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Abstract. Aerosol variability is examined as function of par- 1 Introduction

ticle size for data collected over the Northern Indian Ocean

in February 1999 as part of the INDOEX experiment. It was Aerosols play a key role in the atmosphere and have been
found that for particles believed to be of terrestrial or oceanicthe focus of intensive investigation in recent years as they
origin, the variability correlated with the average number are known to be important components of both urban haze
concentration. For particles that are thought to be formed anénd acid rain (Graedel and Crutzen, 1993; Kulshrestha et al.,
grow in the atmosphere through coagulation and condensat999). When high concentrations of aerosols are widespread,
tion an anticorrelation was observed, the minimum in vari- they can have a significant affect on global climate (Charlson
ability coinciding with the maximum in the number concen- et al., 1992; Ramanathan, 1998), directly by scattering and
tration. Three altitude ranges were examined (0-1, 4-8 an@bsorbing incoming solar radiation, and indirectly by act-
8-13 km) and the minimum in variability was found to occur ing as cloud condensation nuclei for cloud and fog droplets,
at lower particle sizes in the free troposphere (0,069 than  thereby affecting the droplet concentrations, optical proper-
in the boundary layer (0.165m). The observed variability ties and lifetimes of clouds (Houghton, 1996).

has been compared to that generated by a numerical model The sources of aerosols to the atmosphere may be nom-
in order to determine the relative importance of the physicalinally divided into two types. Those that originate at the
processes. Modelled variability of 0.@2n particles caused Earths surface such as soil dust, sea salt, burning smoke and
by nucleation was not observed in the measurements. A prepollen, and those formed in the atmosphere in situ by chem-
viously derived empirical relationship for aerosol residenceical reactions or physical processes. Particles are thought to
time was compared with the measured variability as a funcform in the atmosphere mainly out of sulfuric acid and wa-
tion of bin size. The aerosol variability / residence time rela- ter vapor (Jaeoker-Voirol and Mirabel 1989; Kulmala et al.,
tionship was characterised by a coefficigitdt all altitudes  1998), however other gases are proposed to play an impor-
and for both correlating and anticorrelating regimes. Bytant role as well, for example ammonia, (Korhonen et al.,
combining the derived coefficient with the model predicted 1999) and the reaction of ozone with alkenes (Koch et al.,
lifetime for 0.020um particles we estimated residence times 2000). Physical processes, such as mixing and convection
and ages as a function of particle size and altitude. Generahay enhance particle formation (Clarke et al., 1998; de Reus
agreement was found with previous estimates of aerosol resiet al., 2000, 2001). With time, small particles grow by co-
dence time. In the upper atmosphere aerosols of QO6Hh agulation and vapour condensation to become larger parti-
size have residence times of approximately 1 month and cales. Eventually they become so large that they fall from the
be transported on a hemispheric scale. The same size aerosatimosphere by gravity or are scavenged by clouds and pre-
has a lifetime one order of magnitude less in the boundarycipitation. In the boundary layer the aerosol particles may
layer and therefore will not be transported far from the sourcealso impact on obstacles (trees, buildings etc.) or the sur-
regions. face. Aerosols, which can range in size over 7-8 orders of
magnitude, are typically measured within narrow size ranges
(henceforth termed bin size) which are defined by the geo-
Correspondence tal. Williams metrically averaged diameter over the range of sizes in this
(williams@mpch-mainz.mpg.de) bin.
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134 J. Williams et al.: Application of the variability-size relationship

The use of measurement variability in the analysis of at-2 Instrumentation
mospheric processes was first quantitatively applied to mea-

surements pf long lived gas phase species using .relative Stalkerosol size distribution measurements, ranging from 0.020
dard deviation (RSD), by Junge (1974). A modified version 2.5,m diameter, were performed by the Institute of Ap-

of this technique using the standard deviation of the naturab"ed Environmental Research, Stockholm, Sweden, using
log of the concentration (sigma In X) has recently been suc combination of instruments. Ambient air is drawn to the
cessfully employed with trace gas data, to analyse sourcesergso| detection instrumentation through a 6.35mm rear-

sink relationships, to check data quality, determine the reyyarq facing stainless steel inlet at a rate of 10 L ndinSam-
moteness of a dataset from sources and even estimate radlqgﬂng losses by sedimentation and impaction inside the tub-

concentrations (Jobson et al., 1998, 1999; Williams et al.jng were calculated as being insignificant due to the submi-
2000, 2001b). The former work is based on the premise thatony sampling by the inlet. Diffusion losses within the inlet

measured variability is to some extent inversely proportionalyre calculated as around 15% for 7 nm particles and 10% for
to residence time. Gas phase species in model and measurgg nm particles (Hinds, 1982). Particles larger thamidi-
ment studies have been shown to exhibit a variability lifetime ymeter are not sampled through this inlet due to inertial sepa-
relationship which is stronger when the measurements are réation, which prevents these particles from entering the probe
mote from sources (Erhart et al., 1998; Jobson et al., 1998).(schiyder and Stim, 1997). This inlet is used for Condensa-

Application of a variability lifetime analysis for aerosol jon particle Counters (CPC's) and the Differential Mobility
measurements is complicated by the fact that the lifetime ofp4ticle Sizer (DMPS) system. A second, near isokinetic in-
an individual aerosol particle within a size range is difficult ¢ which is able to collect larger particles, facing the flight
to determine; as itis a function of the whole aerosol size dis-gjrection is used by the Optical Particle Counter (OPC).

