1984). A measuremellt of optical attenuation may there~ 
fore'be interpreted as a measurement ofthe surface loading of 
absorbing ,aerosol species Uhaffected by scattering .aerosol 
species,. and conveJ;te.d tqa cOl1.centrationgiv~n tj1e sampled 
air flow.voIUlne. For samples taken. at non"4usty,lpcations, 
this absprption is attributed entirely to aerqsol black carbon. 
However, industY'areas such as the target of the present 
study, it is necessary to.consider the' contributions of both the 
BC and the . dust. The optical attenuation of the original 
~ampleis 

ATJ'EN(1) = Sigma(BCh[BC].+ Sigma(Dusth[Dust]. (1) 

where Sigma denotes the absorption cross-seCtion of each 
species, [Be] represents the mass per unit. area of. black 
carbon ill.th,e,sall1.plespot pnthe filter"and [Dust]represents 
the mass perunit are~ofduston thefiIter... . . 
W~' now '~mploy another useful feature of quartz tibe~ 

filte~s: theymay be fired to ahigh temperature without ldsi":g 
structunilintegrity or changing their optical' properties. If the 
sample is heated to a temperature of approximately 600°C in 
air for.a c()uple of.miIl1;ltes, the carbon content of the aerosol 
sainplewill beqompletelyburned away, and theBe con,tent 
of the samplewiII be reduced to zero (Gundel et al., 1984). 
Howev~r,thedust.Joading will generally notbeaffected; as 
dust is. a ,refractory material~ Assuming that the ,optical 

. RESULTSA:ND DISCUSSION' 

Figure ·'1 Shows . optical absorptiOri results' for the 
samples collected at Site '2, (Isenbai. village, 70' ktri 
distant from Dushanbe), from 6 to 18Beptember 1989~ 
The Be Concentrations generhllyranged from 1 to 8 
p,gm ~3: dust absorption expressed' as '~equivalent 
BC',ranged ftom 0.1 to 1 jtgm- 3 Be equivalent;·i.e: 
OJ~l mg m- 3 of dust if the dust absorption cross­
section is 1 000 times smaller thlm that of black carbon. 
Large excursions are seen in the black carbon' data, 
but.'relatively little variation was seen iri the dust 
component of optical absorption. 

The percentage contribution of dust to the total 
optical absorption oethe samples is plotted in Fig. 2 
for these data. The results'show a clear periodicity 
with· a diurnal cycle peaking in the afternoon and 
having a minimum in the early morning hours. This 
finding is 'shown in . more detail in Fig. 3, whiCh 
displays the mean dustconti'ibutiori to totalopticaJ 
absorption for each hour (local time). From 3 to 10 
a~m;, the dust contribution is from 6 to 8 %, with little 
variability'for the same hour over the 12~d period: 
Note that this period didnotinclude the dust storm of 
16 September. This implies that aerosol black carbon 
(e:g.local or regional "smoke"}contdbuted from 92 to 
94 % of the total optical absorptiondurin'g these hours 
in this two"week pefiodof light winds. From Jp.m. 
onwards, the dust contributiori increased bya facto(,of 
from two:{othreetimes,tovaluesfrom 12 to 15%, 
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Date, Starting September. 6th, 1989 

Fig. 1. Optical absorption of particulate material collected 
on time-integrated filter.samples aUhe rural location, Site 
2, from 6 to 18 September'1989. The filters were analysed 
before and after firing in a furnace, to separate the com­
bustible black carbon and therefraCtoty dust 'absorption 
which issh6wn as "equivalentBC";. i.e. the amount of BC 
that would be required tppr0duce: th~sameoptical absorp~ 
,tion.(see.text). The upper poip.tsshQW theBCconcentra~ 

. . ti~!1s, the. lower points the. dust ",e~tlivaleIlt" Be. 
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Dat~, Starting September 6th, 1989 

Fig. 2. The percentage" contribution~of dust to' the total' 
optical absorption of the samples collected at Site 2 ftori16 to 

. 18 September 1989: Note the'diurnal periodicity;, 
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'Fig. 3: Percentage contribution of, dust to' 
total optiCal absorptionfot all samples collet- " i 
ted at the rural location,Site2,from 610:18 . 
September 1989,grouped by hour of day'(local;'; 
time). The result from each time-mtegrated: 
sample is distributed equally . over the hours" 
that the sample covered. The mean is shown by 
the central line,' the: S.D. by the extent of the, 

bars. . . 

--:- Site 3 Dust 
- Site 3 B.C. 

Date,S~a~ing~;ember 18th,.1989 

Fig. 4. Aerosol black carbon and dust "equi­
valent" BCconcentra:tions forsamplescollec" 
ted at Site 3 in the city of Dushanbe from 18 to. 
21 September 1989.· The' higher dust optical 
absorption on 21 September is attributed toa 
duststorm.that.occurred the previous day .. 