tribution. If an aerosol particle changes size then its lifetime . . : .
will change. It is also possible to have sources or sinks of Between 0.020 and 0.6 diameter, the particle size dis-

. o o tribution is determined using a DMPS system. This instru-
aerosols which effect only a few bin sizes. This is normally . . .
S . ment is custom built for airborne measurements and has a
not the case for the gas phase variability analysis where a . . e
) . ; closed loop sheath air system (Jokinen anakbt, 1997).
common sink, usually the hydroxyl radical, predominates for . .
. : : . The DMA used was a short Hauke type, with a sheath air-
all species. In the first part of this study, the aerosol vari-

1 . . .
ability and particle concentration are plotted as a function offIOW of 5Lmin". Particles in a narrow size range selected

article diameter. If a physical process such as coa ulatiorlljy the DMA (Differential Mobility Analyzer) were counted
P ' Phy P g by a TSI 3010 CPC, with a sample flow rate of 1L min

or condensation causes particles to grow from one bin siz% . . .
. very 20 s one scan over ten size bins was performed, which
to the next, then that process acts as the sink for the smaller

aerosol size bin but also as the source for the next highest siz%orresponds to a spatial resolution of about 3 km. One minute

bin. This has the advantage that a trend in the variabiIity-sizeavera(‘:]ed size distributions were used for the analyses in this
relationship may occur when common physical processes adiarer
on aerosols over a wide size range. Although a wide range of An Optical Particle Counter (OPC) Particle Measuring
aerosol data as a function of size exist (Raes et al., 2000 angystem Passive Cavity Aerosol Spectrometer Probe (PMS
references therein) little attention has been given to the life ?’CASP) was used to determine the particle size distribu-
times of aerosols within these size bins since the pioneeringion of particles with a diameter between 0.12 and/ %
work of Jaenicke summarized in Jaenicke (1982). his instrument classifies particles in 32 size bins by using
In this study we present airborne observations of aerosofhe light scattering properties of the aerosols. For the pre-
size distributions between 0.026n and 2.5.m diameter for sentation in this paper several bins are combined in order
the INDOEX campaign, which was based in Male ¢\ to reduce the uncertainty due to counting statistics. For the
73.3 E) on the Maldives. For various subsets of the datasSmaller particles< 1 .m diameter, the OPC is calibrated us-
from this campaign, we compare average number concentrdd @mmonium sulphate particles. For larger particle sizes
tions for the logarithmically increasing bin sizes to the mea-latex spheres are used. The data were stored at 1 Hz.
sured variability (sigma In X) of each bin. The relationship of  The uncertainty in the measured particle number concen-
variability to particle size is presented and interpreted in a vatrations in the different size bins is dependent on counting
riety of defined atmospheric conditions and altitude rangesstatistics, and equal to the square-root of the number of par-
We analyse measured variability of the particle concentraticles counted in a sampling period. Hence, the uncertainty
tions in combination with variability derived from numeri- decreases with increasing particle number concentration and
cal simulations of aerosol transformation in order to deduceaveraging time. Only measurements on isobaric flight lev-
dominant processes influencing the particle size distributionels are included in the analysis, since the DMA instrument
Finally we use the measurement variability to empirically de- requires a relatively constant operating pressure. Presented
rive residence time as a function of particle size for a varietyhere are the data from DMA and OPC instruments covering
of conditions including the marine boundary layer and sec-particle sizes 0.02—-2/m. Particle size is given as the diam-
tions of the free troposphere. eter throughout.
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Fig. 1. Measurement variability, average particle number and surface area are plotted as a function of bin size for data collected in the
boundary layer (0-1 km) during the INDOEX campaign.

3 Results etal., 2002; de Reus et al., 2001). Between 4 and 8 km the air
had mostly not been in contact with pollution sources for the
3.1 \Variability and size distribution past 5days although occasional incidences of outflow from

the sides of convective towers were observed at these alti-
The variability to particle size relationship has been exam-tudes. The main outflow of these convective events occurred

ined in data from the Indian Ocean Experiment (INDOEX) above 8 km, bringing polluted boundary layer air to the mid-
experiment. The dataset was collected in February during th&l€ to upper free troposphere.
winter monsoon, from a base on the Maldive Islands°(Kl,1 Figure 1 shows the average aerosol size distribution from
73.3 E) using a Cessna Citation jet aircraft. Measurementsall scans made in the mixing layer (0—1km) within the
were performed between 0.2 to 13km, over the ared-8  boundary layer during February. Also shown is the variabil-
8°S and 70-8DE. Meteorological conditions over the In- ity of each bin size within this subset of scans. The parti-
dian Ocean are associated with the migration of the Intercle size distribution (open circles) shows a main mode at ap-
Tropical Convergence Zone (ITCZ). Detailed analysis of theproximately 0.17:m, and a smaller mode at approximately
prevailing meteorological conditions during the INDOEX 1um. The size distribution of the variability (solid circles)
campaign is described elsewhere (Verver et al., 2001). Thehows a local minimum at 0.36m but a local maximum at
boundary layer over the Maldive Islands is influenced by1um. For this 0-1km dataset, the variability anticorrelates
north-easterly winter monsoon winds which advect pollutedwith the number concentration for size bins between .02
air from south-east Asia and the Indian subcontinent, overand 0.5.m but appears to correlate from Q. to 2.5um.
the Indian Ocean, towards the ITCZ. After entrainment into Moreover the variability data exhibits a uniform decrease be-
strong convection, air mainly detrains above 8 km and returngween 0.020 and 0.15m.
northwards at various altitudes leading to a complex vertical \We interpret the uniform decrease in variability observed
structure as described by the Hadley circulation model (Mc-petween 0.02—0.15m as indicating that a common growth
Gregor and Nieuwolt, 1998; lyengar et al., 1999). Distinct process is predominant over successive size bins, and that
layers, evident in CO and GQprofiles near to the ITCZ at  with increasing size it takes longer for an aerosol of given
approximately the same latitude, have been previously resize to grow into the next size bin. Based on previous work
ported by Williams et al. (2001a). in the marine boundary layer we assume this process to be
It has been shown that the atmosphere over the Indiaroagulation, which acts a source and a sink for particles in
Ocean can be divided into vertical sections with similar the 0.02-0.1%m size range (Raes et al., 1995). For particle
trace gas and aerosol characteristics (de Reus et al., 20019izes above about 0.16n a clear turning point in both the
The boundary layer (ca. 0-2.5km) over the northern Indianvariability and number concentration trend is observed. Be-
Ocean was found to contain ubiquitously high trace gas andween 0.16:m and 0.5um the particle surface area reaches a
aerosol concentrations transported by the northeasterly tradmaximum and condensation therefore becomes increasingly
winds from South East Asia, (Lelieveld et al., 2001; Williams important for the growth of particles, see Fig. 1. Unlike co-
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over the northern Indian Ocean, however, does not show such

< 2r
. . o
= 103 <2 °o, L & gve 1100 & a pro_nounced _b| modal structure._ This is probably due to
g F ° . d oo ®e ® 4,6 S the high pollution level of the marine boundary layer over
2 ., ®00” o * 10 8 the northern Indian Ocean, which masks the effects of rain-
< 01k o0 g out and cloud processing (in the polluted air the fraction of
% g INDOEX 8-13 km o %% 41 ’g aerosols activated as cloud nuclei is small compared to what
8 e \P’Z[;?flg'a’umber © o is potentially available).
8 0.0l b= L O We have suggested above that the variability plot may be
z2 3 ane 0.1 2 3 ane 1 2 used to differentiate between particles formed in situ (via
Diameter (Dp) pm coagulation and condensation), and directly injected aerosol
< . S based on anticorrelation and correlation with the particle size
= 18°° © °y L 4100 2 distribution respectively. Furthermore, the trend in the vari-
£ £ . ?8;; L 5 ability between 0.02-0.Am has been interpreted as coag-
= o ®ee® %o 110 8 ulation. We will assess this hypothesis by examining the
> 01f © 5 1 3 variability of coagulation and condensation processes with a
= 4f| INDOEX 4-8 km oo ’g model below. But first we present how the measured variabil-
8 of| @ \P/::lt?cblgltNyumber °o * o1 s ity trends vary with altitude. Figures 2 a—c show variability
g o.01 T s T - and particle number as a function of bin size for the altitude
1 sections, 8-13 km, 4-8 km and for comparison 0—1 km.
Diameter (Dp) pm The airmasses between 4-8 km contained few particles
< ) o 00000 greater than 0.2m. From back trajectory analyses and satel-
(_i 12, .00 © 41000 lite pictures it was determined that air masses in this altitude
s Ce o @ o had .
IS 0®e °, = range had not had recent contact with surface sources (de
[ [ [ ] = . e .. L. .
o 0° ® ecee® " 11002 Reus et al., 2001). A variability minimum coinciding with a
l; 0.1 NDOEX Ok 110 S particle number maximum was observed, although at lower
= ® Variability ° o o particle size than in the 0—1 km range. A second peak in vari-
g O Ave. Particle Num. °c 41 3 ability at approximately 0.3m correlates with the particle
$ 001 PR a— el O ~ siz_e distribution at this particle size. Based on the hypoth-
0.1 1 esis presented previously for the boundary layer, we postu-
Diameter (Dp) pm late that particles of this size are directly injected into this

altitude range, probably by cloud processes. Such large par-
Fig. 2. Measurement variability and average number concentrationticles could be either remnants from evaporating cloud par-
are plotted as a function of bin size for data collected betwagn ticles or interstitial particles transported from the boundary
8-13km,(b) 4-8km,(c) 0-1km in February of the INDOEX cam-  |ayer into the free troposphere via convection. In both cases
paign intensive field phase. the source is discontinuous, thus sporadically providing high

particle numbers and hence high variability. Observers on

board the research aircraft often noted outflow from convec-
agulation, the strength of the condensation source will be detive cells occurring in this altitude range. Very few particles
pendent on surface area and accordingly a different trend cagreater than 0.8m were measured in this altitude range. For
be seen in the variability-size relationship. many size distributions the number concentration measured