50 ~-------------------------, 

- Site3 

~ m ~ 

Dale, Startin~$ePte~ber 18ih,,3 989 
,', ".' ;. ',.' . ) 

Fig. 5. Percentage coritrib~tion .. ~f dust to the 
total optical absorption of the samples collected 
at Site 3. Note the high contributions of residual 

dust after th~ dusistorm of 20S~ptember. 

with consid~rably greater variaQllity. 'This, result is 
pro babiy cogelatedwithanthrop()genic activities that 
may raise dust by vehicular traffic during the day, and 
the accumulation of pollutants (i.e. smoke) at night. 
. The data from Site 3' in the city of Dushanbe are 
shown in Fig. 4 and 5. Note first that the scale of total 
optical absorption is greatly increased: Be concentra­
tions ranged frQm 4 to 20 jlg m - 3. The dust contribu­
tion to total absorption Was similar to Site 2, except 
for the set of samples taken at the end of the study 
period 'on '21'September1989. A dust' storm occurred 
on 20;Septerriber,calth6ugh samples'wereilottaken 
that day. We see thaHhe dust contribution toabsotp". 
tion increased' 'on 21 September, possibly due to 
residual dust transported into the city_ There are 
insufficient data from this location to determine' any 
diurnal cycle in the dustvsblackcarbon contributions 
to 6pticalabsorption.· . 

Furtheranalysis is presented in Fig. 6 and 7; which 
show distributions of the dust contribution to total' 
aerosoloptica:l absorption at the two locations_ At Site' 
2, the analysis of 76 samples showed that dust contri­
buted Lf.3± 6.2% of the total absorption (arithmetic 
mean± S.Dl A few samples showed eleVated' dust' 
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Fig. 6: Distribution of the percentage contri· 
butiondf dust to total' optical absorption for 
all the samples collected at'the rurallocatiort, 
Site 2. For the total number of 76 samples, the 
meari contribution of dust to optical absorp-

tion was 11.3 ±6.2%. 
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Fig. 7 .. Distribution of the pereeniagecoritrl-' 
bution of'dust to 'total' opticill absorption for 
the samples collected at Site 3 in the city of 
Dushanbe. For the first 11 samples, the mean 
contribution of dust to optical absorption was 
11.2:t6,O%,a1most identical. to that for the 

. samples collected at the rur~llocatio!l. F or the 
last four samples' taken one day after a'dust 
. storm 01120 September; the mean C,ontribution 
of dust was 25.8±4.1%. These last samples are 
,r~presented py the right-most par of th<f hi~to­

gram. 

contributions, over 20% but tlwse : cases were the 
exception. In Dushanbe, Jhe. analysis; of the first 11 
samples showed- an. almost id,elltical. result" giving a 
dust contribution of 11.2:±: 6.0%.: The, final four sam­
ples,takell on 21 September (thed,ay follo~ingthe 
dust storm), gave a mean dust contribution~ 0f 25.8 
±4.1% to the Jotal optical absorption. These res,ults 
show that aerosol black' carbon, due. to fuel com· 
bustion is the dom.inant source of optical absorption 
by suspended material in this stud,y, fOf the sampling 
periodsspa:Q,ning -time~ outside of the actual ,occur­
rence ofd~st.storms. Unfortunately,we are not able to 
com pare these results withmeasuremeIlts ,during dust 
sto,rms. 

The:effect ·of this absorption on optical path extinc" 
tion in the atmospheremay:be.estimated by the 

following arguments. A concentration of 5 /l.g m -:3 of 
aerosol black carbon will result in an absorption 
coefficient ()f 50* 10- 6 m -1, using an absorption cross­
section of 10 m2 g-l. Optical scattering coefficients 
measured d,uring the ,study (Panchenko et al., 1993, 
thisissue) ranged from 1 to 5*10- 4 m-l.Absorption 
th~refore c~ntributed' from 10 to 20% of the total 
optical extinction,;/~h~ingan el;fective' single-scattering 
albedo for the 's'uspended, ,material of 0.8-0.9. Of this 
absorption~ thedu;st coiitrlb~tion;~as usuaily around 
10% as discussedab<h:e:'thus, the dust absorl'tion 
contributed about 1-2% of the total, 'extinction, im­
plying a single-scattering albedo for the dust in the 
range of 0.98-0.99. 

We participdted'in ,~desert-dus,t~tUdyjri an ~~id 
region of Soviet Central Asia, and analysed total 
aerosol samples collected onquattzfiber filters with a 
procedure that allows a separation' ()f the absorption 
due to (refractory) dust'from that due to (c()mbustible) 
aerosol "black" carbon, a common pollutant. We 
found that aerosol black carbon was the major contri­
butor to total optical absorption at both the city site 
and rural site, some 70 km distant. Optical absorption 
due to dust averaged approximately 11 % at both 
locations, except for a few samples taken one day 
following a dust storm when it rose to approximat~ly 
25%. The black carbon contribution at the rural site 
showed a distinct diurnal cycle. We conclude that 
during days' of;Iight wind velocities, the impact of 
an~h~opogenic" . aciivitles'on 'atmosph(:ric' optical 
abs~rptioninthjs,areajsdominatedbythe:production 
of smoke. ,', ' ' ' 
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