In contrast to the case above, the local maximum in theat these bins was zero. Although the instrument is function-

number concentration at aroungkfin, coincides with a max- ing correctly the high number of zero values has the effect
imum in the variability. We postulate that correlation of vari- of reducing the variability, see the three points on the lower
ability and concentration indicates a direct source of particlegight of Fig. 2b.
of this size range to the atmosphere. As an additional source The uppermost layer (8—13 km) was found to often contain
for some size bins, this would induce more variability in elevated levels of carbon monoxide, which indicated convec-
these bins and therefore produce a maximum in the variabiltive transport of pollutants from the boundary layer to this
ity and size distribution plot. As these measurements weraltitude level (Williams et al., 2002; de Reus et al., 2001). A
taken over the northern Indian Ocean we assume these partiletailed analysis of the size distributions observed in the up-
cles to be sea salt. Aerosol size distributions observed in th@ermost layer (8—13 km) has been given elsewhere (de Reus
marine boundary layer over other large ocean surfaces geret al., 2001). Using a hovel combination of backtrajectory in-
erally show a bi-modal structure, with a minimum at about formation and cloud top temperatures retrieved from satellite
0.1um diameter (e.g. Clarke et al., 1998; Covert et al., 1996;images they also concluded that elevated concentrations of
Hoppel et al., 1994), which is indicative for cloud processing. nucleation mode particles and CO were indicative of outflow
The aerosol size distribution in the marine boundary layerfrom convective clouds. In addition it was postulated that ac-
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J. Williams et al.: Application of the variability-size relationship 137

cumulation mode particles at this level showed indications ofacid molecules to pre-existing particles. This rate is given
cloud processing. The variability of the particles in this size by:

range supports this hypothesis, showing a peak ath2

thus providing a correlation between particle enhancements; — ; (3)
and variability. A co-incident peak in particle number con- (m> n (4>:|

centration and variability was observed in all three altitude D

ranges. A minimum in variability associated with a maxi-

mum in particle concentration was also observed at all alti-where dp; is the aerosol diameted) and v are the sul-
tudes, although in the boundary layer this was observed aphuric acid diffusion coefficient and molecular velocity, re-
larger particle sizes (0.16m) than at higher altitudes (ca. spectively.

v

0.065um). New particles in the model are formed whenever the con-
centration of sulphuric acid molecules exceeds the fixed
3.2 Modelled aerosol variability threshold value. Molecules in excess of this threshold are

assumed to condense into new particles. It is further as-

The shape of the size dependent variability gives some clueg§umed that water vapour co-condenses in a proportion that
to which processes control the lifetime of the aerosol in aYi€lds a particle density of 1.5 g cm. The new particles are
particular size range. In the following section we make useintroduced in the smallest bin size and the number of parti-
of a numerical model to compare simulated variability to the Cl€s is simply given by dividing the condensable mass with

observations in order to analyse the relative importance of€ size of that bin which is 1nm diameter. Although wa-
different processes. ter vapour is assumed to be part of the particle formation it is

The model describes three processes: new particle fornot treated elsewhere in the model and hence effects resulting

mation, coagulation and growth by diffusion of gaseousfrom changes in relative humidity are not simulated. Clearly
molecules to pre-existing particles (condensation) Thethe treatment of new particle formation in this model is ther-
model used in this study is based on a multicomponent CO_modynamically inconsistent. However, this is not a problem
agulation model described in 8tn et al. (1992). It is a sec- in this study since this process could essentially have been

tional model with 46 size classes between 0.001 jorB%ii- included using a prescribed particle production. The formu-

ameter and it is using a variable time step. The multi Compo_Ia'uons are very much simplified, but gives a certain amount

nent capability of the model is turned off, but a phenomeno-Of feedback possibilities as the size distribution evolves. It
logical description of new particle formation and a module also provides a chance to relate Fhe source terms of particles
for aerosol growth by diffusion has been added for this study.2nd condensable vapour to physical parameters.

Both the new particle formation and the growth by diffusion The initial distribution used in the simulations was given
are related to the concentration os$0; molecules. The by the observed average size distributions in three altitude

threshold values for new particle formation f1and 1G)  anges, presentedinFig. 2. A series of eight numerical exper-
can be viewed as critical supersaturations. This critical levelIMents were performed for each altitude level. In the first ex-
is held constant during each simulation and hence does ndi€fiment the size distributions were allowed to age by Brow-
change with temperature or humidity. The surface area ig!an coagulation only, and no other processes was turned on.
a sink term for the SO, molecules The oxidation of SO The following three experiments were performed using three

by OH and further reactions provide the source of gaseoudlifferent SQ levels at 0.02, 0.2 and 2 ppbv, respectively. In
H»S0y. The production rate is written as: these simulations $804 was allowed to form and deposit on

pre-existing particles, but new particle formation was turned
off. These three experiments were repeated again but this
time new particle formation was turned on. The sulphuric
acid threshold concentration required in order to activate par-
ticle production was 1molecules per cubic centimetre. In
the final simulation this threshold was changed t6dréi3,

PH,s0, = [SO][OHJk), 1)

where [SQ] and [OH] are concentrations in molecules per
cubic centimetrek, = 1.2- 10712 (s~ cm?®). The OH con-

centration is prescribed by a semisinusoidal diurnal variation, . 4 the S@ concentration was 2 ppbv for the lowest altitude
; i -3

with a maximum of 3 10° cm=3 at noon. -~ level, and 0.2 ppbv for the two higher altitudes, which are
Sulphuric acid molecules may be lost by deposition ONtypical SG values for the polluted boundary layer.

pre-existing particles. The sink rate for each bin sizés We are interested in comparing observed variability with

given by: the time dependent changes in the aerosol distribution calcu-
lated by the numerical model. One way to do this could be

SH,s0, = [H2SOsl ks; A; n; (2) to first simulate fairly long time series with different initial

conditions. Followed by a random selection of distributions
whereA; is the aerosol particle area; the number density in order to emulate the aircraft measurements and achieve a
of aerosol particles, ankk; is the transfer rate of sulphuric synthetic variability. However, we choose to limit the simu-
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lations to one day (24 hours). The rate of change in numberdditional variability observed in the higher size range which
density for each specific bin size was estimated by comparis not predicted by the model. The discrepancy between 0.15
ing the initial size distribution with the distribution at the end and 0.35«m could arise from an additional sink provided by
of the simulation. By using the estimated tendencies one camteraction with clouds. While particles less than Qrth are
calculate the time it would take to change the number dennot expected to be affected by cloud interactions, the effi-
sity by 50% for each bin size. This time is not only associ- ciency of a cloud sink would gradually increase between 0.1
ated with a loss of particles, as the term lifetime would indi- and 0.5um. A concomitant increase in variability related to
cate, but may also be a result from a net gain of particles irthis sink from 0.Jum to 0.5.m would therefore be expected

a particular bin size. In this study we assume that this cal-f the boundary layer air had come in occasional contact with
culated lifetime is inversely proportional to variability, and clouds.

hence simply invert the calculated lifetime to compare mod- Between 4-8 km, Fig. 3b, the model results show that sev-
elled and measured variability. As the aerosol lifetimes areeral of the trends in measured variability can in the be ex-
probably of a similar order to the shorter lived trace gases weplained by the physical processes included in the model. The
might expect a weaker dependence on lifetime. However, asnodel results again indicate that nucleation does not play an
we do not know this dependence for the aerosol case whergnportant role. For particle sizes of 0.065 and below,
sources and sinks are very different to trace gases, we foleoagulation alone can explain the variability trend, while be-
low the intuitive inverse proportionality (variability = 1/life- tween 0.065 and 0,3m variability from diffusional growth
time) to determine modelled variability. The matching trends by condensation can explain the upward trend in variability
found in the measured variability support this choice. A de-with increasing size. Shown in Fig. 3b is the calculated vari-
pendence of 0.5 (variability = 1/lifetime 0.5) has been deter-ability due to condensation assuming 0.2 ppbv 0L S@t
mined as typical of hydrocarbons in the background atmo-around 0.2%m a discrepancy occurs where the measured
sphere (Erhart et al., 1998; Jobson et al., 1998). We thereforeariability increases while the modelled decreases. As men-
also performed a sensitivity test using the 0.5 dependencédoned before we attribute the increasing variability (and as-
and found similar trends and discrepancies in the modelledociated maximum in the particle size distribution) to parti-
and measured data to those using as discussed in the modgks directly injected from cloud outflow.

results section below. Comparing the measured and model results for the 8-
13 km data also shows no indication that nucleation is affect-
3.3 Model results ing the measured variability in this size range. This does not

exclude the possibility that nucleation is occurring at this al-

The results from the model calculations are presented hergtude but it suggests that either its effect on the variability is
in Figs. 3a—c, for 0-1 km, 4-8 km and 8-13 km, respectively.|imited to size bins less than 0.0p2n or that the model pa-
Each figure shows the calculated variability for each aerosotameterisation of nucleation is not correct. Indeed the small
size associated with: coagulation only; coagulation and conparticle data between 0.006 and 0.Qd® do show strong
densation; and condensation, coagulation and nucleation, iBvidence of small particle production in this altitude range
each case with the measured variability for Comparison. ThE(de Reus et al., 2001). As the measured variability comes
condensation related $S@nixing ratios chosen for presenta- from data collected to a large extent in the vicinity of con-
tion in the altitude ranges 0-1 km, 4-8 km and 8-13 km wereyective outflow, a complicated variability trend is expected.
2, 0.2 and 0.02 ppbv, respectively. However the general trend between 0.002 angi@axan be

Between 0-1km, the measured variability trend for parti- explained by a combination of coagulation and condensation.
cles of smaller than 0.16m, is equivalent to that produced
by the model calculation with coagulation alone. For particle
sizes> 0.25um, increasing variability with increasing par- 4 Estimating aerosol residence times as a function of
ticle diameter condensation becomes more important. Lit- sjze
tle change in the variability was observed when the concen-
tration of the condensing SQwas increased from 0.02 to The first attempts to measure a general residence time of at-
2 ppbv. There is no strong evidence in measured variabilitymospheric particles were made using radioisotopes as trac-
for nucleation in the particle size range presented which acers. These attach to aerosol particles and are removed with
cording to the model would strongly affect the 20—30 nm bin them during dry deposition and precipitation. Values of the
sizes. The model differs strongly from the measured vari-order of 5 days were deduced for midlatitudes from the ra-
ability trend in two ranges, 0.15-0.38n and 0.7-2.5xm tio of short-lived to long-lived radon daughters in surface
where in both cases the measured variability increases whilair (Blifford et al., 1952; Haxel and Schumann 1955). As
the modelled variability decreases. This additional variabil-the decay of radon is essentially a gas to particle conver-
ity could arise from additional sources or sinks not accountedsion process, the decay products attach primarily to a range
for in the model. As suggested above, a source of sea salt paof aerosol sizes within the accumulation mode and so it is
ticles injected into the boundary layer air could explain the particles within this size range that have an intergrated life-
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time of approximately 5 days. The residence time of tropo-applicable to all tropospheric aerosols and that differing ex-
spheric aerosols as a function of particle size was first examtents of wet removal account for the main difference in res-
ined specifically by Jaenicke (1978, 1980). These studiesidence time for this standard diameter of Qi®. In our
showed that an empirical residence time function could bestudy the standard diameter used was taken as the minimum
derived from published residence time estimates applicablén the measured variability, namely 0.46n for 0—1 km data
to particles between 1§ and 16 um. and 0.065:m for both 4-8 and 8-13km. In this way we

In this study we attempt to derive residence times for allcan derive a value fof for each particle size for each alti-
measured aerosol sizes for the three altitude ranges considiide dataset. The results of the variabiliticomparison are
ered. We base our estimate on the assumption that the varshown in Fig. 4.

ability of particles is to some extent inversely proportional to  The absolute value of the residence tifhis not important

the lifetime to the poweb, see Eq. (4). The same relationship for the derivation of theb coefficient (dependence between
has been used successfully in gas phase studies where the Ggrriability and residence time) as the coefficient remains the
efficient is used as an indicator of the relative strength of sgme if the curve is shifted horizontally in Fig. 4. Although
chemical sink and turbulent mixing terms. Valuesbaflose  the measure of residence time we have used is arbitrary, two
to 1 have been interpreted in gas phase studies as indicatingistinct trends have emerged: one corresponding to the par-
the dominance of the chemical sink which would be expectedicles thought to be formed and grow in the atmosphere by
only in regions remote from sources. in situ physical processes; and one for the patrticles believed
to be injected sporadically into the atmosphere. For 0—1 km
data (shown as filled circles) a well defined anticorrelation

In order to determine and to interpret the coefficierior of variability and this arbitrary residence time is shown for
the aerosol case we need to examine the relationship betwediirticles between 0.02 and Quin. This inverse dependence
variability and residence time of a particle in a size bin. We of variability lifetime is also observed m_trace gas measure-
have used a modified version of the empirical expression fof"€nts made far from local sources. Particles betweep.5
residence time given by Jaenicke (1982) shown in Eq. (5)and 2.5um however show a correlation. This may be caused

Measured variability (Sigma In X)x T~ (4)

which neglects the effect of wet removal. by the increased variability from injected sea salt particles
around 1.Qum.

1 dpi 2 dpi -2 5 Data from the higher altitude datasets, although more scat-

T « D, + Dy ®) tered, show a similar pattern although anticorrelation is only

seen for particles less than 0,46 and 0.lum for the 4—
Where T = residence timedp; = particle diameter, 8 and 8-13km sections, respectively. Slight correlation is
D, = standard diameter (defined by the minimum vari- observed for particles 0;2m and higher between 4-8 and
ability), and o is the proportionality symbol. The origi- 8-13km. For each altitude range we therefore deriveliwo
nal expression assumes that a constant standard diameterdsefficients for: the anticorrelating section (termed in situ or
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Fig. 5. Lifetime of particles as a function of size for the INDOEX region in February 1999, estimated by fixing the lifetime of the 20 nm
particles to the modelled coagulation lifetime. Filled symbols indicate that the “in siwdefficient was used whereas open symbols
indicate that the “injected” coefficients were employed. The dashed line shows the extrapolation to 10 nm particle lifetimes for comparison
with Schibder et al. (2000).

Particles measured between 0-1km have lifetimes be-
tween 0.5-3days. Between 4-8km and 8-13 km particle
lifetimes range from 4-30 days. In the boundary layer over
the Indian Ocean we calculate that the lifetime of particles

Table 1. The derivedb coefficients from native (in situ formed)
particles and non-native (injected) atmospheric particles

Altitude — Source b coefficient .
increases between 0.@2n and 0.16%wm from 1-2.5days.
0 - 1km — Native / In situ formed in the atmosphere-0.55+ 0.02 Particle lifetimes decrease between 0.16% and 2.5:m
0 - 1km —Non-native / injected 87+£004 from 2.5-0.5days. Above the boundary layer particle life-
4 - 8km — Native / In situ formed in the atmosphere —0.6 + 0.07 times increase from 6 days at 0.0261 to a maximum life-
4 - 8km — Non-native / injected .25+ 0.39 time at 0.065:m of 15days at 4-8km and 35days at 8-

13km. The accumulation mode particles also have longer
lifetimes above the boundary layer, approximately 5 days for
the 4-8 km and 8—-13 km altitude sections examined.

8 - 13km Native / In situ formed in the atmosphere—1.01+ 0.15
8 - 13km Non-native / injected .05+ 0.04

These values for particle lifetimes generally compare well
) ) . ) ~with previous estimations. From the ratio of short-lived to
native) and the correlating section (termed non-native or iNong-lived radon daughters in surface air values on the or-
jected particles). The derived values of theoefficient are o of 5days were deduced (Blifford et al., 1952; Haxel
given in Table 1. For the in situ particles, theoefficientis 54 Schumann, 1955) for midlatitudes. In this study the in-
negative and becomes more negative with increasing aItitudqegrated lifetime of the accumulation mode particles (0.6—
whereas for the irjjec;ted par_ticles Fheoefficient is positive 2.5.m) of 3days in the marine boundary layer and 30 days
and decreases with increasing altitude. above boundary layer, is also comparable previous modelled
As shown previously, the particles of size 0.Q28 in all estimates such as: 10-15days for the tropospheric column
altitude ranges were affected by one dominant process, coagn Tropical regions (Balkanski et al., 1993) and of 2—-12 days
ulation, for which particle residence times may be calculatedglobal mean lifetime at 1 km and 10-35 days at 8 km (Giorgi
based on temperature, pressure and number concentratioand Chameides, 1986). From a study of sulphur compounds,
The absence of other competing processes makes the modebdhe (1978) calculated the atmospheric sulphate turn-over
estimated residence time most robust in this size range. Byime as 80 h, and later quoted an aerosol residence of between
fixing the residence time of the 0.020n particles to the 2-4 days (Rodhe 1999). These numbers are based on budget
model value and knowing the twip coefficients at each al- calculations and are mainly weighted by the boundary layer
titude range, the residence times of all size bins are then dewnhere most of the aerosol mass is found. For the free tropo-
fined by the measured variability. The derived residence timesphere the same study quotes “a few weeks in average” but
to particle size relationship is shown in Fig. 5. gives no reference to this number. In a more recent study
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Table 2. The integrated particle ages derived from the calculated lifetimes. Ages derived by extrapolation are marked in greyscale

Size (um) 0-1 km 4-8 km 8-13 km Units
0.003 885 20 13 Seconds
0.005 2400 285 222 Seconds
0.01 25 2 2 Hours
0.02 6.8 20 24 Hours
0.05 20 122 180 Hours
0.08 1.3 7.9 12.7 Days

0.1 1.5 9.0 15.2 Days

of aviation exhaust in the upper troposphere, the lifetime of5 Conclusions
particles of about 10 nm in diameter was estimated as being
between “1-2 days or less” to be consistent with typical am-The use of measurement variability in aerosol studies has
bient concentrations measured at the tropopause @8ehr been explored in this study for measurements of aerosol size
et al., 2000). Extrapolating the line shown in Fig. 5 to 10 nm distributions made over the North Indian Ocean in February
particles, shows that the lifetimes presented here are also ih999 as part of the INDOEX experiment. Anti-correlation of
general agreement with lifetimes calculated here. the variability with average particle size distribution was ob-
served between 0.02m and 0.4.m particles, and a variabil-
From the lifetime data shown in F|g 5 it is also possi_ Ity minimum was observed coincident with the Aitken mode
ble for each altitude section to derive the age of a givenat 0.16um for data collected between 0-1km. The anticor-
particle (or intergrated time since the particle was formed).relation was interpreted as indicating that these aerosols were
For this exercise we assume that what we derive as lifeformed via continuous in situ coagulation and condensation,
time is d Age/d log Dp. In order to calculate the integral and this size range was not affected by cloud or precipita-
we fit a lognormal curve and intergrate the area under theion sinks. The size range over which this anticorrelation oc-
curve. Aerosol size distributions are derived analogouslycurred decreased to between 0.020—(.aBat 4-8 km where
from d N/dlog Dp vs Dp plots. Since from our mea- the variability minimum correlating with the Aitken mode
surements we derive the lifetime for a particle at a givenWwas at 0.06xm. Between 8-13km in a region of convec-
size, the integral will by definition give the age of the par- tive outflow the anticorrelation was not so evident although
ticles, assuming the particle visits all the sizes. Particle age§ variability minimum at 0.06am was again observed ap-
from the 0—1 km, 4-8 km and 8—13 km datasets are given irProximately coincident with the particle concentration mode.
Table 2. Extrapolation to the bin sizes for which we have Correlation of the variability with average number con-
no measurements 0.001-0,0h is less certain and these centration was observed centred atrfi, 0.200um and
values are marked with greyscale in the table. The derived.250um for altitude 0-1, 4-8 and 8-13km, respectively.
age of a 0.0m (50nm) particle in the free troposphere These correlations were attributed to the direct and sporadic
is much greater than the same size particle in the boundinput of particles to the atmosphere either in the form of sea
ary layer. However, from the extrapolation to smaller sizes,salt in the boundary layer or from cloud outflow in the two
we tentatively estimate the age of 0.00% (5 nm) particles  higher altitudes. The extent of correlation between variabil-
to be greater in the boundary layer than in the free tropo-ity and particle concentration is proposed as an aid to inter-
sphere. The derived ages must be viewed with caution espretation which can indicate whether the aerosol has been
pecially in the boundary layer where there is a high concenformed in situ in the atmosphere or directly injected. Fur-
tration of larger particles and hence surface area for condenthermore the coefficients derived here for the two regimes
sation. Newly formed particles in the boundary layer may can be easily compared with future studies to assess the rela-
therefore condense directly onto the available larger particlegive effectiveness of physical processes affecting aerosols in
rather than growing through the particle sizes by coagulatiordifferent regions of the world.
which is assumed in the age derivation. The surprisingly high The variability of the measurements in each size bin may
ages derived for 3 nm particles in the boundary layer indicatebe considered separately from the measured concentrations
that this is indeed probably occuring to some extent. Thethemselves. We may therefore also use the variability as a
derived ages can be extected to be more reliable in the freadditional check for the correct functioning of the instrumen-
troposphere where the concentrations of large particles artation. Two separate instruments are used to cover the 0.02—
low. 0.1um and 0.1um to 2.5um ranges. The smooth transition
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in variability from 0.02um to 2.5um, particularly evident ately simple. As a simplification of the real world the model
in the boundary layer, Fig. 1, indicates that the two instru-does not include all processes that are of importance in fully
ments, which are based on different physical principles, aresimulating the aerosol dynamics (e.g. in cloud processes and
functioning consistently. ocean sources). Itis in principle feasible to perform this ex-
Comparison of the gradients in measured variability toercise using a 3-D model, making a large number of longer
modelled variability based on a consideration of coagula-simulations to emulate the sampling from aircraft, but this
tion, condensation and nucleation, suggested that for partiwould necessitate a large number of assumptions to be made
cle sizes smaller than the variability minimum coagulation and is beyond the scope of this study. This paper presents a
was the dominant process and that nucleation (as describatew way of analysing aerosol measurement with model data
by the model) did not seem to be affecting the variability of in a case study. It is hoped that other groups with more ad-
the particle sizes measured. In other regions the variabilityvanced models will be interested to examine these effects in
trends may be very different, with condensation or nucleationfurther detail.
playing a more important role (Laaksonen). For example, In the case of thé factor from the in situ formed particles
over forested areas biogenic, reactive gases such as terpeniess possible to ascribe a meaning to the valué.ofVe sug-
can provide high concentrations of condensable gases to thgest that theé factor is indicative of the relative role of self
atmosphere (Kumala et al., 1998). Such gases could concoagulation. This means that if progressive particle growth
dense onto existing particles or cause nucleation (O’Dowdhrough coagulation were the only process affecting newly
et al., 2002). In order to investigate possible the effects offormed aerosol we would expect high values ¢approach-
possible high condensation rates on this dataset two adding 1). Where larger particles are abundant, such as in the
tional sets of simulations were performed where the amounboundary layer, the newly formed particles may instead in-
of condensable vapors $80,) were fixed between & 10° teract directly with the larger particles reducing the effective-
to 1 x 10'%molecules per crithroughout the simulation. In  ness of self coagulation. The presence of larger particles has
one set of simulations no new particles were allowed, in thethe effect that the lifetime of the small particles with respect
other set of simulations the new particle production was pre-to coagulation becomes longer and the lifetime of the larger
scribed at 144 particles per second. These particles wherparticles becomes shorter. This can be seen in the residence
introduced into the smallest size bins between 1 and 2.5 nntime and ages presented in Fig. 5 and Table 2. It could be
diameter. Hence, there are no feedbacks between condenargued that thé factor would be influenced by new particle
able vapours, new particles or the pre-existing size distribuformation, the extra source of small particles and hence vari-
tion. The results from these simulations results (not shown)ability would act to steepen the gradignt However in the
showed that when the condensable vapours are increased toeasured variability we see no evidence of particle produc-
a point where the accumulation mode is significantly influ- tion in the 0.02xm (20 nm) bin contrary to the model predic-
enced, this also affects the smaller particles in the Aitken-tions. This is surprising as from the relatively low lifetimes of
mode. The conclusion is that simply increasing the amoun®0.05m particles in the boundary layer compared to the free
of condensable vapors and/or changing their temporal varitfroposphere we can conclude that the formation of new par-
ation can not make the calculations fit the observations betticle mass is significant and that nucleation is occurring. One
ter. As expected in this case-study over the remote Indiarpossible explanation for the discrepancy between modelled
Ocean there was no evidence of reactive species such as teand measured variability in this range can be given. Particles
penes in high concentration, and based on our comparison ah the model are formed in stochastic events or bursts when-
model and measured variability trends no evidence that conever the concentration of sulphuric acid molecules exceeds a
densation played a significant role between 0.02—Qrhén certain threshold value. If instead, particle production occurs
the boundary layer (Fig. 3a) or between 0.02—Q.@5in the  at a lower but continuous rate, then the effect of the particle
4-8 km range (Fig. 3b). production on variability may be confined to bin sizes below
An interaction of the airmasses with clouds was also sug-the lowest measured size of 0.0h.
gested from the observed discrepancy between modelled and Using a novel approach, lifetimes of individual aerosol
measured variability. Rainout and washout are processes thatze bins have been calculated based on the measured vari-
act on aerosols of certain sizes, within time scales that arability. Generally higher lifetimes were observed at higher
shorter than the scale of the aerosol age or lifetime. Thisaltitudes in agreement with previous estimates (Raes et al.,
will introduce regions with higher or lower number densi- 2000 and references therein). Aerosols 0.065in size
ties of these aerosols that we then observe as variability. Arhave lifetimes comparable to CO in the upper atmosphere,
important process is of course the time scale it takes for theapproximately 1 month and can be transported on a hemi-
atmosphere to recover from such an intermittent sink as thispheric scale. The same size aerosol has a lifetime one order
will temper the effect on the variability. Relative to rainout of magnitude less in the boundary layer and therefore aerosol
and washout, dry deposition is not very effective and influ- produced in the boundary layer will not be transported far
ences only a very small fraction of the atmospheric aerosolfrom the source regions. From the calculated residence times
The aerosol modelling in this study has been kept deliber-and ages we conclude that following formation, 0.p@d
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